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ABSTRACT 

About 500 antiprotone in a partially purified antiproton beam h w e  been 

oboerved to enter the 30-in. propane bubble chrnber. An arrangement of 

counter rm identified tha antiproton events, thus reducing scanning to la minimum 

and also providing a sample of antiproton& free of scanning; bias. The antiprotons 

embred the yroparne at a kinetic energy of 2 t 0  Rdsv and were brought to rest. 

Scattering and annihilation interactions in both hydrogen and carbon have bean 

observed ao a function of antiproton energy. Differential scattering cross 

sections hah  been cibtainad, and the following total cross  rectiano have been 

measured far antiproton kinetic energies, T, in the ranges 75 to 137.5  Mev 

end 137.5 t o  200 Mav: 

Crors section, Q (mb) 

Interaction 75s T S  137 .5  137.5 6 T < 200 

, (p-p) elacrtic 6 6 ~ 1 7  56 f 14 

(pop) annihilation 112*23 6 8 t t 8  

@-C) elastic (5 deg (Tab) cutoff) 345 *BCi 255 * 45 

(p-C) annihilation 474 a 76 360 + 65 



The above resu l t s  ehow satisfactory agreement with the Ball-Chew theory 

where comparison can be made. 

The detaila of the annihilation process in hydrogen and carbon have been 

observed. One feature of the experiment is that,  in contrast to'previoua studies 

of annihilation products, w e  are able t o  make a direct observation of the neutral 

pions through pair production b y  ro decay photon.. The significant resul ts  

for carbon and hydrogen annihilations at an  average antiproton kinetic energy - 
= 100 Mev a r e :  

Hydrogen annihilations Carbon annihilations 

Annihilation Average total  Average total 
product Multiplicity energy (Mev) Multiplicity energy (Msv) 

- 
~r 1.53 t 0.08 402 ~r 21 1.58 a0.07 366a13 
t 

w 1.53 k0.08 379 a 19 1.33 40.08 3 7 1  ??I3  
n 

0 1.60 * 0.50 356*110  1.15 f0.30 342 * 90 

In addition t o  the above-listed annihilation producte, the carbon s t a r s  

contained nucleons that carr ied  off more  than 188 Mev per star .  When pion 

absorption is considered, the carbon resul t  of 4.1 10.3 pione per annihilation 

is consistent with the observed hydrogen multiplicity of 4.7 * -0.5 pions. Pion 

energy spectra and frequency distributione, as well a s  other details, have been 

obtained. 

Seventeen strange particles have been identified among the products of a l l  

the annihilations. This indicates that the production of a pair of K mesons 

* occurs in 4.0 a 1.0% of all annihilations. The average total energy per K pair  

greater  than 
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The charge-exchange process p + p -, ii + n har been obrerved and, 

bo~etd on aix postaible event., we obtain the reault A 2 6 3 0  g/crnL for the moan 

free path in propane (50s- T- 4 150 Mev). 
P' 
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I. INTRODUCTION 

\ 
Since tha discovery of the antiproton b y  Chrnberlain,  Segre, Wiegand, 

and Ypsilanti. in 1955. several counter and emulsion experiments have been 

performed in order to determine the interaction characteristics of the antiproton, 

- P 2-9 In addition, an experiment a a a  recently performed with the hydrogen 

bubble chamber. A thorough review d the experimental and theoretical 

\ 11 
davelopmente on antinucleons ha8 been given recently by Ssgre. 

Among the interesting properttee of the antiproton that have been obeerved 

are these. 

(a) Crosrr sections for scattering and annihilation a r e  large. 

(b) Antiproton-nucleon annihilationo near r e s t  give a multipticity of 

about five pions. 

(c) The production of K mesons in antiproton-nucleon annihilatiom ie 

obcrervsd rarely.  

(d) Little is known of the charge-exchange process (6 C p -, 1 + n) by 

which the antineutron war detected electronically. 

The 30-inch propane bubble chamber is well  suited to the obeervation 

of the above phenomena. For  instance, antiproton cross  sections beborne 

I 

'work dons under the auspice. of the U. S. Atomic Energy co rnd ik ion .  
i ,  

'NOW at Lo. Alamos Scientific Laboratory. Lo. Alrrnos, New ~ d h c o .  

§NOW at Brookhaven National Laboratory, Upton, Now York. 
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difficult t o  measure by counter techniques at low energies, whereae nuclear 

emulaions a r e  undeeirable becauee they consist of a variety d complex nuclei. 

The propane bubble chamber, on the other hand, aliowie observation of the very 

fundamental g-p processes. An understanding of the low-energy (i. e .  - 100 Mev) 

- 
p-p interaction is essential t o  any  complete theory of nuclear forces. One theory 

hae been proposed b y  Ball and chewi2 which retains the istructurc of the nucleon- 

nuc b o n  interaction suggested by ~ a r t a n b u a ~  and by Signc 11 and Mnrshak, 14 

with reasonable modifications t o  fit the nucleon-antinucleon case. Our result8 

eupport the Ball-Chew theory on rcattering and annihilation, within the 

validity of our statistics. It should be pointed out that a recent counter experiment 9 

and accumulated emulsion rsaults15 r1.o support the theory. 

The annihilation process may be eslpecislfg well obecrved in a bubble 

chamber. Not only may the charge of the annihilation products be determined, 

but momentum is also easily obtained. Furthermore, the large propane chamber 

0 parwaits the direct observation s f  a annihilation producte through pair production 

by the ro -decay photons. Our r e ~ u l t a  of 4.7 a0.5 pion. per s tar  is to  be compared 

8 to  the 5.36 t 0.3 obtained in Bsrkala y and 4.92 + 0.13 obtained in Rorne16 with 

emuleion, and to 4.94 rt 0.31 obtained with the hydrogen bubble chamber. l o  For 

both the emulaion and the hydrogen bubble chamber, no production is estimated 

through charge -independence arguments and energy coneideratione. 

The natural attempt t o  explain the pion multiplicity by means of the Fermi  

etatietical model has not been rucceaoful. Such high multiplicities as a re  observed 

seem to require a volume-of-interaction parameter R about 10 t imes the value 

expected when the Compton wave length of the pion is used aa a radius. A different 

approach by  Koba and Takeda, wherein the pion cloud md nucleon core a r e  

treated separately, succeeds 
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We have bean able t o  establirrb the rate at which aatiproton annihilations 

produce K- meson pairs. While obqtrvation of charged K mesons is oftan 

difficult, we have a high efficiency for  detecting short-lived neutral strange 

particlea. Our finding that only 4.0+ 1.0% of al l  annihilations yield a pair of 

K mesons is in disagreement with the various fo rms  of the Fermi statisltical 

model, which predict a higher ratio of K to n production. 

- 
Tho charge-exchange process, p f p -r ii + n, heretofore obeerved only 

electronically, '* l8  is especially adapted to bubble chamber observation. However, 

charge exchange seems to be relatively infrequent compared with annihilation and 

elastic scattering, and the scope of our experiment permits little more  than 

confirmation of the process.  
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11. APPARATUS AND METHOD 

A. The Antiproton Beam - - 
The antiproton beam and its partial purification have been described 

briefly elsewhere. l 9  Figure 1 is a diagram of the apparatus. Table l gives 

descriptions of components of tho apparatue. The 30 -inch propane bubble 

chamber ie  described elsewhere. 
20 

Tho 6.1 -Bev circulating proton beam of the Berkeley Bevatron is 

.* s directed upon a 6-in. -long beryllium target (T in Fig. 1). Negative particles 

produced at the target are deflected outward by the Bevatron's magnetic field 

and magnet MI $0 &at only thoee of 970 ~ e v / c  momentum can be delivered 

to a beryllium abrorber at A1 . Upon leaving A l ,  the antiprotons have 

848 ~ e v / c ,  while pions have 905 ~ e v / c .  Deflection of the beam at M2 causes 

a separation at  A2 based on the momentum difference between the two kinds 

of particles. This grociasr of eeparation by  differential abrorption ie then 

repeated, b y  using the counters plua 9.4 g/cmZ of beryllium as abaorber a t  

A2 for the deflection at  M3. The antiproton beam ha6 a momentum of 729 ~ e v / c  

upon leaving AZ, but only 684 ~ e v / c  after passing through the chamber 

window and entering tho propane. The three qua&upole focusing magnster 

serve to maintain high beam intenaity over the long channel. Except for the 

l X I  

addition of a second eeparation, the beam is quite aimilar t o  that described 

in a previour~ paper. 8 

About 33 particles per lo1' protons hitting the target ar r ive  at the 

center of the bubble chamber. The contaminating particles at  the 5ubble 

chamber are mostly muons which can still  enter the bubble chamber, but 

they are displaced to  one side. 
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Cornponentmr of the apparatus -\ 

Symbol Description 

Bevatron target  for  production of antiprotons 

(beryllium, 0.5XO.SXb in. ) 

MI* M2. M3 . Def lectinp magnets : 15-, 407, and 26 -deg bending, 

respectively. 

Q1, Q2. Q, Quadrupole focusing magnets of 8-in. aperture .  

Deflecting magnet used in emulaion expasures. 

Emulrion @tack. 

Propane bubble chamber: 30 in. along the beam 

direction, 20 in. t raneverse  to the beam, 6.5 in. 
2 deep, and filled with propane of denaity 0.42 g/cm . 

Beryllium absorber:  32 g/cm2 (for bubble chamber 

beam). 
2 Absorber equivalent to  25 g/cm of beryllium 

(for bubble chamber beam). 

Plast ic  scintillation counter: 3.5X3.5 in. by 0.5 in. 

thick. 
v 
Cerenkov counter. H20 radiator .  4X4X2 in. thick. 

d 
Fitch-type Cerenkov counter: CS2 radiator 4 in. in 

diam by 2.25 in. thick. 

S2 Plast ic  scintillation counter: 7.25X2.5XO.25 in. thick. 

Lead collimators.  



The ratio of 3's to undeeired particles after the bubbLe chamber window 

ia 6 7 x 1 0 ' ~ .  At the same momentum, the ratio of antiprotons to undaaired particles 

at the target i s  about 1 . 6 ~ 1 0 ~ ~ .  The purification factor ia thus 42. For the entire 

experiment, the beam averaged about two antiprotons observed per hour of 

operation. Normal Bevatron heam lslrsl wa. 2 ~ 1 0 "  protons per pulse at 600 

pulree per hour. 
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B. Proton Calibration 

By making minor changes in the operation of the apparatuo, it  was possible 

to  extract a positive-proton beam. The protons were ecattered from a copper target 

p r o p e r l y  located in the Bevatron. The magnetic field8 of a l l  magnets w e r e  reversed 

to allow the transmieeion of positively charged beam, but the field magnitudes and 

a l l  absorbers were kept identical to those used for antiprotons. The double 

momentum analysis (in MZ and Mj) guaranteed the momenta to be the s a m e  within 

2%. The proton beam was used to  "calibratet' the chamber for antiprotons and to 

check the system of triggering counters. 

The ranges of m o r e  than 1000 protons entering the chamber were measured, 

and the distribution ie shown in Fig. 2. It is seen that the incoming protons may be 

divided into two groups, a homogancoue group giving rise t o  a sharp peak and a 

rmal ler  group having a continuous energy distribution downward from the maximum. 

Protons contributing to the sharp peak entered the bubble chamber window with a 

momentum of 684 a20  ~ e v / c  as determined b y  their range of 5 4 * 5  cm. The 

," * short-range protons a r e  due primarily to variations in wall thickness in the immediate 

vicinity of the window. 

Beeides confirming the beam energy, studies of the position, ionization, 

and curvature of the @topping protons helped set up reliable cri teria for antiproton 

identification. 
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C. ELectronic Selection of - Antiprotons 

It wae recogniaed in the planning stage of the experiment that the ra te  

of appearance of ant,iprotona in the bubble chamber would be a few per hour. This 

posed a serious acanning problem, for there a r e  600 Bevatron beam pulses per 

hour. Not only would finding the antiprotons be a tedious job, but also it seemed 

evident that scanning might be biased toward those events that were most easi ly 

discovered by virtue of a many-pronged annihilation. There two difficulties were 

i n  great meaeure avoided through the use of a system of counters which selected 

thoee beam pulses for  which the probability of an  antiproton was high. In typical 

operation, the bubble chamber expansion is initiated with each Bevatron pulse 

about 45 maec before the beam arrives,  and the lights are flashed some 6 msec 

after  a 2-msec beam pulse passes through. This delay of the lights, which is 

necessary for proper bubble growth, is sufficient to allow the Lights to f lash only 

upon a command from the counters. 

The counters a r e  shown in Fig. 1 and briefly described in Table I. The 

two ecintillation countera S1 and S2 a re  spaced 25 ft apart  and define a time - 
v 

of -flight measurement. The Fitch-type Cerenkov counter, F responds to 
v 

particles of velocity correopondfng to 0.62 < $ 0.78. The water Cerenkov 

counter. C1. responds only to  particles with > 0.75. At F antiprotons in 

the beam have fl = 0.67, while the mesons approach =: 1. The requirements 

for an antiproton to be detected a r e  that (a) there is a proper time delay be- 

tween signals from S1 and S2; (b) a signal appears from F1; and (c) no 

signal appear8 from C1. 

Bubble chamber pictures kd@u tw upon receipt bf a signal triggered by 

proper coincidence of signals from S1, S2, and F So that a l l  antiproton 

events would be photographed, the sensitivity of the trigger was adjusted s o  that 
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more picture. were taken than just those that contained antiprotons. Signals 

from all four counters were displayed on an oecilloscope and photogreed on 

35 -mm film. A simple numbering device suitably cross-indexed the oscilloscope 

traces and the bubble chamber film. Upon scanning the oecil lo~cope film it was 

possible to select abobt 4% of the bubble chamber pictures a0 possibly containing 

antiprotons. In half of these cases, unhurried scanning yielded an antiproton event. 



D. Scanning and - Measuring 

A complete double scan was made of al l  bubble chamber pictures that 

were electronically predicted t o  contain an antiproton. Only physicists participated 

in the scanning, 

Each picture electronically selected was scanned with only the firet 20 

c m  {about 1/3 of the antiproton range) visible. This was accomplished b y  rneana 

of a simpie mechanical ehutter attached to a projection scanning table. An 

attempt was made to identify the antiprotone by their ionisation of approximately 

twice minimum. This was a h i r l y  reucceerful method: some 65% of the anti- 

protons were identified in the f i r r t  20 cm of t rack by ionization alone. Half of 

the remainder were not identified by track alone because they made spectacular 

interactions within the f i r r t  20 cm. Others were not identified in the f iret  20 

c m  of t rack becaues of overlapping p-meson tracko or occac~ional poor illumination 

,,, near the chamber entrance. 

Electronic eelection, by reducing the number of pictures, permits almost 

unlimited scanning time per picture. Those antiprotons that were not recognised 

i n  the f i rs t  1/3 of their range were found upon thorough eer rch  of the entire 

chamber. Final identification usually amounted to  no more than a careful check 

of ionisation near mid-chamber, where a value of - 4  time8 minimum i s  expected. 

Upon iocating an antiproton interaction, each scanner made bubble- 

count ionization estimates, a s  well am tentative identification, for every prong. 

Each  scanner also gave his interpretation of the event and specified detailed 

mearuring procedurer. Upon cornplehn of measurement, both scan reports ware 

compared with each other and with the meaeursd momentum for each track segment, 

Any serious discrepancy between particle momentum and obaerved ionization was 

resolved b y  rescanning and rameasuring. 



All events were measured by tracing out each track on the 70-mm film 

(in both viewr) with a digitiaed microscope that puncher track coordinates directly 

into IBM-690 data cards. An IBM program was then used to rnab a bast-squarer 

f i t  to a parabola projected on the horisontal plans and a atraight line in the vertical 

plane. The #lops of the rtraight line and the chord-sagitta relatiormh* of the curve 

are sufficient t o  specify momentum upon further IBM computing, once magnetic- 

field values within the chamber a r e  known. 

Routine computatione give the dip and azimuthal angles of each track 

measured in addition to  the momentum. E r r o r s  a r e  arrignsd to each meaaursd 

quantity ae a part of the program. Errors reflect not only the internal conrietency 

of the meaeured point8 along each track, but also known phyeical effects. For  

example, multiple scattering puts an accuracy limit of *lo% on momentum 

raemimrernentr b y  track curvatuw even for energbtic particles, while momenta 

determined by range are much mare accurate. Typical e r r o r s  on angular 

rnearurcsmentr vary from a few tenths of a degree to a few degrees. Abrolute 

p : p i t i o n s  within the chamber can be measured within a few millimeters, while 

relative positione can be determined much more precisely. 
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III. RESULTS: ANTIPROTON CROSS SECTIONS 

A. Antiproton Path Length and Kinetic Energy - -- 
At the conclusion of the scanning and measuring processes,  the total 

antiproton path Length Rt was computed. All 47Udentified antiprotoncp 

upon which complete measurements could be made wers accepted, while 84 events 

which we r s  not meaamable because of imperfect film wore excluded. The actual 

determination of path length for each individual event is easi ly done: however, it 

is a Little more  difficult t o  asaign an energy to  r specific point along the track. 

Annihilations in flight restr ict  the u8e of r e a idml  range, and curvature 

menta on low-energy antiproton. become inaccurate because of multiple scattering. 

A positive proton beam that was paaeed through the same momentum-analysis 

apparatus (see Section I1 B) ara ured t o  "calibrate" the beam, and the antiproton. 

were asaumed to  have the a r m s  energy diatribution a s  the protons upon leaving 

the final counter 92. Large variation. in wall thicknee8 a t  the window of the 

chamber cause a signifteant number (20%) of "short -rangen proton.. 

Each antiproton waa assigned a kinetic energy a t  itn f i r s t  major inter-  

action, on the basis  of the peak of the proton range dimtribution in the chamber, 

unlesa it was deemed to  be a "ahort -rangef' F. Thsas short -range $s were  - 
detected by requiring (a) t b  ionhation to  be heavy. (b) the position of the particle 

t o  indicate that it came through wall ra ther  than window, and ( c )  the curvature 

to  indicate that the 5 was 6L~wer than the main g r o u p  of antiprotons. 

The path lengths are summarized in Table II. 



Rev. 
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B . Antipr at on-Proton Elastic Scattering 

A preliminary report on p-p elastic scattering has already been 
19 

publiprhed. W e  now present eomewhat different results after thoroughly 

scanning and measuring a l l  events. The following corrections to the ear l ier  

work were significant: (a) the path length waa measured accurat+lq: (it is 

now 3% shorter),  (b) four antiprotone that rcat tered ehotically and left the 

chamber before annihilating were discovered, a& (c) the cutoff-angle criterion 

was improved. 

In establishing a cutoff angle we have adopted the criterion that the 

recoil  proton m w t  have a range of at least 1 mm, which ie sufficient to  

distinguish a 5-p scattering from a p-C scattering. A cutoff angle determined 

in  this way is dependent upon antiproton energy. Fo r  the energy interval 75 t o  

137.5 Mav, a center -of-maes (c, m, ) angle of 25 deg is sm appropriate cutoff, 

while 20 deg (c.m.) ia suitable for the interval 137.5 to  200 Mev. 

The 471 antiprotons that contributed to our path length had 42 observed 

- p-p elastic scatterings, including 11 with mattering angle less than Bc. Each 

event was measured and verified by use of the unique two-body kinematics. In 

calculating crose sections we have divided the data into the two energy intervals 

indicated in the preceding paragraph. Table 111 gives the resulta, of which the 

average ie 62 a 12 mb (good geometry) over the entire range from 75 to 200 Mev. 

do Ot The optical-theorem relationship ah (0 deg) 3 ( -65-)2 wa. used 

to  make the correction to  good geometry. The total croas section % wed to  

do obtain .r (0 deg) was estimated by wing the total elastic - ' cross  .action 

up to the cutoff and the annihilation crose section presented in Table IV. W e  

assumed that .= 
O was con.tant from 0' to Bc (to compensate for  the miseing 

1 
R e  f (0 deg) ') and corrected the cross  section by integrating from 0 deg to  B c .  J 
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Table II1 

5 - p  Elastic scatteringa 

kinetic energy interval (Mev) 75 ,< T- 5 137.5 137.5 ,( T-4 200 
P P 

- pop  cutoff angle Bc ( c .  m. ) (deg) 25 20 

a A large cutoff angle ie adopted to safeguard against confucsion with elastic scatterings 

off carbon nuclei. The correction to Oe, (0 deg) it3 explained in the text. 

Table IV 

Annihilation crosla eectfona for antiproton@ in hydrogen and carbon. Results are 

averaged over the energy ranges indi 

Antiproton kinetic energy, T (in Mev) 75 ,< T < 137.5 137.5 ,< T ,< 200 

5 - p  annihilation cross section (mb) l l 2 * 2 3  60*18  

F-C annihilation cross section (mb) 474 * 76 360 *65 
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This correction, which amounts to almoert 25% of the good-geometry r e ~ u l t ,  

agrees  eatirfactorily with that predicted b y  the theoretical angular distribution 

according to Fulco, 21 who w e d  the Ball-Chew model. 12 

The Ball-Chew theory of the nucleon-antinucleon interaction, which is 

apparently successful, ir barred on the Yuhoawa interaction, with the addition of a 

spin-orbit t e rm  and an absorbing central core that accounts for annihilation. 

The theory haa been .applied only to moderate energies. The original calculatione 

were made at 140 Msv, at which precire knowledge ob the core radius i e  not 

crucial.  At higher sner i i es  the detail. of the annihilation boundary condition 

become important. Below 50 Mev the W K B  method of calculation breaks down. 

Ball  and Fulco have extended the original calculationr f rom 50 to  260 Mev. 22  

Figure 3 compares their predictions with our result8 for pop reactiona. 
1 - .- if 

In Fig. 4 we present the angular dirtribution of the pop elastic scattering. 

Because of the rmsl l  number of events (only 31 with acattering angle greater than 

dc = 25 dag). we have plotted one distribution for  all  antiproton energies from 

75 to 200 Mev. The theoretical differential scattering crose reaction at 140 Mev 

given b y  ~ulcb!. also &wn fo r  cornpariron. 
I 

r I A summary of ail  p-p elartic scat ters  reported to date in nuclear 

ernoleions h a m  been collected by G. ~o ldhabe r*  and i s  presented in Table V. 

Our restake are in the aame energy region and a r e  included for comparison. 

B y  grou@ng together a11 the data from emulaionre and the propane bubble chamber,,  

we obtain an average valus of ql = 60 t 8 mb at an average energy of about 

137 Mev, Thir result ia in good agreement with the Hall-Chew prediction of 73 
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Tabla V 

Summary of all 6-p data reported to  date, excluding counter data 

Energy Path Average %I @-P) 
interval energy 
(Mev) (Me4 (mb) 

2 .  Propane chamber 75 to 200 1093 135 62 * 12 

3, .  1 and 2 combined 2099 137 60 ;t 8 

4. Ball-Chew theory 140 7 3 



C , Antiproton-Carbon Elastic Scattering 

Although an earlier report  has been made, 24 we present hers a final 

analysie of p-C elastic scattering. As mentioned before, scanning becomes very 

inefficient at omall anglere. Fo r  this  reason we hava eetabtiehed an angle of 3 deg 

projected upon the horizontal plane a s  a scanning limitation, thus we ignore thdae! 

observed evente with a smaller projected angle. A correction based on camera 

separation and height above the chamber, and on an aseumed uniform disrtribution 

in azimuth of the F-C scatterings, ir~ then applied to compensate for the missing 

evente. This correction factor variee from 1.6 at a laboratory-system angle of 

:i - 5 deg to 1.1 at  20 dog (lab). Another correction, which is only 3%.  is^ needed to  

remove p'-p e lastic scatterings that leave no recoil proton and hence a r e  indistinguirh- 

able from F-C elastic ecatterings. 

W e  have adopted a cutoff angle of 5 dcg (lab) for a l l  p - ~  elastic scattering 

eventa. This essentially eliminates the conrideration of Coulomb effects. An 

uncorrected total of 91 scatterings of more than 5 deg was obtained in the anti- 

proton energy region from 200 Mev to  rest.  
." - 

F o r  the purpose of calculating elaotic cross  sectionsr on carbon, we placed 

most of the events into two groupe: antiproton kinetic energies from 75 to 137.5 

Mev, and from 137.9 to  200 Mev. Our results fo r .  8 (lab) >,5 deg a r e  rhown in. 

Fig.  5. Aloo shown in Fig. 5 a r e  the theoretical predictions of an  optical-model 

calculation by Bjorklund and Fernbach ueing the nucleon-antinucleon phase shifts 

of Ball and Chew and the method of Rfesenfeld and Watson t o  obtain the well-depth 

parameters.  22s25  This theory alao predicts differential asattering cross sections 

fo r  which calculations hava been made at aeveral energiee. Our limited number 

of evento does not warrant the presentation of more than one angular distribution 

including a l l  events from 75 to  200 Mev, which ie ahown in Fig. 6. The theoretical 

differential c ross  section at  140 Mev is included for comparison. 25 
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D. Annihilation Gross Sections - 
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Of the 471 antiprotons that contributed t o  our path length only 448 had 

t r acks  that terminated in the chamber; the r e s t  scat tered out a t  the top or  bottom. 

Each annihilation was classified as having occurred in a carbon o r  hydrogen nucleus. 

Annihilations that resul t  in  a n  imbalance of charge or have nucleons among the 

products a r e  obviously carbon s t a r r  . A hydrogen annihilation muat have only 

pions (or EC rneeonr) a s  products, and the net charge must  be zero. All 

annihilations that fitted the ee conditions were c laa sified as hydrogen atar a, although 

the conditions were not sufficient to fix the assignment. It is clear tha tan  ant i-  

proton may annihilate within a carbon nucleus in such a w a y  a s  to  be indietinguiijh- 

able from a hydrogen annihilatien Qe. g . ,  in  aruch a way as t o  "fake" a hydrogen 

annihilation), and a correction must be made for this effect before annihilation 

c r o s s  sections a re  calculated. 

Of our 418 terminating antiproton tracks,  we were able to  designate 302 

annihilatione as definitely carbon, and 146 a8 possibly hydrogen. Only 127 d the 

carbon annihilations were caused by antiprotons with more than 50 -Mev kinetic 

energy, but 90 of the possibly hydrogen s tare  occurred in thia manner. 

In order to determine the annihilation c r o s s  sections, we must make 

correct ions in the assignment of in-flight annihilatione t o  hydr open and carbon, 

i . e . ,  corrections must be made fo r  the "fake" 'j;-W a ta r s ,  and also for  antiproton 

charge exchange that simulates p-H annihilation into neutral pions. 

The correction t o  account fo r  fake p-H annihilation is determined b y  

comparing the fake "pH annihilation t o  a direct counterpart, the fake 5-n star, 

aseuming they a r e  equally probable. This is justified as follows. 

The antiproton must annihilate on either a neutron or  a proton within 

the carbon nucleus. The annihilation cross  sectiona for p-p andT-n reactions 

ate predicted to  be the ..me, l2  and there ie experimental evidence that they 
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a r e  equal at r higher energy. Since tho carbon nucleus contain. equal numbers 

of protone and neutrons, it aeemr likely that within the carbon nucleus equal numbers 

of p-p and pan annihilation$ take place. 

If the pions emerge without interacting inside the carbon nucleus, then 

our assumption of equally probable false p-p and p-n etara is justified. Moreover, 

i f  a pion does interact before leaving the carbon nucleus, ejecting a proton, the 

resulting s t a r  can not be confulled with a hydrogen star .  Fo r  such pion inter- 

actions, it is poesible to show by I-spin arguments that the fake 7 - p  andT-n 

annihilations a re  etill almoot equally probable. 

Of the 40 annihilations that aatiofied the conditions of a @-n s ta r ,  15 

occurred at 5 energies of more than 50 Mev. This means that we should expect 

that 15 of the in-flight hydrogen annihilations a re  really carbon, or in other words 

that 83% of the ''possibly hydrogen" a r e  indeed 5-H annihilations. 

Tabla IV gives the annihilation c ro r r  oectionr on carbon and hydrogen 

after csrrectionrr. Average results a r e  presented for  two equal energy intervals 

f rom 75 Mev to  200 Mev, and a rc  barred on 54 hydrogen s tare  and 100 carbon stars.  

Strti8ticorl e r ro ra  on both the "raw" numbers and the correction$ have been 

combined t o  yield the e r ro r s  atatsd. These resultr agree qualitatively with the 

large absorption cross  rsctiona obrarved previously at various antiproton 

energies. *@ 5*  The Ball-Chew model predict. 5-p annihilation c ross  sections 

of 110 mb at 50 Mev and 74 nab at 140 Mev. 22 Predictions of thisr model a r e  

compared with our experimental rerults in Fig. 3. Although annihilation in 

the Ball-Chew model is not strongly dependent on core size, it  is dependent in 

a cruder model suggested by Koba and Takeda. There annihilation occurs upon 

an  incoming antiproton of wove length Jr (c. m. ) hitting an absorbing core of 

radiua a to  give Qpnn 
2 = n(a  i -kj . For  this model our results  would suggest 
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IV. RESULTS: MISCELLANEOUS 

A. Antiproton Charge Exchange and the 2 Stars .-- - 
iproton charge-exchange reaction + p + + n wae ueed in 

dem onatrating the antineutron. Thi. was a counter experiment. A 

bubble chamber offers the poseibility of visual observation of both the charge- 

exchange procees (disappearance of a : ) and the aubreyuent ;; annihibtion 

(a neutral-produced otar of large energy). Such an event hae been observed in 

this experiment, and has been reported earlier.  19 

Unless antineutron annihilation occur r within the chamber, the charge - 
exchange proceae ie difficult t o  distinguish from a F p  annihilation in which all  

final-state pions a r e  neutral (a "p etar"). W e  have found eleven caeea in which 

the antiproton track ends within the chamber with no s ta r .  Three of these c a m s  

have verified photon pair conversions and thus mu%t be considered p stare.  26 

Two others occur a t  the end of the antiproton range and a r e  oleo considered p 

stars, on the prerniae that charge exchange at very low energy will almost ce r -  

tainly lead to an n annihilation within the chamber. We  a r e  left with the following 

situation: 

Charge exchange p s ta re  Undetermined 

Number of events 1 5 5 

The undetermined events may be assigned a8 either charge exchanges 

of p s tare .  In order to make the assignment, we aaeume that the p s tar  

produces an average of at leaert 3.5 neutral pions and then calculate the probability, 

P, of idsntif ying the event through pair production by  a g a m m a  ray  from a no 

decay, Thia probability i s  P a0.4. Furthermore, we eatimate upon assuming 

charge-exchange scattering to be isrotropic and the ii annihilation c ross  section to 

be the same as that of the p, that the probability of detecting an antiproton charge 
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exchange by observing the ii star within the chamber is about 0.3. These eet- 

imatee enable us  .to assign two of the five undetermined eventr as charge ex- 

changes, and three  as  p stars, to get the foliowing: 

Charge exchange p s t a r  

Observed events 1 5 

Assigned events 

Total 

No real ly precise meaeurement of antiproton charge-exchange c r o s s  

section has yet been made fo r  low antiproton energieer. The only previous re- 

port for energies below 200 M e v  gives 0 - - 
(P T P ' , ~  '.d = l o b 2  rnb at 1 3 3 * 1 3  - 3 

Mev in a counter experiment. Unfortunately, our bubble chamber experiment 

permi ts  little m o r e  than confirmation of the exip~tence of the process. Because 

we a r e  confident d'aur ability to identify antiprotons, especially at  kinetic energiea 
8 .r 

below 150 Mev, j & ~  a r e  able t o  set an upper Limit (with poor statistics) on the 
B 

charge-exchand proceae. For the purpoees d an upper limit, we use the 

maximum of the poeaible chargs-exchange evente, namely rix, rather  than the 

est imated result of three events. For  the mean free path f o r  charge exchange 

2 
in propane in the energy interval 50 to  150 Mev, we obtain X $630 g/cm . 
This is conriotent with charge -exchange croso-section limitsl 0 3 15 rnb for 

hydrogen (aseuming a11 eix events occurred on hydrogen), and a ,< 39 m b  

f o r  carbon (aesuming a l l  eix evente occurred on carbon). 27 

The Ball-Chew model predicts 0 (6 t p d i i  t n )  t o  be 31 mb at 50 Mev 

and 2 1 mb a t  140 Mev. 2 2 

B. Antiproton Interactions betow 75 Mev --- 
Upon coming to  res t ,  an antiproton must be captured by e&er carbon or 

hydrogen. although the proportion captured by each is uncertain. 28 Antiproton 

capture b y  hydrogen produces the neutral system prctonium, with an estimated 
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principal quantum number of about n = 30. This est imate of the pr incipal  

quantum number is based on the arrsurnption that protonium ie  formed with a 

radius  approximately that of the hydrogen atom because at larger  dis tances,  the 

charge  of the proton is probably screened by  an  electron. The arguments  that 

follow a r e  all based on n 30 for  protonium, but the conclueions r e m a i n  un- 

changed down t o  n = 15. 

Protonium with n = 30 is a relatively s table  ayetern against radiative 

transit ion. Its t ransi t ion probability (T. P. ), if we consider a l l  porsible  final 

s t a t e s  and a s sume  that , in the initial s ta te ,  the substatea of the orb i ta l  quantum 
- ,  

numbers 1 are occupied according to  their  s ta t is t ical  weights, is T. P. 

7 ' 1x1 0 aecol .  Even so, radiative t r a n ~ i t i o n  ia m o r e  probable than annihilation, 

as has been pointed out by Bethe and Hamikon. 2 9  except for  S s ta tes ,  in which 

annihilation can occur .  F o r  n =: 30, the weight of the S s tate  (again assuming 

population of the subrstater of I according t o  the i r  s ta t is t ical  weighta) is much 

less than 1%. Thus protonium, as a neutral  symtem nearly the s ize of the hydrogen 

5 atom having a the rma l  velocity of about 6x10 cm/sec ,  l ives long enough (except 

f o r  the r a r e  S-state annihilations) to  make many collieions with hydrogen and 

carbon atoms in the propane. 

According to  a recant  paper by Day, Snow, and Sucher, 30 the 1 = 0 

s ta te  of protonium (which annihilates) m a y  become populated due to a Stark-effect 

process .  This process  should occur very  quickly f o r  a l l  m = 0 s ta tes  whenever 

t h e  protonium is i n  a strong electr ic  field. Such a strong field ies encountered when 

t h e  protonium syetem is within the Bohr radiua of a proton. Protonium has 

about 2 &lo1 ' collisions per  second with hydrogen atoms in propane. Because of 

t h e  statist ical  weight of the m = 0 states, some 30 collisions are necesea ry  t o  reduce 

tho  protonium by a factor  of l /e,  assuming that the rn values a r e  reshuffled on 
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succelsoive collirions. Thus we calculate that an  approximate transition probability 

11 
fo r  protonium to  annihilate (because of the Stark effect) ia 2 1 X 10 /30, or about 

- 1 
0 . 7 ~  10' sec  . 

Protonium antkibilation is not so  likely t o  resul t  f rom collisions with 

carbon atoms. The protoniurn atom is severa l  t imes  a e  big as the unscreened 

region of the carbon atom, hence only the proton or  the antiproton may be within 

that region a t  a given tip@, For such a ~f tua t ion  another p r o c e s s  becomes very  

likely. This is the tranefar of the antiprotons t o  carbon, in  an effect s imilar  to 

3 1 
that observed for etopping a- mesons by Panofrky and o thers .  Prat onium 

I1 
makes about 1 X  10 cqfiisionrer pas second with the unocreened region of a carbon 

atom in propane, and for  thesre colliaione we arreurne that the transfer  efficiency 
\ .. 

per  collision is high. Pjporing any additional t ransfer  due t o  not-so-class c o l l i e i ~ n o  

11 - 1 
with carbon, we have a rough Lower limit of lX 10 sec for  the transfer  rate 

of antipr otons from pr ot-onium to  ca rb  an. . . 
By comparing the rate of protonium annihilation (due to  the Stark 

effect) t o  the sa te  of t ransfer  of antiprotons from protonium t o  carbon, and 

remembering that many of the antiprotons a r e  originally captured by carbon, 

we can see  that annihil&Wns on carbon should be moat frequent for antiprotons at 

r e s t ,  Furthermore,  the occurrence of p-H annihilations i n  any perceptible 

number must be  considered t o  be due t o  the Stark e f h c t  acting on protonium. 

We have evidence that the stopping antiprotone preferentially annihilate 

on carbon. We have foupd that fo r  antiprotono of mure than 75 Mev, the ratio'af . , 

carbon to hydrogen annihilations is about 2. F o r  a l l  annihilation@ a t  lees thah 

50 Mev, the ra t iobecomes  6, and for  71 antiprotons of longest range, the ratio 

is 12. We may go a step far ther  and explore the assumption that such a highly 

efficient t ransfer  mechanism exists  &t a l l  annihilations of stopped antiprotons - 
occur on carbon nuclei. Such an  assumption fo rces  us t o  at t r ibute the end- 
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of-the-range 5-p type annihilation. t o  either (a) a eharp increase in the F--p 

annihilation c r a s s  section a t  law kinetic energy, or (b) a significant preponderance 

of fake p - p  over fake p'+ otara.  Conarider Case  (a): the aasumption that Fop 
, annihilations at the end of the range real ly occur at low kinetic energies (which 

we cannot distinguish f rom mero) Isads to  Uann (Tj-p) = 455 * 105 mb ( 0  t o  75 Mev). 

Such a large c r o r s  section is unlikely in view of the l/v-law prediction of .c: 200 mb. 

Let ue then reject  Case (a) and consider Case (b), in which we obtain a ra t io  of 

1.8 * 0.5 w h n  comparing 3-p, -type carbon annihilations with 5 -p  -type annihi lationr 

at res t .  Thir ra t io  i a  not at a l l  inconceivable, but it is not in  good agreement with 

an expected rat io of 1.0. 

W e  conclude that we have established that stopping antiproton8 annihilate 

preferentially on carbon in propane, which ir expected. It is even poeeible that 

the  stopped antiprotons annihilate wholly on carbon, but this hypothesis leads t o  

canclueions that are not en t i r e ly  ratisfactory. Indeed, our resul ts  a r e  in  beat 
.* . 

agreement with the annihilation of about 10% of a l l  stopping antiprotone on hydrogen, 

which is reasonably explained by the S ta rbe f fec t  process.  
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C. Antiproton Polarization 

In the dceign of the experiment, the possibility that carbon might be 

a good analyraer war acknowledged, even though no mechanism for antiproton 

polarization in production has been euggeeted. Antiprotons of 970 ~ e v / c  initial 

momentum observed hare were produced on a beryllium target  b y  6.1 -Bev protons. 

Their angle of production was 5 dug left (lab), which corresponds to  169 deg (c. m. ). 

Any polarization at  production ir  expected to survive energy degradation. 

The obeerved right-left asymmetry of the 3-C scattering8 within , 45 deg 

of the horizontal plane was eR-L = 0.12*0.17, while an up-down asymmetry of 

e U -D = 0.18 a 0.15 was obtained. Theae results are consistent with zero polarization 

in antiproton production. W e  cannot determine whether this negative result ie due 
C#.- ." ,, 
1(. 

to a rea l  absence of polsrizatfon in the antiproton beam, or whether it is due to 

the lack of analyzing power in carbon scattering (the analpabi l i ty  i e  theoretically 

estimated* be only about 0.2) 



V. RESULTS: THE ANNMIUTION PROCESS 

A. Bbrervation of - Annihilation Productsa 

Reports published previously have described the annihilation process 

i n  nuclear emulrionri7' and in a bubble chamber. lo In this experiment we 

have obeerved some 500 annihilations. Detailed measurernsnte were possible 

on 43 7 annihi1ationa, of which 140 fit requirements of annihilation on hydrogen. 

The remaining 297 annihilations, all of which can definitely be attributed t o  

carbon, fall  into two approximately equal groups: those which appear to  occur after 

the antiproton has come to ~ e C t  (or has a t  moat 50 Mev kinetic energy), and thoee 

in which the antiproton still  has rignificant kinetic energy (at least 50 Mev) 

upon fatal collieion with a carbon nucleus. Both the hydrogen and the carbon 
4%-. . ' 

annihii&tione a r e  diocur sed in detail in the following sections. 

The characteristic nucleon-aatinucleon annihilation proceeds through 

the  creation of pfone, both charged and neutral. Inabout 4% of the annihilation6 

at low antiproton kinetic !.?. . epergy, a pair of K mesons ia created. No other 

direct  product har yet been observed. 
"C ., 

We have usled various methods to obrerve the various kinds of annihilation 

producta. 

Protons and Charged Pions 

The pion products f rom a fundamental N-5i annihilaticn within a carbon 

nucleue may interact before getting out of the nucleus. Suck an interaction may give 

r i s e  to protons, neutrons, and other nuclear fragments. The charged prongs from 

these s t a r s  a r e  directly observable in the chamber and in many cases may be 

identified on the basis of momentum, charge, and deneity of track. Distinction 

between pions and protoner is usually straightforward, except in r a r e  cases  of 

high-momentum positive trackr.  When dealing with the black prongs (i. e . ,  

heavily ionizing), however, we a re  unable t o  diatinguish between short-range 

t 
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protons and deuterons or other charged nuclear fragments. For  convenience, 

a l l  these heavy prongs are aesumed t o  be proton@. 

A charged prong is eonridered identified once it hgr been designated as 

f - C 
a u , a R , or a heaby prong (p ). Ao we pointed out in Section 11 D, such a 

designation isr made only after the acanner'r tentative identification, baaed on 

bubble-count ioniaation measurements, is confirmed b y  the measured momentum, 

Charged-partic le identification breaks down fo r  irteep tracks.  Here 

the momentum of the particle may be parallel to the magnetic field, s o  that net 

even the sign of the charge can be determined. Furthermore, even a minimum 

t rack  look8 dense in a projected view because the cameras a r e  above the chamber. 

W e  have used two approaches to this problem: 

(a) A cornplLation of all  compirtely identified r t a r s  was made. Then 

each annihilation with one or more prange undetermined was compared with the 

l i s t  of known s ta r s .  An aorignment of particle identity (pion or proton) or particle 

charge (for pion8 only) war made in rat io to  the frequency among the known s t a r s  

of the various porsible final configurations of the unknown s ta r .  To  gain an  idea 

of the numbere involved, coneider the carbon annihilstjon at rest .  In these 65% 

of the annihilation. had complete prong identification, 34 75% had no unidentified 

particle, and 80% had no unidentified charge. Furthermore, 90% of the prongs9 

in  thie group of annihilations were identified. 

(b) A compilation was made of a l l  annihilation products, listing total 
< 
I 

number identified for each kind of particle. A reparate lireting vaa made for '! 
prongs of dubious identity or charge. There latter, amounting to 10% of al l  thq i I 

' !  
1 prongs, were then aseigned in blocks according to the over-all frequency of 

I 

identified particles, without regard for  specific s ta r s .  The result .. obtained , ' 

C - + 
was an average multiplicity of n , u , and p for  the group of atars under / 

\i 
consideration. This process war repeated, using only those annihilation prod\Xcts 

i 
I 
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having dip angles within 30 deg sf the horittontal. Thiat region constitutes half 

the a olid angle. E lirninatisn of steep dip m g  le s permit 8 more confident identification 

of particlee, and only. 5% of a l l  prongs in this ample  were  undetermined. Multiplicities 

determined in this way were in good agreement with those obtained for the whole 

solid angle and with those obtained b y  the method of detailed correction dedacribed 

in (a) above. 

Detection efficiency for  charged pions was about 99%. This estimate is 

based in part on r scanning-efficiency calculation based on the results of the two 

independent scano, and in part on the consideration of the two effects that can render 

pions unobservable. One of these effects is pion charge exchange or absorpaon 

near the annihilation origin, while the other is antiproton annihilation so close 

to the chamber top or bottom that particles can go gut unobserved. Both effects 

together account for about 0.5% of the charged pions. The other c o m m o n  pion 

interaction@, namely elastic e~eattsring and pion decay, st i l l  allow the pion to  be 

detected. Even for pion decay at res t  near the annihilation, the characterietic 

Ir-p-e decay schema is easily identified through the 3-ma, range of the p meson 

and the usually virible (at leaat 98% of the 

Neutral Pions a d  Other Neutral Products 

time) electron. 

- - -  

Uncharged annihilation pr ~ d u c t  ar may occasionally be o b ~ ~ r v a d .  The 

decay of neutral K mesons within a few centimeters of the annihilation makee 

detection extremely probable for the mode of decay in which two charged particles 

appear. This is discussed more fully in  a subsequent eection. 

Neutrons ejected from carbon s tars ,  however, arc eseentially undetectabk 

becaure their reaction8 with charged particles, such as n-p elastic scattering, 

do not allow unique amsociation with the annikilation. No attempt was made t o  

obadrvs neutrons from annihilations. 
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Neutral pions may be obearvad infrequently through the pair conversion 

of a photon decay product. The number of narutrrl pions is related to  the number 

of obeerved electron-positron pairs through two factors, the mean f ree  path for 

pair production in  the propane and the chamber geometry. The mean free path 

for pair production is a function of the energy of the photon, varying Pram 200 g/crn 
2 

2 
(480 cm) of propane art 20 Mev to 64 g/crn (154 cm) at 1000 Mev. The problem of 

chamber geometry war solved b y  establishing an arbi t rary  fiducial volume within 

the chamber. This volurno wae a rectangular parallelepiped slightly smaller  than 

the chamber, and contained a l l  the 

within this volume were accepted. 

l /  [ I -exp  ( - l V / l p )  ] , where 1 
i 

annihitrrtionr . Only  photons that convarted 

Each observed pair was weigb&ed by a factor 
9 

> is the mean free path for photon conversion 

into a pair of the observed energy, and lv ie  the distance from the annihilation t o  

the  fiducial-volume boundary along the photon line of fight. The obeex.-Uad electron 

pairs  were corrected for energy loas before calculation of the weighting factor, 

From the remuits of the two independent ecanr, we concluded that the 

scanning efficiency for paire within the fiducial volume wae 98.5%. About 7% 

0 of all  the a -decay photons converted into pairs within the volume. This means 

0 that our u -detection efficiency was 14%. 

A check for poesible "accidental" pairs  wae made by $canning a eection 

of film for pairs that appeared to originate from an arbitrary point near the center 

of the bubble chamber. This check indicated that approximately 2% of the observed 

annihilation-associated pairs ehould be accidental. Both this factor and the 

scanning-efficient y factor, which tend to balance each other, are considered negt&ibLe. 

Dalitt  Pairs  

A consideration of annihilation producto would not be complete without 

0 some reference to  Dalits pairs. In one of 80 u decaya, a photon materialisce 



-34- UCR L-8785 Rev, 

directly as a n  electron-poeitron pair. These electron pair8 look Iika direct 

- 26 3 3 annihilation products. bqcstlee the no lifetime, 7 < I X  10 ssc, doeo not 

'allow physical reparation of the pair origin from the annihilation origin in the 

bubble chamber. If the electron path length i s  long %nough -- e. g. , at leart 10 crn - - 
then an experienced scanner may recognize it  by its high ra te  of ener 

(radiation loas by an energetic electron). A low-energy electron is easily rsa- 

ognized by ite cha t ac t~ r i r t i c  rpi ra l  stopping,; 

Among the p r  odueta of almoat 500 aanihilotioas, we have tentatively 

identified 6 Dprlits pairs. If we asauma that each annihilation producer 1.6 neutral 

pions and that, of these, 0.2 ir absorbed in each carbon etar, then we should expect 

to  see 9 Dalitz pairs. This is conridered satisfactory agreement with observation. 

K Meaons 

The strange-particle K-meson products of annihilation are dircyssed in 

Section V D. 

B. The Mydr ogen Annihilation - 
In thie rection w e  present the result of msasurements made on 140 etarr 

that meet the conditions 

about 40 d these events 

for  antiproton annihilation in hydrogen. It is estimated that 

a r e  actually annihilations on carbon nuclei. Because it  is 

imporsible to determine which h lib annihilations a r e  genuine and which are 

not, a l l  a r e  included in a e ingb group conlsidered typical of the 5 - M  annihilation. 3 4  

For  t hem annihilations, the average kinetic energy of the antiproton war 80 Mev, 

Thu Mu\tiplicity of charged masons per hydrogen annihilation wao found 

to be 3.06 t 0.12. 35 The average energy (including rsa t  energy) was 390 t 14 Yev 

p e r  charged meson. W e  have a180 o b r e r ~ e d  29 gamma-ray pair canversions which 

0 
give 1.6 0.5 neutral pions per annihilation. The a total energy averaged 356 * 1 10 

Mev. Combining, we have an observed multiplicity of 4.7 *O.5 pione per annihilation. 
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In addition, some 4% of these annihilations produced K mesons (see Section V D 

fo r  a discussion of strange particles produced b y  annihilations). 

The e r ror  in our obearved pion multiplicity of 4.7 t 0.5 pions per anni- 

hilation ia  mostly due to the large e r ro r  in the neutral-pion multiplicity. If w e  

consider only charged pions, we may still  calculate a combined charged-and 

neutral-pion multiplicity if we make two assumptions: (a) the neutral pion8 have 

the same average total energy (390* 14 Mev) 658 the charged pions, and (b) a l l  the 

annihilation energy that d ~ e s  not appear in K mesons is carr ied  off by pions. Ueing 

these ataerurnptions, we get a pion multiplicity of 4.88 h0.18 pions per annihilation. 

By eubtzacting the observed charged-pion multiplicity of 3.06 * 0.1 2 from 4.88 & 0.18, 

we  gee a difference of 1.82 * 0.21 pions per s t a r  that can be attributed to neutral pions. 

f 
These results a r e  coneirrtent with the production of equal numbers of .R , no, and n 0 

rnasoncr, although tauch a division is not epecifically required for  pap annihilations. 

The kinetic-energy spectrum of the obeerved charged pions is presented 

i n  Fig.  7. Only thore pions that make an angle of at  least 60 deg with the magnetic 

field and that have at  least 10 cm of measurable track (unlees etopping) a r e  included. 

+ Qnly 99 of the a t  rneaona mast  these conditions (Fig. 70). The average r kinetic 

energy is 240 * 19 Mev. Eighty-six of the no meoone a r e  recorded in Fig. 78. 

The average n- kinetic anergy io 263 * 2 1  Mev. The most probable kinetic energy 

t f o r  both n and r- is approximately equal to the pion res t  mass, giving a moat 

probable total anergy of about twice the pion res t  mass. 

Figure 8 rhows an energy distribution of photon pa i r  conversions. These 

photons ore decay pr oducts of rro meaona created in the hydrogenlike annihilations. 

Each photon reprcaented in Fig. 8 hae been weighted according to its probability of 

0 converting within the chamber. For a r kinetic-snsrpy spectrum similar to  the 

+ 0 
n or a=,  the most probable y energy is half the n res t  mass ,  or 68 Mev. Our 

most probable value seems to  be more than 100 Mev, but we muet acknowledge the 

poor statistics. When al l  photons, including those from carbon annihilations (see 

next rection), a re  conoidered, the resulting energy spectrum shows good agreement 
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with the predicted value of 68 Mev. 

The over -all results folr hydrogenlike annihilations a r e  presented in 

Tabte VI. A more detailed breakdown i s  presented in Table VII. The data show 

";hat the hydrogen annihilation produces four c b r g e d  meeons in about 5070 of the 

events, while 40% have only two charged mesons. The remaining 10% is almoet 

0 equally split between 0-prong and 6-prong etaro. The K multiplicity decreases 

f 
as the n multiplicity increases. With poor 8tatiatica. w e  find 2.4-0,9 ' Io2  neutral 

+Oe9 per four -prong s tar .  pions per two-prong .tar, and 1.1 -0.5 

Our result6 should be compared to  the hydrogen bubble-chamber results 

of Horwita, Miller. Murray, and Tripp, l o  who have studied 81 antiproton anni- 

hilations at reat. They have found 3.21 k0.12 charged mesons per annihilation. 

f Their average for the R energy (including res t  maeis) was 380 * 12 Mev per pion. 

In other respects there i s  also good agreement. For  example, they have also 

reported that 50% of the Hydrogen annihilations have four prongs, while about 

40% have two prongs. 

It ia also of interest to compare our reeulta with the predictionr of the 

aeneral theories. The Fsrmi etatietical model has bean discussed extensively 

e leewhere in connection a t h  antinuc Leon-nucleon annihilatbn. 7.8.10.11 T b  

straightforward application of the Fe rmi  theory predicts a low pion multiplicity 

(3.3 piona per annihilation when K production is ignored, and even fewer when 

K production ia considered) and a high K probability (ace much ae 41%). The 

Fcrrni model can be brought into agreement with experimental results of almost 

five pions per annihilation b y  increadng,the interaction volume S2 = 4 / 3  n @l/mlc) 3 

by a factor of ten, but even then the theory predicts about three times as many K 

mesons as were observed. Atterngta to  improve this theory by minor changes 

have so  far been unsuccessful. As discuipsed by Sudrsshan, Landau,. and . -. 
Rermsranchuk 36 enhancement of pion multiplicity can be obtained by considering 

a strong pion-pion interaction. 
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Table VI 
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Summary of hydror:enlike annihilations, based on 139 events 

Annihilation Ave rage Energy per Energy per  
product multiplicity particlea . annihilation 

(MeV) 

Charged pions 3.06 * 0.12 390* 14  1 1 9 5 * 6 2  

Neutral  1.6 t 0 . 5  356* 110  570* 250 

K mesons 0.08 * 0.02  606 * 77 49* 15  

1814* 258 (total) 

a 
Includes r e s t  mass .  

b ~ e u t r a l - p i o n  resul ts  appearing in this  table were obtained by observation 
(through pair production) of about 7% of the decay photons. The no 
multiplicity becomes 1.82 *0 .21  if we assume that the average no energy 
i s  the same  a s  for charged pions. 

Table VII 

Breakdown of hydr ogenlike annihilations 

Five events in which K mesons  were  produced a r e  excluded 

Charged-  Number Energy  per  Number of Neutral- Energy pe r  
pion multi-  of charged photon pion mul t i -  neutral  
plicity events piona pa i r s  plicit y piona 

(Mev) (Mev) 

t o .  9 
-0 .5  

b ~ m a l l  number of observed photons allows only a rough est imate.  

* 
Stat is t ics  too poor to  give a number.  
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The theory of Koba and T d e d a  euggasts that annihilation pionr have two 

dietinct origins: f i rs t ,  the meson cloud, which gives 2.6 pions; and second, the 

nucleon core,  which addo 2.2 pionr. This model i s  based on the idea that periods of 

motion in the pion cloud a r e  long compared with the core  -annihilation time. Upon 

overlap of nucleon-antinucleon core e, annihilation proceeds nonadiabatically with 

respect  t o  the pion periods. The reduced energy available to core annihilation is 

treated with the Ferrni theory. The model predicts 4.8 pions per annihilation, 

which is in good agreement with the experimental resultr .  However, recent 

calculations b y  ~ r r u t t ~ c h i ~ ~  indicate that the K-multiplicity prediction. of the 

Koba-Takeda model a r e  too Ugh by a fiiLct@r of about 4. 

C. - The Carbon Annihilation 

Description of the Carbon Star 

We have divided a l l  the antiproton annihi lation8 in carbon into two groupe : 

those which occur in flight, and thoee which occur at  rest .  An antiproton kinetic 

energy of 50 Mev waer picked ar  a dividing line, and a l l  antiproton annihilations 

at leoo than 50 Mev were considered at  reat. In the energy region from 50 Mev 

t o  200 Mev, 151 antiprotons of 120-Mev average kinetic energy annihilated with 

products that clearly identified the event ail occurring on a carbon nucleue. Ae 

pointed out earl ier ,  a correction mu&t be made for carbon annihilations that a r e  

indistinguishiable from' hydrogen stare. Ueing the method described in Section III D, 

we sotimate that 15 "fake " F-H annihibtiono should be added to the identified 

carbon s ta r s ,  to give a total of 166 in-flight carbon annihilations. Similarly, 

we have identified 146 carbon rnnihilationo at rest  and apply a correction of 25 

fake Tj-H s t a r s  to obtain a total of 171 a t - rer t  carbon annihilations. 

We have carried out a parallel analysie on the two groups of carbon 

annihilations. All the tables Listing results compiled f rom the carbon stars 



have separate columns for in-flight and a t - res t  events. All  graph^ and plote 

are duplicated io a like maansr, so that a glance at a singk figure allows quick 

comparison between s imi lar  quantities derived f rom at-rest and in-flight annihi- 

lations. 

The products from carbon stars are pions and particles giving heavy 

prongs. For convenience, a l l  the heavy prongs have been claesified as protom, 

with a lower cutoff of 10 Mev, which corresponds to a proton range of 2 mm. 

The annihilation multiplicities for  tho in-flight stars are 1.65 * 0.09 n- per star, 

4- 0 -4. 
1.31 *0.10 a per star, 1.16*0.40 r per r t a r ,  and 1.58*0.10 p per  s t a r .  

4- 
For the a t - res t  annihilations, we get 1.50 k0.10 n- per s t a r ,  1.35 * 0.12 n per 

0 4- a ta r ,  1.14 sO.40 a per rtar, and 1 .O3 a0.08 p per star. These resul ts  are 

alao  ahown in Table VIII. The combined total pion multiplicity, charged plus 

neutral,  i e  seen t o  be about 4.1 *0.3 pions per star. Thia is significantly less 

than the 4.7 *0.5 pions observed in hydrogen annihilations, and this difference 

as well as other features of the carbon annihilation is discussed in the following 

section, 

The kinetic-energy spectra  for positive and for  negative pion@ produced 

in  these carbon annihilations are given in Fig .  9. Als in  the hydrogen annihilation, 

only those pione which had 10 em of measured path ( u n l e ~ s  stopping) and which made 

a n  angle of at  least 60 dag with the magnetic field were includcsd in  the energy 

spectra. These same conditions were applied to  get the proton energy spect ra  

shown in F i g .  10. The average kinetic energies from the inflight annihilations 

were as follows: 86 s+ gavc(~)r 242 a 19 Mev, 106 n- gave (+ Z 15 i 17 Mev, 

t 
and 136 p above a 1 0 - ~ e v  cutoff gave(~>n 68 Mev. Average kinetic energise 

C 
f rom the a t - r e ~ t  annihilations were as follows: 86 n gave (T) 223 + 18 Mev,  

t 
101 n- gave (T)= 2 3 9  * 19 Mev, and 76 p above a 10-Mev cutoff gave 

(T> 75 Mev. 



Table VIII 

Multiplicities and energies of the principal products of carbon annihilations 

In-flight stars At-rest stars Combined 
166 events 1 7 1  events 337 events 

Multi- Multi - Multi - a a Product plicity Ehergya y plicity ,Ener y 

a Total energy i s  given for pions, kinetic energy f ~ r  protons. 

b This includes all heavy charged particles with prqpane range greater than 2 mm, which i s  the 
+ 

range of a 10-Mev proton. See Fig. 10 for the p energy spectrum. 
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0 
The photon energy spect ra  a imin  from u decays are given in  

Fig .  11. Twenty-three photon-produced pairs were measured t o  produce 

tke ,pbt associated with in-flight annihilations, while 25 pairs ware associated 

with the at-reart annihilations. The weighted average energy fo r  both type@ of 

0 annihilation was 17 1 M s v  gar pair,  giving an average a total energy of 

342 .c 120 Mev. 

A detailed breakdown of the carbon annihilations is given in Table IX. 

Xere the annihilations a r e  c lassifiec! according to the number of heavy prongs . 
For example, al l  annihilations that produced only one black prong, regardless  

s f  its energy, are treated as s separate group. Groupa were  set up for anni- 

hilatione with 0, 1, 2 and > 2 black prongs. A final group--really a subgroup 

of the group with one black prong--included only stare with purely p imic  

product6 except for one energetic proton (T 7 40 Mev).  Pion multiplicities and 

energies are given for each group, In soma casea, the number of events is too 

smal l  to  give ~ k t i s t i c a l l y  meaningful resul ts ,  particularly for neutlal pionr, 

The distribution of annihilatione according to the total number of 

charged prongs from the e t a r r  is shown in F ig .  12. A more inforrnativs 

prong-frequency distribution in which only the pion8 are consickred is given 

in Fig. 13. This pion-frequency distribution i s  also given in Table X, in  which 

the a* multiplicity is included, showing the decrease in  no mesons along with 

an increase  i n  the number of charged pions. This was a l so  noticed in  the 

hydrogen annibi lation. 

The dietribution of carbon atmihiations according to the net charge 

of their pion products is presented in  Table XI. All heavy prongs were ignored 

in preparing this table. It is seen that m o ~ t  annihilations have a net pi&ic 

charge of either Cq = 0 or Xq = -1 .  This ia t o  be expected far simple E-p or 
- 
p-n annihilations. However. 15% of the carbon annihilations have Zq f 0 or 
z q j  -1: Another interesting fact ia that the surplua of negative charge is only 

0.25 n- per annihilation. An interpretation of theee data, leading t o  conclusions 
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Table IX 

Multiplicities and energies of the principal products of s e v e r a l  

types of carbon annihilation 

Type of P r o d -  In-flight s t a r s  At - r e s t  s t a r s  Corn bined 
annihilation uct Multi- Energy Multi- Energy Multi- Ene rgy 

plicity (Mev) plicity (Mev) plicity (Mev) 

6-c  s t a r s  
with no 
heavy 
prong 

p-c s t a r s  
with one 
heavy 
prong 

5-c s t a r s  
with two 
heavy 
prongs 

6-c  s t a r s  
with m o r e  
than two 
heavy 
prongs 

1.74 370 

1.47 379 

1.60 484 

0 - - 
38 events 

1.73 344 

1.50 381 

0.83 322 

1.0 - - 
52 events 

1.47 341 

1.30 349 

1.00 336 

2.0 - - 
36 events 

1.61 333 

1-00 427 

1.30 258 

3.7 - - 
41 events 

1.67 369 

1.43 363 

1.60 378 

0 - - 
72 events 

1.57 387 

1.28 339 

0.70 272 

1 .0  - - 
46 events 

1.26 384 

1.33 417 

1.23 312 

2.0 - - 
27 events 

1.48 341 

1.32 316 

0.60 284 

3.4 - - 
25 events 

1.70 369 

1.45 370 

1.60 431 

0 - - 
110 events 

1 .65 364 

1.40 361 

0.77 300 

1.0 - - 
98 events  

1.38 358 

1.31 378 

1.10 326 

2.0 - - 
6 3  events 

1.56 336 

1.12 377 

1.03 264 

3.6 - - 
66 events 

* 6-c s t a r s  TI 3.18 - -  2.24 - -  2.71 - -  
with one 

TI energetic 
O 1.60 - -  - 

proton P+ 1.00 83  

(Tp+>40 MeV1 17 events 17 events 34 events 



Table X 
a 

Pion-f requenc y distributions observed in 5-c annihilations 

In-flight s t a r s  At-rest  s t a r s  Combined Number 
Nun3zr 0 f 

0 0 
TT Number no Number 'IT 

charged of multi - o f mult i - o f multi - 
pions s t a r s  plicity s t a r s  plicity stars plicity 

a All heavy-prong annihilation products were ignored in compiling these 

data. 

Table XI 

Distribution of carbon annihilations according to net charge of their  

pion products 

Net charge In-flight s t a r s  At - r e s t  s t a r s  Combined Predicted 
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about the 5 - g  and F-n annihilation ra t io  within the  carbon nucleus, is given in the 

next section. 

A carbon annihilation of especial intereret is the neutron-type annihilation. 

We have observed 40 annihilations on carbon nuclei which airnutate f r e e  5-n anni- 

hilations. These events, all of which were purely pionic and had an  excess  of one 

negative pion, were  divided as shown in Tabla XU. The charged-pion multiplicity 

f 
was 3.25 *0 .25  .n per annihilation. The average energy per  pion was 362 a 24 

f 
Mev, including the n r e r t  rnaes. ELeven gamma-ray-pair  conversions (five 

on 3-prong .tar. and i ~ i x  on 1 -prong atarm) gave 1.8 -0,7 
0 'lgl a perannihilation. 

0 The n total energy averaged 444 * 197 Mev. Combining the charged and neutral  

t1,l pion., we get 5.05-0.7 pions for  a total of 1976 Mev per  annihilation (one 

event giving K mesons waa excluded). The above resul t s  may be regarded am 

giving a n  indication of the details of the F-n annihilation. 

A breakdown of the energy observed from carbon s t a r s  io presented 

in Table XIII. 

Interpretation of the Carbon St= 

Pion absorption. The f i r s t  notable character is t ic  of the carbon annihilation is 

that the pion multiplicity is less than that observed in hydrogen. Thie d e c r e a s e  

is not regarded as likely t o  be due t o  a aipnificant a f f e r e n c e  in the p r imary  

nucleon-antinucleon annihilation, but is attributed t o  abssrption of pions by  the 

residual nucleus. This interpretation is borne out by the presence of the heavy 
I 

prongs. 

Heavy prongar f rom a carbon annihilation might have five different origins: 

(a) The absorption of an annihilation pion in the reaidual nucleus. This 

is pictured are a three-body interaction--the inveree of the pion production reaction 

N + N + a + N + N .  
I 

(b) The inelastic38 or  charge-exchange scattering of one of the 

annihilation pions on one of the reoidual nucleons. 
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Table XI1 

Charged -pion multiplicity in nsutr onlike annihilation 

Chatged-pion 
multiplicity 

Number of 
events 

Table XU1 
-IC ' - - - 

Breakdown of the energy observed from carbon stars 

In-flight stars At -rest etars 

Energy expected 
(Mev) 1996 1876 

Energy observed 
(MeV) 

Nuc le on er ~ 2 1 2  > 164 

K 

Total obeerved 



\ 

(c) The quasi-elsatic scattering of a proton by an antiproton which 

subsequently annihilates in the same nucleus. 

(d) The evaporati on of nucleon8 from an excited residual nucleus, 

Rev. 

(e) An annihilation that possibly involves directly two or mare  nucleons, 

wherein nucleons or nuclear fragments may obtain annihilation energy without 

an intermediate state of r ea l  pions. 

Only the f irst  two proceases are regarded a s  important to the explanation 

of observed rnultiplicitiea and energies of the, pions, Evaporation pr  onge (Process 

(d) ) can appear in association with any of the other interactions, and no serious 

effort will be made to investigate them. Processee (c) and (e) a r e  ignored. 39 

Proctssses (a) and (b) can be pursued further on the balsis of a very 

simplified approach. We asrume that a pion interact8 only once before leaving 

the nucteua. Thier aresumption is justified on the grounds that the mean f ree  path 

for scattering in nuclear matter is greater than the nuclear radiuo except at 

the IT-N resonance, Moreover, the asrumption is supported by the report 
- 

that for rr incident on carbon nuclei (in great contrast to  heavier nuclei), 

the angular di~tr ibution for inelastic scattering is similar to that expected for  

scattering on free nucleons. 
40 

W e  have takra the mean free paths for pion scattering and absorption 

in nuclear matter as a function of snargy4'and weighted them according t o  o w  

obeerwed energy apectrum of pions from hydrogen annihilationo. This gives us 

the relative number of pions ercattered and absorbed as a function of pion energy. 

W e  estimate from these calculations that absorption occurs half as often a s  

, - scattering, and that the average kinetic enrrky of $he abaorbed pion is 

6) = 315 Mcv, whereas for scattering the average is (T) = 240 Msv. 

An absorption of a pion at  (T) n 315 Mev ahould release 

Mev to  the nucleons involved. Furthermore, since the absorption 
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preferentially at  high pion energies, the observed pion-energy spectrum will be 

altered b y  their disappearance. 

Further calculations show that the average change in kinetic energy at 

of a pion in a scattering process i r  (AT) = -60 Mev. Thi* has been weighted 

over the pion energy spectrum and averaged over the scattering angular dis- 

tribution. 

Combining the absorption and scattering in the ratio of two scatterings 

per absorption, we expect that 80% d the energy given to nucleons is due t o  

pion abeorption. Thir energy can not al l  be obrerved directly becauee neutrons, 

which are aeeumed t o  ca r ry  off half the energy, a r e  invisible, and also because 

of unobserved black prongr shorter than our 2-mrn cutoff, Thus we may only1 ' 

\ 

place a lower limit on the energy per star carried off b y  nucleons. We have 
\ 

i 

the following situation for  carban etarr : h 
\ 1 * 

in flight at  res t  1 
1 .  

energy in black proaga per s ta r  > 106 Mev > 82 Mev i. 
energy in nucleons per etar >212 Mev > 164 Mev 

We may now compute the pion multiplicities for carbon s t a r s ,  after 

correcting for  absorption and scattering. There are: 

pion multiplicity (observed) 

energy in nucleonar per star 

pion multiplicity (corrected) 

in flight at res t  

(Qp)  = 120 ~ e v )  

These numbers should be compared with a pion multiplicity of 4.7 k0.5 at  

(T i ; )  = 80 M o v  for our hydrogen annihilations. 

Another way to determine the pion abeorptign in carbon is t o  consider 

the pior?. energy spectra in carbon and hydrogen. Because the errors on n 0 
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energies  a r e  large, we consider only the charged pions fo r  comparison. All 

carbon annihilations giva average total energy (E)= 368 * 9 Mev per  charged pion, 

while the hydrogen annihilations giva (E) = 390 * 14 Mev. With our cruds  model 

wherein abeorption occurs haU a8 often as acattering, a 22-Mev change in average 

pion energy is expected when 0.5 pion is abeorbed per  carbon annihilation. 

W e  conclude that the pion absorption in carbon amounts t o  0.6 pion 

per  annihilation, which is obtained by rubtracting the direct ly observed carbon 

multiplicity of 4.1 from the hydrogen multiplicity of 4.7. This absorption of 

- 0 . 6  pion per  annihilation is confirmed by the energy observed in black prongs 

(which is consistent with >O.4 pion absorbed) and with the observed average 

pion energy (which is consistent with 0.5 pion abeorbed). We further  conclude 

that our ascumption that the pr imary  N-N annihilation within the carbon nucleus 

hae the same products a s  a f ree  N-Kf annihilation is essentially correc t .  

In-flight vs a t - res t  e tars .  The mean f ree  path for antiprotons in nuclear 

matter  is about 0 . 6 ~ 1 0 " ~  crn at  100 Mev. 42 This means that near ly  a l l  anni- 

kiLations occur on the nuclear surface. Previous reports, based oa emuleion 
\ 

studiesr, have euggertsd that rignUicao$ differences between in-flight and at-reet  

black-prong multiplicities stem from the aurface annihilation of a t - r es t  antiprotons , 

aa contrasted with the deeper nuclear penetration of m o r e  energetic antiprotons. 7, a 

An alternative explanation of in-flight and at-reet  differences is based on a 

feature of the annihilation in flight-t has escaped comment heretofore. 

W e  b v e  observed that, for in-flight carbon stars, black prongs a r e  

more  frequent and that more  energy appears in nucleons, ruggesting a difference 

in pion absorption. But we have s l r o  obearved an expected forward-backward 

asymmetry (due to  center-of -mass motion) i n  pions produced b y  in-flight anni - 
hilationo. This obser%sd asymmetry indicates that 1.4 pions e r n a g e  in the 

forward hemisphere for each one emerging backward at (T~) = 120 Mev in 
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carbon. W e  expect that 1.8 pions a r e  produced forward fo r  each one produced 

backward, before absorption. W e  aseume now that annihilation occurs at a depth 

such that the effective solid angle subtended by the nucleus approaches 2 a (i. e.  , 

occurs near  the nuclear surface).  Annihilations in flight occur near  the front 

surface of the nucleus, and the center-of-msros motisrr causes more of the pions 

t o  t raverse  the nucleus in there aanihilatioratban in a t - ree t  annihilations. We 

further  assume that the 120-Mev average kinetic energy (lab) of the incident anti- 

proton should cause an  increase of - 0.15 pion in the observed multiplicity. 43 

These two asrournptione lead t o  a predicted difference in pion absorption that almoat 

accounta for  the energy observed in nucleon groductr for in-flight and at  - res t  

ca rbon  stars. Probably the only conclueion that can be derived from this reault  

i s  that really significant differences in carbon nucleus penetration do not occur 

fo r  in-flight and a t - res t  annihilations. This  implies that the mean free path for 

antiproton annihilation in nuclear mat ter  remains short  ( less  than a ferrni) for 

energies up to 200 Mev. 

Pion net-charge dirstribution. It was pointed out in the preceding section that 

most  annihilations in carbon have a net pion charge of ei ther  Cq = O or Cq 2 -1. 

This is expected on the baeir of simple F-p and p-n annihilations within the carbon 

nucleus, f ollowed b y  pion charge ex change and absorption reac t  ions that obey 

charge independence. 

Actually, even with equal 3-p and ji-n annihilation c r o s s  sections, we 

+ 
do not expect the diflerence in average multipiicity t o  be n(w-) - n(n ) = 0.5 

(which would obtain fo r  f r ee  protons and neutrons), for the following reasons: 

Pion absorption alone, assumed equally probable for charged and neutral pions, 

reduces the a- excess  t o  0.43 rr- per carbon annihilation. Fur thermore ,  an 

original excess of a- means that more no undergo charge exchange, Still another 
\ 

process that reducea the expected n- excess in carbon annihilations is the two-etep ,< 
i 
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interaction 7 + p +z t n (in carbon) followed by  < annihilation within the same 

carbcn nucletls fthis can +ven give a net pion charge Cq = t I ) .  After considering 

a l l  these effects, we a r e  able to calculate an expected pion net-charge distribution 

for the carbon annihilations. The calculation I s  bagled on the following assumptions: 

(a) @-p and p-n annihilations are equally probable within the nucleus, (b) the 

probabilities for the varioue modes for 5 - p  and p-n annibilatione a r e  the same 

as given in Table VII and XII, (c) 0.6 pion ia absorbed per s ta r  (absorption is 
t -  0 

assumed equally probable for  n , n , and n ), (d) 1.2 pions are scattered per 

star (all procesaea are assumed to occur in the I = 3/2 state), and (e) p-p 

charge exchange with subsequent annihilation occurs 0.15 times as often aa Tj-n 

annihilation. The results  of the calculation a r e  given in Table XI. The predicted 

+ 
distribution gives a difference in average multiplicity of n(a-) - n(a ) = 0.38, and 

it fits the observed distribution wi th  minor deviationr . 
We can 

Pion e x c e s s  
per annihilation 

aummarise our 

In flight 

0,34;t0.13 

resultr a e  follows: 

At reet  C ombind  Predicted 

These results  do not allow a n y  emphatic conclusions. In particular, 

the discrepanciers a r e  not considered sufficient to alter our assumption of equally 

probable T-p and F-n annihilations within carbon, although the possibility of a 

difference is  suggested by  our at-rest  data. Such a possibility has been euggelsted 

by  Amaldi, but must be verified b y  further experiment. 

. Strange Particles 

The nuc leon -an tk l eon  annihilation process ie able to produce a pair 

7 
of X mesons. This is  as well as observed. Our large propane 

chamber i s  highly efficient for the observafion of short-lived neutral K rnesone; 
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for an example, see Fig. 14. Charged K rneronsa can a lso  be detected in long 

t racks  under good ionization conditions, and of course, when they decay within 

the chamber. An example of K' decay at res t  is shown in Fig. 15. 

It should be pointed out that al l  strange particles (hyperons or K maaons) 

associated with an mnihilation event can be asleurned to  result,  either directly or 

indirectly, from the initial EN dreation of a K-meson pair during annihilation. 

Other methods of producing strange particles a r e  ruled out for reasone discussed 

in the next paragraph. 

The production of a pair of K mesons by an annihilation pion is ruled out 

because of the high threshold energy required. One must a lso  consider the reaction 

x t N -. K + Y, which might be expected to occur as the result of the interaction of 

a pion created in an annihilation and one of the residual nucleons in a carbon nucleus. 

Only about 2% of the pions created in-m annihilation have sufficient energy to 

exceed the threshold f o r  the caee. Using a mean f ree  path in nuclear matter of 

- 2x10-I cm for  the procesa, we a r r ive  at the prediction that in al l  the 6-C 

annihilationsa reported here there ahould have been only about 1/2 an event. 

Hyperons can be made in carbon annihilations via an indirect procera. 

The exothermic reaction K + M + n + Y can occur within the same carbon nucleus 

as annihibtion. Hence annihilation-produced KO or BO mesons may be converted 

into A' or Z hyperon.. Figure 14 contain. r A' which is presumably an 

example of this process. 

The same reaction, K t N -, a + Y,  when it occurs within the chamber 

but at rome distance from the annihilation, is sufficient to verify the identification 

of a K* meson. 

In our selected group of 436 annihilations, we were able to identify twelve 

as producing strange particles, and tentatively identify five other 8. These events 
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are listed and very briefly described in Tables XIV, XY, and XVI. We believe 

that our scanning efficiency for xI0 -r 1' t a- is practically 1005, since they 

decay within a few centimeters of the annihilation, a region subjected to  the closelst 

inspection. Scanning efficiency for  t b  charged mesons is not greater  than 70%. 

t 
This number is obtained by assuming a l l  K mesons with d ip  angle greater  than 

45 deg to be undetectable. Upon adopting this aacaumption we establish 45 deg 

dip angle as a cutoff and ignore possible charged K mesons that have steeper angles, 

Ws also aaeume that al l  charged K masonr with dip angles within the accepted 

values are detectable. Above 150 W v ,  this laat arsumption become8 risky, for 

the K ionization drops below twice minimum. 

Restricting ourselves to those twelve case8 in which definite identification 

+ 
could be made, we find four (including event No. 32327). seven K , four KO, 

0 and two A . For  the four lCl0 obrerwd we make a correction for the 32% 

branching ratio of the mode - rQ + no, which we cannot observe. 45 ~a 

0 
then again correct  for the long-lived KZ decays, giving us a total of 1 1.8 K 

0 

rnesona. Stilt another correction should be made to the neutral X meson8 t~ 

accbunt for the absorption or  hyperon production in the same nucleus as 

0 
annihilation occurs. Observation of two A hyperons among the products of p 

0 
annihilation in carbon indicates some three evente (1/3 of the A decay neutrally) 

in which either a KO or a zo meson ha. interacted. 

and 1.5 K- mesons have no interacted. This yields a 

-0 
W e  assume that 1.5 K 

0 total of 13.3 EC mesons. 

Turning now to  the charged K mesons, we apply our scanning correction 

t o  tho 7 K+ and 4 K- to get 10 K' m d  5.7 K-. We also add 1.5 K- for interaction 

+ 
in carbon nuclei for r total of 10 K and 7.2 K-, or 17.2 charged K particles in all. 

Adding together charged and neutral K mesons, w e  find a corrected total 

of 30.5 in 436 annihilations, which yields 3.5 -O.g *' % of the annihilations giving 

K K pairs. The e r r o r  stated is otatirtical and based on the 17 observed events. 

Thie result may be regarded alp a lower limit. If we inrrpect the 17 events listed 
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Table X N  

Identified atrange particles associated with antiproton annihilation 

ta - Kinetic Kinetic 
T energy energy 

at decay at anni% 
Strange lation 

E vent particle Identification Method (MeV) (Mev) 

(C ontinued) 

Ionieation determination 

over 14 crn af 

t rack 

Good fit to  annihilation orgin 

Good fit t o  decay kinematics 

Good fit t o  annihilation ooigin 

Good f i t  t o  decay kinematics 
+ 

Elastic K -p scatter 

Ionization decrease upon 

forward decay 

Decay fits kinematics for 

0 A A is produced b y  the s t a r  

at end of track 

Ionization decrease upon 

forward decay of 

stopping particle. 

Kinernatica uncertain 

but w - p  decay easily 

ruled out. 

Ionization determination over 

11 cm of track 

A negative track of greater 

than minimum ioniza- 

tion makes a s tar  of 

two pions with total 

visible energy 457 Mev. 

The two pions have 

momenta coneistent 

with the production and 

subsequent decay of a 

hyperon. 
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Tab 1e XIV (e ontinuedl 

ta 
.L 

Kinetic Kinetic 

7 
energy energy 
at decay at annih' 

Strange lation '6 
E vent partic la Identification method (MeV) (Mev) 

31978 This is a neutral K which 0.1 187 187 

f i ts  annihilation origin. 

32327 
t 
lr2 Good f i t  t o  decay kinematics 0.05 237 26 7 

The pion decaye in the 

chamber. 

go Good fit to  annihilation 

origin. The tracks 

are too csteep t o  make 

momentum determination. 
0 Could be either a A or 

-D K:. 

Track d greater than 

minimum ionization 

makee a star which 

36046 
t 

Ktr2 The track fits stopping K. - 
The decay at  res t  + 
agrees with KnZ 

mode. 

Stopping negative particle - 
has no charged products. - 

0 A A fits the p star .  

Good fit to  annihilation 0.2 

point. Satisfactory 

fit to  decay kinematics. 

Tentative, based on ioniea- - 
tion in 11 cm of track 
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Table XIV (continued) 
P 

t a  - Wnetic Kinetic 

7 
energy energy 
at decay at annihi- 

Strangle tationb 
Zvant particle Identification method (M~v )  (MeV) 

45753 x10 A neutral K whish fits 1 .O 205 205 

annihilation. One 

of the piono scatters 

and decay 

kinematic$ are not 

completely verified. 

a t 
The quantity - is the ratio of the life of the particular particle with respect 

7 
t o  its mean 1%. 

b ~ i n e t i c  energy af a strange particla upon leaving the point of antiproton rani- 

hilation. 

ea 
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Tentatively identified artrange partic le s 

Kinetic Kinetic 
t energy energy - at decay at snnihi- 

Strange 7 
Event 

lat ion 
partfc le Identification method (Mev) 

k 3324 s1+ lonisation decrease upon 

backward decay 

Identification of 

n-y -e decay product. 

Determimiti on a f  ioniaa- 

tion in I2 cm of track 

Dete raination of ioniza - 
tion in 1 7  cm of track. 

Good fit to a n n i W i a n ,  

origin. Meaeurcement 

of momentum of the 

pion decay product i s  

uncertain. 

Determination of ionirta- 

tion in 18 cm of track. 



Table XVI 
+ 

Information about annihilations in .which etrange particlee are created 

Event Strange Annihilation Kinetic Other visible Approximate missing 
particles nuc le U L ~  energyat annihilation energy 

annihilation products 
(Mev) (uev)  

Identified: - + a 
K+ W 124 

+ 
22758 2~ , 1% , l(r~)-, (pa) 0 E < 400 

- Tentative: 

13324 C+ C 169 + 4- 3s-, l a ,  2 p 5 00 

C 0 
+ + 

2a0, 2 a ,  1 p 100 

 he aymbol (wK)- indicate. that a ~ t e o p  negative track was observed, but particle identification was not posdble.  
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in  Table  Xm, we eae eight par t ic les  with s t rangenees  = +1, seven with S = -1. 

and two K ~ ' ,  for which s t rangeness  i~ undefined. 

If we include the tentatively identified s t r ange  par t ic lee  (TabteXY ) in 

our calculations,  then we obtain the reeu l t  that  4.5 *0.9'$0 of the annihilations 

produce K K p a i r s  . 
In view of the  uncertaintiee in  scanning, and recognizing that  s o m e  of the 

tentatively identified K mesons  are probably valid, we f ee l  that  a bee t  e s t ima te  i~ 

that 4.0 & 1.0% of a l l  annihilatione produce K K  pairs. 

In Fig.  16 we present  the kinetic energy spec t rum of a l l  the K mesons  

observed. 
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FIGURE LEGENDS 

Fig. 1. Arrangement of apparatus t o  deliver antiprotons to  the 30-in. propane 

bubble chamber.  Brief descriptions ate given in Table I. This apparatus 

was algio w e d  for the exposure of several emulsion s tzcks.  

F i g .  2 .  The distribution in range of 1069 protons delivered to  the bubble 

chamber through the same  magnetic channel as the antiprotons. 

- 
Fig .  3. p-p Cross sections.  A cornparision of theoretical (aali-Chew model) 

and experimental F-p elaetic and aanihilation crosls sections.  The 

experimental points a r e  averages over  two energy intervals ,  75 t o  

1 3 7 . 5  Mev, and 137.5 to  200 Mev.  

Fig .  4. Angular distribution f o r  p-p elast ic  scattering. Thi r t  y-one events in 

145 me te r s  of antiproton t rack over an energy range from 75 Mev to  200 

Mev a r e  plotted. The cutoff angle is 25 deg (c. m.  ) The theoretical 

curve at 140 Mev by Fulco, bared an the Ball-Chew model,  is shown 

for  comparieon. Fulco predicta q1 (25 deg) = 58 mb; our r e su l t s  a r e  

47  + 8 mb. 
- 

Fig .  5. p-C c r o s s  sections.  The experimental points a r e  averages  over two 

energy intervals ,  75 to  137.5 Mev, and 137 .5  t o  200 Mev. The * 
theoretical pointe a r e  obtained by the use of Ball-Chew nucleon- 

antinucleon interaction in  an optical-model calculation b y  Bjorklund 

and Fernbach. The theoret ical  values labe led nonelaetic include 

charge-exchange and inelastic scattering as well as annihilation. 

Coulomb effects on elast ic  scattering a r e  unimportant in  the ex- 

perimental points and a r e  excluded in the theoretical points. 



- 
Fig. 6. p-C differential  scattering. This  is a histogram showing our  F-c 

elast ic  -scattering differential c r o s s  rect ion inc luding a l l  events of 

antiproton kinetic energy between 75 and 200 Mev.  An optical-mcdel curve 

due to  Bjorklund and Fernbach,  using the method of Watson and 

Riesenfeld and the Ball-Chew phase ehifts for  140 Mev, i~ a l so  

shown. 

F ig .  7. Kinetic-energy spec t ra  of the charged pions f rom hydrogen annihilations. 

Only pion8 with a t  least  10 c m  of t r a c k  (unless stopping) and which make 

an  angle of 3 60 deg with the magnetic field a r e  included. 

t 
(a) n- spec t rum,  (b) n spec t rum.  

0 
Fig. 8. Energy histogram of 29 n -decay y conversione observed in hydrogen 

annihilations. Each photon ha8 been weighted according 60 its conversion 

probability. Because of the effect of the weighting fac tor ,  each  unit 

of the ordinate represents  50 photons. 

Fig. 9. Kinetic -energy spec t ra  of charged pions from carbon annihilations. 

Only pions with at least  10 c m  of t r ack  (unleear stopping) and which 

make an angle of >, 60' with the magnetic field are included. 

(a) n- spec t rum for  in-flight carbon s t a r s .  (b) nt spectrum for  

in-flight carbon s t a r s ,  (c)  a- spectrum for  a t - r e s t  carbon stars, 
t 

and (d) B spectrum f ~ r  a t - r e s t  carbon s t a r s .  

F ig .  10. Kinetic-energy spec t ra  of black prongs (all assumed to  be protons) 

from carbon annihilations (a) in flight and (b) at  rest. Only 

part ic les  with at least  10 crn of track(unless stopping) and which make an 

angle of 3 6 0  deg with the magnetic field a r e  included. 

F ig .  11. Energy his tograms of (a)  23 no-decay y conversions observed in 

in-flight carbon annihilations and (b) 25 y conversions observed in a t -  

rest carbon annihilations. Each photon has been w d & d  according to  its 

conversion probability. Because of the effect of tho weighting factor ,  each 

unit on the ordinate represents  SO photons. 
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Fig. 12. Frequency  d i ~ t r i b u t i o n  of carbon annihilations according t o  the  to ta l  

number of charged prongs observed fo r  a in-flight carbon s t a r s  and 

(b) a t - r e s t  carbon stars. 

Fig .  13. Frequency distribution of carbon annihilations according to  the to ta l  

number of charged pions observed f o r  (a) in-flight carbon s t a r s  and 

@) a t - r e s t  carbon stars. Black prongs w e r e  ignored in constructing 

this his togram. 

F ig .  14. A n  antiproton en te r s  a t  top left of picture and makes a heavy track 

until it annihilates into t h ree  charged prongs near  cen te r  of p ic ture .  

O + -  D i r e c t l y b e l o w t h e  annih i la t ion is  a K sir + r event. Above 

0 and t o  the right of the annihilation is a A with a projected opening 

0 angle nea r  0 . Event number  28004. 

P ig .  15. An antiproton en te r s  a t  top Left of picture and makes a heavy track 

until i t  annihilates near center  of picture. The longer of the two 

prongs on the right may be seen t o  decay, .ending a minimum- 

ionising par t ic le  down and out of the bottom of the picture.  This 

-t 0 i s  a K -- nt t n a t  r e s t .  Event number 36046. 

F i g .  16. A kinetic-energy histogram of K par t ic les  observed i n  association 

with antiproton annihilations. This plot is not co r r ec t ed  fo r  chargsd- 

K scannicg inefficiency, which is expected t o  be 100% below 100 M e v  

and probably dec reases  with increasing energy. 
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