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ABSTRACT 

The antiproton annihilation process in complex nuclei has been 

further studied in photographic emulsions. When a 19.8 gr/cm
2 

LiH 

absorber was introduced in an existing antit>roton beam, the antiproton

to-meson ratio improved by a factor of about 10, becoming l/50, 000. 

Thus in a single stack exposed to this improved beam, 165 antiprotons 

were found. These together with 20 more found in other stacks and the 

36 reported in the "Antiproton Collaboration Experimentn (a total of 

221 analysed stars) are included in this analysis. 

From this analysis the annihilation process 1n complex nuclei 

can be interpreted to proceed as follows: The antiproton annihilates 

itself with one nucleon (proton or neutron), transforming all the avail

able energy mainly into 1T mesons of average multiplicity 5. 36 ± 0.28 

with an occasional K-K emission of frequency (3.5 ± 1.5o/o) per star. The 

me sons interact with the nucleus leaving it in an excited state. The 

nucleus releases the excitation energy through nucleon emission. On 

the average, the stars in flight have more excitation than those at rest. 

By the use of this experimental data and available information 

on pion interactions in nuclear matter, the fraction of interacting pions 

(absorbed and inelastically scattered) has been deduced for the stars in 

flight and at rest separately. Furthermore, it is shown that with a better 

. knowledge of the pion interactions in nuclear matter, we can use anti

proton annihilations to investigate the nucleon distribution at the surface 
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of the nucleus. 

The pion-pion a-r:gular distribution has been deduced on the 

basis of energy-momentum cons~rvation, by the use of the Fermi 

statistical model of the annihilation with Lorentz-invariant phase space. 

The theoretical distribution agrees with the experimental one if an 

adjustment' of the interaction volume is made to account for the observed 

pion multiplicity. A strong pion-pion interaction is thus unlikely. 
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L INTRODUCTION 

The success of the Dirac Theory of the electron in predicting 

its charge co.njugate, the positron, stimulated the interest of the ex

perimental physicist to search for the charge conjugate of the proton, 

the antiproton. The differences and the similarities between proton and 

antiproton required by the theory are summarized in Table I, which 

indicates also the properties verified by the first experiments. 

Property I Proton 

Charge +e 

Mass m 

Spin 1/2 

Magnetic moment 1.1. 

Mean life 'T 

time 

Creation 
in pairs 

Annihilation 

!-Spin T l/2 

T3 l/2 

Parity + 

Table I 

Antiproton 

-e 

m 

l/2 

-tJ. 

'T 

l/2 

-l/2 

Exper. verified by: 

Counters (sign and 

magnitude) ( 
1 ~ 

Emulsions (magnitude)( ) 

Counters( l) emulsionJ 2 ) 

f 

-7 (1,2) 
'Tp larger than 10 sec 

Counters ( 1 ) 
(from excitation function) 

Emulsions( 2 )and counters(!) 
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Immediately after a b.eam of protons with energy above the 

threshold (-5.8 Bev) for antiproton production was available at the 

Berkeley Bevatron, a search for the antiproton started with scintilla

tion counters. In .the fall of 1955 the antiproton was discovered by 

Chamberlain, Segr~, Wieganc1,· and Ypsilantis.
1 

Charge, mass, and 

stability against spontaneous decay were the verified properties. 

At about the same time, emulsion groups in Berkeley and Rome 

were undertaking an intensive search for antiprotons in photographic 

emulsions exposed at the Bevatron. Except for the sign of the charge, 

the emulsion work verified the counter experiment; in addition, the 

annihilation property was observed. A total of 36antiprotons were 

found; these were reported in the "Antiproton Collaboration Experi

ment", 
2 

thereafter cited as ACE; 

Both experiments established rather conclusively the existence 

of the antiproton. The research then was directed toward the investiga

tion of the properties of interaction of antiprotons with matter and the 

investigation of the modes of annihilation with improved statistics. 

In order to continue this work, it was necessary to ir:pprove the 

antiproton beam, increasing the ratio of antiprotons to other spurious 

particles (mainly pions, muons, and electrons). A successful step 

was taken in this direction, when a LiH absorber was introduced in the 

beam, thus producing a momentum difference between antiprotons and 

mesons which was resolved later into a spatia1 separation by momentum

analysing magnets. In a stack exposed to this beam, 165 antiprotons 

were found, 1}he analysis of these stars combined with the 36 from 
3 4' 

ACE and the ZO others found in other stacks has been reported. ' 

The present work is rather a supplement to that work, and from 

the experimental point of view does not offer anything new. It is in

tended to be an extension of the previous analysis and a further inter

pretation of the experimental .results. In order to pre sent this work in 

some organic form, the experiment and those experimental results 

connected with the discussion and analysis will be presented briefly. 
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II. EXPERIMENTAL PROCEDURE 

A. The Separated Antiproton Beam. 

In Fig. 1 the experimental arrangement of the separated anti

proton beam is shown. The spectrograph is the same one used in a 

previous counter experiment
5 

with the addition of the LiH absorber 

and the magnet M . A carbon target at T is bombarded by the circulat-
e 

ing proton beam of the Bevatron at the end of each accelerating cycle" 

A fraction of the particles coming out of the tar get, deflected by the 

fringing magnetic field of the Bevatron, enters the spectrograph. These 

particles contain about one antiproton per million other particles. 

The system of the quadrupole magnet a
1 

together with the 

analyzing magnet M 
1 

focuses the negative particles of momentum 

819±4o/o-Mev/c at F
1

. Quadrupole magnet L plays a role similar 

to a field lens correcting lateral momentum aberration. 

In order to achieve a separation in momentum depending on the 

mass, a wedge-shaped LiH absorber of medium thickness 19.8 gr /cm
2 

has been placed at F 
1

. The beam is expected to have 700-Mev/c and \ 

777-Mev/c momentum for antiprotons and light mesons respectively 

after it has passed through the absorber. Because of the shape of the 

absorber, the original spread in momentum (4%) is preserved. 

The momentum difference achieved between the antiprotons and 

the light mesons is resolved into a spatial separation by the subsequent 

system of magnets at F 2 . The magnet Me serves two purposes: 

(a) it deflects the particles according to momentum and thus further 

increases the spatial separation between antiprotons and me sons; and 

(b) it clears from the beam the highly unwanted protons (produced by 

pion interactions) which can be confused with the antiprotons. 

At F 
2 

a stack of 200 Ilford-G
5 

emulsions ( 15 em by 23 em by 

600 f.L) was exposed for a total integrated beam of 4 XlO 
13 

protons on 

the target. In this stack (No. 78), 165 antiprotons were found constitut

ing the majority of the antiprotons studied in this work. In this beam 

a ratio of antiprotons to minimum ionizing particles of l/50, 000 has 

been obtained, showing an improvement over the previous beam by a 

factor of ten, 
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IOFeet 

2 

tack 78 

MU-15967 

Fig. l. The exposure geometry. 
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In Fig. 2 the antiprotons coming to rest have been plotted as a 

function of their range (R) in emulsion and their horizontal linear 

coordinate Y which is perpendicular to the beam. A linear fit to this 

distribution is also shown by the line R (Y). The dependence between 

R and Y is the result of the analysing magnet M and the momentum 
c 

spread in the beam. 

From measurements of the density of Tr stars in the stack, a 

4o/o Tr contamination was found. Measurements of the intensity of the 

beam along the beam (Fig. 3) revealed the electron component. The 

position of the maximum and the relative increase of the intensity due 

to electron multiplication require a 48o/o contamination in electrons. 

The rest of the particles (48o/o) were assumed to be muons. We see that 

in the antiproton separated beam most of the pions were removed, while 

. a large number of muons and electrons remained. 

B. Scanning and Proton Contamination. 

The emulsion plates were scanned under 22x to 53x objectives 

in combination with lOx eyepieces. The scanning proceeded parallel 

to the leading edge of the stack, along the Y coordinate, and 5mm away 

from the edge. The good collimation of the beam has allowed us 

visually to distinguish the antiprotons from the large background of 

minimum particles by means of ionization and the angle between the 

track and the main direction of the beam. 

All tracks with ionization about twice minimum and making an 

angle with the direction of the beam of less than about 10° were con

sidered as antiproton candidates, and they were followed until they 

either interacted in flight or came to rest. A star usually resulted at 

the end of these tracks. 

Tracks of protonic mass and which produced a star upon coming 

to rest are certainly antiprotons. A number of particles of protonic 

mass, however, came to rest without giving any energy release. These 

tracks, called P , might be protons or antiprotons which either did not 

annihilate 
6 

or inp which the final products of the annihilation were all 

neutrals (P ) . 
p 
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Fig. 2. {a) The range of stopping antiprotons is plotted as a function 
of the entrace y coordinate. The curve gives the mean anti
proton range, R as a function of the y coordinate. The momen
tum dispersion is due to the clearing magnet MC (see Fig. 13). 

(b) The spread in range around R as given by the curve in 
·A. · The half width at half maximum is about 13 rom .. L::.R/R is 
thus ± 0. 11, which corresponds to a momentum spread of l::.P /P 
equal to± 0.029. 
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COORDINATE ALONG PLAlt. 78-100 
5 

3.5xl0 50 100 150 200 250 mm 

3.0 
A rod =2.92 em C\1 

E 
0 

0::: 
2.5 

w 
a.. 
(f) 2.0 w 
_J 
(.) 

1- 1.5 0::: 
<( 
a.. 
1- 1.0 ::I: 
(.!) 

_J 

0.5 
BEAM DIRECTION 

0 
0 2 4 ..X. 6 8 10 

>.rod MU-14121 

Fig. 3. The transition curve for the light-particle flux. The light-
particle flux was measured along the beam direction (the X 
coordinate along Plate 78-1 00). The curve is plotted against 
distance along the plate as measured in radiation lengths in emul
sion. The peak at about 2 units of radiation length clearly indi
cates the presence of a large fraction of electrons in the beam 
(~50%). 
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The good collimation of the beam makes possible further examina

tion of the P 's. In Fig. 4 all tracks followed and coming to rest are 
(?! 

plotted as a function of fR-R~ (Fig. 2) and the relative entrance space 

angle 8 
1

. The antiprotons are concentrated in a small region close re 
to the origin of the coordinates, while the P 's are statistically uni-p·. 
formally distributed over a larger region. It is then obvious that the 

particles outside the rectangle ( j.R-Rj <2. 4 em, erel <3°) containing 

all the definite antiprotons are accidental protons. We estimate from, 

the density of protons outside the rectangle that 4 ± 0. 7 protons are 

present inside the rectangle. There are 7 P events, two of which 
p 

occur near the surface of the plates, and possible minimum prongs 

might have been missed. Comparing those two numbers an estimate of 

2 ~l% contamination in P stars is obtained. The errors are statistical 
1?-' 

ones and do not take into account either that some bias is present 

against picking up tracks with large e rel or large I R -~ or the 

possibility that the two tracks near the surface might have a minimum 

prong. Both of these effects tend to decrease the 2 ~~%estimate. 
All particles of protonic mass and with e < 3° interacting in 

flight have resulted in a star. Only three of them have no pions, and 

the total visible energy release is less than the kinetic energy of the 

incoming particle. These three stars could be due to proton interactions, 

P charge exchange, or P annihilati'ons with the energy given to neutral 

particles. From the P contamination with e l < 3° and the proton mean re . 
free path for interaction in emulsion, we estimate about 3 proton inter

actions to be among the antiproton stars in flight. By the use of a 4 mb 

P charge-exchange cross section, 7 we expect 0.5 such events. From 

these estimates we deduce 2 ± 1 stars to be among the.95 stars in 

flight, which is a very insignificant amount to give any noticeable bias 

to the analysis'. 

C. Measurements on the Prongs. 

We used various measuring techniques for the prongs from the 

annihilation stars depending on the ionization and the dip angle. 

Projected- and dip-angle measurements have been made for all prongs. 

For gjg
0 

< 1.3, grain count measurements were made on all tracks, 
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MU-15901 

Fig. 4. A plot of the deviation in range from the mean range 
~R = IR- R I, for ending tracks of protonic mass versus the 
relative entrance angle erel (space angle). The rectangle 
determined by erel ::;;: 3 ° and ~R ~ 24mm contains all the 
identified antiproton tracks. 
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whereas p!3 measurements using third-difference methods
8 

(when 

needed) have been made for tracks with dip angle ~ 20°. Except for 

one energetic electron pair, all these prongs with dip angle~ 20° were 

light mesons, considered as pions (see Section III, A, 3 ). We have 

considered all the steeper prongs as pions also. All the prongs were 

followed for a sufficient length to eliminate low-energy electrons 

( -10 Mev). For g/g ~1.3 all prongs were followed, and identifica

tion and energy measurements were tnade by standard emulsion 

techniques. The end points of all prongs ending in the emulsion stack 

were examined carefully for possible decay secondaries. No attempt 
' was made to distinguish alphas, deuterons, and tritons from protons 

for range~ R H ~ 1 em. For RH > 1 em and angle ~ 40°, opacity 

measurements were made. These measurements identified one 

deuteron, and one particle was either a deuteron or a L: particle. 
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III. THE PRODUCTS FROM THE ANNIHILATION STARS 

A. Pions 

1. The Charged-Pion Multiplicity 

In Fig. 5 the distribution of stars as a function of the observed

pion multiplicity is shown separately for stars at rest and in flight. 

No corrections have been made for the possible presence of P events 
p 

in the stars at rest or proton contamination and antiproton charge-

exchange events in the stars in flight. All these corrections--if any-

are very small and can ,be neglected. From these distributions the 

following average values per star for the charged-pion multiplicities 

are obtained: ~iT±) flight ~ 2.50 ±0.26, (NiT±) rest = 2'.30 ±0.28, and 

( N ±) b' d = 2.41 ± 0.19, where the errors represent the statis-
iT com 1ne 

tical standard deviations. 

If the annihilation of the antiproton occurs with one kind of 

nucleon, proton or neutron, then in order to conserve the charge, 

only modes of annihilation with even or odd numbers of charged pions 

are respectively allowed. The observed distribution of stars in 

charged-pion multiplicity is continuous, indicating that antiprotons 

annihilate with protons as well as with neutrons. We must, however, 

be overcautious in this statement~ because pion-absorption and pion

detection inefficiency reduce any discontinuity in the distribution. 

2. The Pion Spectrum 

In Fig. 6 the measured pion spectrum of the annihilation proc

ess in complex nuclei is shown for the stars at rest, in flight, and 

combined. Although the energy of all pions observed with dip angle 

j!31 S 20° has been measured, only the pions with 1!3 I .$. 15° are in

cluded in this spectrum. This low cut-off angle is necessary in order 

to reduce the systematic errors, due to the distortion of the plates, 

of the energy measured by the scattering technique. A comparison of 

the average pion energy as a function of the dip angle showed a sys

tematic decrease, even though the method of third differences was 

applied to eliminate second-order distortion effects. 
8 

Assuming that at very low dip-angles no effects of distortion 

are present and considering the dependence of the average pion energy 
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Fig. 5. The observed charged ... pion multiplicity distribution from 
antiproton stars. 
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Fig. 6. The observed charged-pion spectrum from antiproton stars. 
Energy measurements included here come from pions with dip 
angle < 15°. This represents -I/4 of the total solid angle. 
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on the dip angle, we have applied a correction w 1 = 10 ± 5 Mev to the 

measured average pion energy to account for distortion effects. This 

correction, however, C'annot be reliable, and systematic errors might 

still be pre sent, thus giving a lower pion energy. 

The pion detection efficiency depends on the ionization, and 

therefore, on the pion energy. Assuming that the efficiency is lOOo/o 

for ionization gjg
0
)fL2, uniform for gjg

0 
< L2, and 90o/o for all pions, 

we have deduced a correction w
2 

= 7 ±2 Mev which must be applied to 

the measured average pion energy to account for this effect. 

In Table II the average (measured and corrected) pion energy 

as a function of the charged-pion multiplicity NiT±, and for stars at 

rest, in flight, and combined are given. There is also given the ex

pected average pion energy from the normalized Fermi model, (see 

IV C, 1). 

3. The rr+/rr""-Ratio 

In photographic emulsions the sign of the charge of a particle 

can not be determined unless a characteristic of the char·ge reaction 

is observed. The pions, coming to rest, reveal their charge. The 

positive ones, being repulsed by the Coulomb field of, the nucleus, 

decay away from. the nucleus, giving a ·1-1 meson of a given range 

(- 600!J.). This subsequently comes to rest and decays into a visible 

electron. On the other hand, the negative pions, being attracted by 

the nucleus, are captured into Bohr orbits, and because of their large 

time of decay relative to the transition probabilities from one orbit 

to the next, 9 they fall into the nuclear field and interact. Thus, from 

the rr endings, we expect to see either nuclear prongs ( o- star) or 

nothing at all (p ending.sr when the energy is given to neutral prongs. 

Of all light mesons followed; 76 came to rest, with 22 showing 

the characteristic of t}:le rr + (rr +_:.1-.l. + ~e +) decay, while 53 produced a 

o- star or a p ending characteristic of the rr-. There was only one 

case where the charge could not be determined. These 76 meson 

endings compared with other experimental data on rr +, rr- endings and 

mass measurements through gjg
0

-versus-range curves have established 

that no 1-1 mesons are present among those light mesons. 
4 
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Table II 

Ratio y of the number of pion-pion angles greater than 90° to those 

smaller than 90°, and the average pion-pion angle( e), as a function of 

charged pion. multiplicity. 

N± At rest In flight Combined 
1T 

,' ,t ' 

No. of y (e) No. of y (e) No. of y (e) 
pairs pairs pairs 

2 35 1.19 90 16 1.89 100 51 1.44 9.4.2 

3 103 L13 94 84 1.90 98 187 1.41 95.8 

4 114 ' 1.59 97 48 1.53 99 162 1.57 98.1 

5 50 1. 50 101 30 1:50 97 80 l. 50 99.6 

6 15 1:14 86 15 0.88 94 30 1.00 89.8 

2-6 317 1.34 95.5 193 1.64 97.7 510 1.45 96.6 

:±: 15 ±5.4 ±.24 ±6.9 '±.13 ±4.3 
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+ In Fig. 7 the spectra of the 'IT - and 'IT mesons are shown. The 

Coulomb barrier of the. nucleus, where the annihilation takes place, 

prevents -emission of 'IT+ of low energy. For this :r;eason, to find a 

'IT+ /'IT.,.. ratio, independent of the, Coulomb field, only pions with T .;;;. 20 
'IT . +; -Mev have beet1 considered. These pions give a ('IT 'IT )obs = 

20/44 = 0.45 ± 0 .12. 

The large abundance of 'IT + relative to 'IT me sons has been in-

terpreted as a combined result of (a) the charge conservation in the 

annihilation process and (b) the differences in scattering of· two types 

of pions by the nucleus. Assuming charge independence, charge 

conservation, and that the' ratio of annihilations with neutrons to those 

with protons is the same as the n/p ratio in the emulsion nuclei, we 

expect a ratio ('IT+;'IT-) = 0.76 .. Taking into account al~o the fact that 
+ . 

'IT mesons scatter more than 'IT and that the spectrum of the 'IT peaks 

at lower energy tha~ the 'IT+ we estimate an over-all ratio ('IT+;'IT-) t = 
0. 58.

4 
With all uncertainties involved in this estimate, we migh~ss~y 

that the agreement with the observed ratio is satisfactory. 

4. Antiproton-Pion Angular Distribution 

In Fig. 8 the angular distribution between the pions and also the 

direction of the incoming antiproton for stars at rest and in flight is 

shown. For the stars at rest an isotropic distribution is expected, 

while for those in flight a small forward preference is expected by the 

conservation of momentum. The agreement between the expected and 

the observed distribution for the stars in flight is indicative of very 

small scattering, because the scattering tends to reduce any anisotropy. 

In addition, it can be concluded from these distributions that to a good 

approximation the pions can be considered to be emitted isotropically 

in the laboratory system. 

5. The Experimental Pion-Pion Angular Distribution 

From dip- and projected-angle measurements performed on all 

charged mesons, the angle e between each pion pair in every star 

has been computed. For a star of N ± observed charged-pion 
'IT 

multiplicity, N ± (N. ± -1)/2 pion pairs are possible. Neutral pions, 
'IT 'IT 
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Fig. 7. The energy distribution of pions with identified sign from 
antiproton stars. The shaded histograms represent pions from 
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Fig. 8. The pion-emission angles relative to the antiproton direction 
in the laboratory system. The figure shows the number of pions 
plotted against the cosine of the emission angle. For the stars at 
rest, the line corresponding to isotropic emission is shown. For 
the stars in flight the line corresponding to isotropic emission in 
the c. m. system suitably averaged over antiproton and pion 
energies is shown. 
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and an average of 0.8 charged pions per star have not been observed 

because of pion absorption and inefficiency in the pion detection. We 

also note that the observed distribution has been influenced somewhat 

by the pion scattering inside the nucleus. " 

The distribution of all charged pion pairs plotted against cos B 

is shown in Fig. 9. This distribution has been examined for stars at 

rest, in flight, and as a function of N. ±. AlLthese subgroups have the 
'IT 

same features, and we thus represent all of them combined. In order 

to give an idea Of their similarities, however, the average (e) and 

the ratio " of the number of pairs with e 2::90° to those with e < 90° 

for all cases examined are given in Table II. From the experimental 

distribution a preference of pion pairs toward large angles is charac

teristic of the distribution. An interpretp.tion of the anisotropy based 

on, the conservation of energy and momentum is discussed in Section 

IV C, 2, and the theoretical distribution thus obtained is plotted to

gether with the experimental one. 

B. Strange Particles 

1. K Mesons 

The conservation of strangeness and energy demands that the 

modes of annihilation with no K:'s or a K-K pair be allowed only, and, 

furthermore, a lower limit in the ionization is set for the K mesons: 

gjg 0 ;;;:.1.2. All prongs with ionization larger than l.2g
0 

(where g
0 

is 

the ionization of minimum-ionizing particles) were followed, and they 

either left the stack or came to rest. A few of them interacted in 

flight. A careful examination of the endings for possible decay prongs 

has been made. Pions coming to rest are easily distinguished from 

heavier particles because of their large scattering and their ·"greyness" 

close to their ending. In addition, g/ g
0 

-vs -range measurements have 

made possible a definite identification of these particles. Among all 

prongs followed, only one case ~fa K meson coming to rest (Star 3-25) 

has been observed. 
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Fig. 9. Distribution of angles between all pion pairs from the antiproton
annihilation stars. The curve corresponds to the distribution 
expected from energy and momentum conservation. 
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Since the only way to create a K meson from an annihilation 

star is by direct production from the annihilation process, this 

definite example of a K meson proves that they are being produced in 

the annihilation process. 

It is mo'l"e difficult, however, to identify the prongs which do 

not end in the emulsion. The most important method of identification 

used was ionization versus pf3c measurements by scattering. The 

distinction between pions and heavier particles was rather easily done, 

but the distinction among K' s and protons is poor due to the distortion 

of the plates and the small scattering signal. This method becomes 

very unreliable as the dip angle increases. With all care and refine

ment of the technique it was possible to identify some of these parti

cles up to 30° dip angle. 
8 

Other standard emulsion techniques (espe-
2 

cially scattering measurements with the surface -angles method have 

been tried above 30° dip. 

In Table III we summarize all the available information in the 

K me sons. From this table we can establish lower and upper limits 

in the K-meson abundance, considering the known and suspected K 

mesons below 30° dip and correcting for the solid angle. For the 

lower limit we have considered the three definite K' s, while for the 

upper limit all five possible K's have been considered. In order to 

find the percentage of stars with a K-K pair, corrections have to be 

made for (a) the K
0 

-K 
0 

mode which accounts for about 16% of all 

stars with K's and (b) the K 0 - K mode in which the K- has been 

absorbed by the nucleus and which is estimated to include ~s% 

of all stars with K's" We thus obtain an estimate of 3.5±1.5% of the 

annihilations containing a K-K pair. 

From the estimate of the K - K abundance and the average 

energy of the K mesons, ~~ = 650 Mev, an estimated average energy 

per star (2:EK-K±) = 50 ±25 Mev is given to K -meson production. 

2. Hyperons (Y) 

It is possible that in the annihilation of an antiproton in complex 

nuclei a hyperon may be produced. This can be explained in two ways: 

(a) K interaction with the nucleus can result in a hyperon through the 
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Table III 

Data on K mesons (including ambiguous cases) from antiproton stars 

Event Prong Dip Available TK Terminal Comments 

no. no. angle path (Mev) behavior 

(degrees) (em) 
--·---

3-3 8 15 2.47 80 disappears definite K(a) 

1n flight 

3-25 30 5. 3 104 decays at definite K see 

rest Appendix V 

3S-59 2 29 8. 3 235 leaves stack definite K 

3S-83 5. 23. 4 355 leaves stack uncertain identi-

fication 

3-7 3 19 3. 5 260 leaves stack uncertain identi-

fication(a) 

2-3 2 44 1.9 175 leaves stack uncertain 

steep(a) 

3S-3 3 74 7.8 120 comes to uncertain 

rest; nothing steep 

at end 

3S-71 3 67 1.5 102 star in flight uncertain steep 

3S-86 3 64 1.7 195 star in flight uncertain steep 

3-3 11 74 4.0 195 leaves stack uncertain steep(a) 

a 
·From Ref. 2. 
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reaction Kf n.- Y +'IT, or (b) the annihilation can take place in the 

presence of a second nucleon according to P + n + n -+- Y + K + n. In 

this work an energetic ~ + (T ~ + = 250 Mev) is suspected, and a similar 

case has been reported in ACE. 
2 However~ hyperons coming from 

antiproton annihilation stars have definitely been observed in the pro-
10 

pane bubble chamber. 

C. Nucleons 

1. Charged Prongs. 

A large fraction of the prongs in the annihilation stars are 

protons, deuterons, alphas, and more complicated nuclear fragments 

(recoils). The majority of these prongs have a rather short range, 

and thus they end in the stack, while the· remaining ones leave the 

stack. We classified these into two categories according to their 

energy. Evaporation prongs (EV) are the ones with TH ~ 30 Mev, and 

knock-ons (KO) are those with T H ~ 30 Mev. 

The evaporation prongs were assumed at first to be protons, 

and from the range the energy was found. Although many other par

ticles are expected to be present (e. g. deuterons and alphas), this 

assumption does not appreciably influence the total average energy 

given to the evaporation prongs per star (~EEV) This can be seen 

if one considers the difference in energy from range-ener-gy curves 

and the difference in the binding energy of alphas and protons. How

ever, a small correction has been applied to (EEv) to account for the 

alpha and deuteron contamination by the use of the experimentaL data 

-b . t. 1' 11 
on 'lT a sorption s ars 1n emu s1on. 

The knock=on prongs have been identified by the g/g0 vs range 

method for those which ended while scattering measurements and other 

measurements were performed (See K-mesons). Almost all these 

particles were protons, with a few cases of K 1 s and deuterons. 

In Fig. 10 the spectrum of all nucleons is shown. This spec

trum for T H > 10 Mev can be described by 1he empirical relation: 

KT -a 
H 
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Fig. 10. The heavy-prong (proton) spectrum from antiproton
annihilation stars. The curve is an empirical fit to the data given 
in the text. The triangles are from cascade calculations on 
Rul 00 by Metropolis et al. ( 14) 
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where (NH) is the average number of heavy prongs per star, TH 

the kinetic energy in Mev, and K and a are parameters: K ·"' 2, 

a= L 26 for 10 Mev< TH < 100 Mev, and K = 222, a= 2.28 for TH> 100 

Mev. The shapes of the spectra for the stars at rest and in flight 

have been found to be similar, with only a difference in intensities 

such that: Krest /Knight = (NH) rest/ (N ~ flight. The dis
continuity of the spectrum at about 7 Mev is a result of the influence 

of the Coulomb barrier against positive particle emission. An average 

Coulomb potential barrier of ~ 7 Mev is indicated. In the same figure, 

three points have been calculated by the use of the Monte Carlo calcu-

1 t · 
12 - + · · · h R l O O . bl d th a 1ons on ,. , ,. 1nteract1ons w1t .. u su1ta y average over e 

pion spectrum. Considering the large number of assumptions in

volved in these calculations and in their averaging over our pion 

spectrum, the comparison between these points and the experimental 

ones shows satisfactory agreement. 

In Fig. 11 the number of stars as a function of NH (NH = NEV + 
NK

0
) are plotted for stars at rest and in flight. From these distribu

tions the average multiplicities of heavy prongs per star (NH) are 

obtained: {NH) rest = 3.33 ±0.34, and (N~ flight = 5.09 ± 0. 60. 

In Fig. 12 the number of stars as a function of the total energy 

given to the charged nucleons per star are shown for stars at rest and 

in flight. The total energy EH includes the kinetic energy together 

with 8-Mev binding energy. An average energy per star given to 

charged nucleons, (2:EH) rest = 144,± 15 Mev and (2:EH)flight 

220 ± 26 Mev, is then obtained. 

_ The differences observed in(2:EJ and (NH) for stars in 

flight and.at rest have been attributed to a difference in the penetration 

of the antiprotons into the nucleus, resulting in a difference in the 

amount of pion interaction (see S'ection IV B, 1). 

In Table IV a summary is given of the average number, total 

energy per star, and energy per prong for the evaporation, the knock

on, and the combined heavy prongs, as a function of the charged-pion 

multiplicity and for stars at rest, in flight, and combined. From this 

table one can observe that (a) the number of heavy prongs decreases 
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Fig. 11. The heavy-prong distribution from antiproton-annihilation 
stars. 
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Fig. 12. The distribution of the energy emitted in heavy prongs 
(protons) per antiproton-annihilation star. 
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Table IV 

The average values for the number of heavy prongs, 

the energy per heavy prong, and the energy in heavy prongs per star. 

No. of Energies (Mev)a 
Inter- N ± No. of stars heavy prongs Per prong 'Per star 1T 

action 

--·----
(NEV )(NKO)(NH) (EEVf -~~ (EH) (L-EEl (L.EKO) (r:EH) 

0-2d 56 2.8 1.3 4. 1 17. l 109.5 45.5 48.4 136.8 185.2 

At 3 32 2. l 0.9 3.0 16.8 98.8 43.0 34.7 95. 7 130.4 

rest 4-6 25 1.4 0.4 1.8 15. 1 121. 2 39.2 20.4 48. 5 68.9 

0-6 126c 2.30 1. 03 3.33 17.0 103.0 43.4 39. l 105.4 144.5 

0-2d 45 4.8 2. l 6.9 17. 3 108 . .2 43.5 83.2 216.8 300.0 

In 3 30 3. 3 1.2 4.5 16.3 105. l 39.6 54.4 126. l 180.5 

flight 4-6 11 1.2 0.7 1.9 15.8 82. 5 41. 2 18. 7 60.0 78. 7 

0-6 95c 3.55 1. 54 5.09 18.0 101.8 43. 3 63.9 156.4 220.3 

0-2d 101 3.7 1.6 5.3 17. 2 108.9 44.6 63.9 172.4 236. 3 
3 62 2.7 1. 1 3.8 16. 6 101. 8 41.4 44.2 110.4 154.6 

All 
4-6 36 1.3 0.5 1.8 15. 3 109.4 39.8 19. 9 52.0 71.9 

combined 

0-6 22lc 2.83 1.24 4.07 17.4 102. 5 43.4 49.5 126.9 176.4 

a 
These energies include a binding energy of 8 Mev per prong. 

b 
The energies were assigned on the assumption that all prongs were protons. Actually deuterons and alpha 
particles are also present, and a correction for this effect is made later. 

c 
These numbers include the events occurring near the surface of the emulsion (L'>Z <20 fl.), for which no pion 
multiplicity was assigned. 

d No P events have been included. +3 
p These amount to 2 _

2 
n;., of all stars at rest. 
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with Nrr± (b) the average energies (EEV) and (EKo) are independent 

of N ±and of whether the stars are in flight or at rest. The strong 
lT 

d'ependence of(NH) on Nrr± indicates that pion absorption is the main· 

channel of energy given to the nucleus. The constancy of <EEV) 
and (EKO) can be understood as follows: The knock-on prongs 

mainly come from pion absorption and direct collisions of the pions 

with the nucleons. But these processes depend only upon the pion spec

trum which is about the same for stars in flight and at rest and for 

the different N ±values. 
lT 

The evaporation prongs are under stood 

to be products of the "evaporation" of the nucleus through its poten-

t . l b . 13 Th f h . d 1a arr1er. e spectrum o t e evaporat1on prongs oes not vary 

much with the variation of the excitation energy, being rather a 

characteristic of the nuclear -potential depth. 
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.IV. DISCUSSION 

A. The Annihilatio~ Process anli Best-Fit Values 

An analysis of the annihilation stars in nuclear emulsion is 

attempted in this section .. The analysis is ba.sed on the fact that the 

antiproton annihilates with one nqcleon in the cent~r-of-mass system, 

transforming the available energy mainly into lT mesons .. The pions 

being produced inside the nucleus interact with the nucleus before 

they escape. 
. .A 

In Fig. 13a diagrammatic representation of the annihilation 

process, subsequent phenomena, and related quantities are shown. 
. 2 

The P -nucleon system having an available energy W = 2mc + T p 

transforms into an a.ver.ag~ pion multiplicity ~n) (the discussion is 

limited only to pions because K mesons are .very rare and they will 

give only a small correction to the analysis). Here T pis the anti

proton kinetic energy and B is the small ( -8 Mev) binding energy of 

the nucleon. These pions have an average energy (E 1 
). An energy 

lT 

balance in:this stage of the process gives: 

( 1) 

where (:~::;EK-K ) is the average energy per star given to K me sons. 

On their way out of the nucleus, the pions give rise to pion 

interactions with the rest of the nucleus. If the average number of 

interacting pions (per star) is denoted by v and if a is the fraction 

absorbed, then va pions will not come out of the nucleus. Thus, the 

pion multiplicity after the pions have left the nucleus is (N - a v). 
lT 

Out of these, only charged pions can be observed and with an efficiency 

e . Let ( lT±O /TI±) be the ratio of all pions to the charged ones and 

(NlT±) the observed pion multiplicity, then the .following relation is 

obtained: 

-1 
E (2) 

The average observed pion energy (E ) differs from the pri
lT 

mary energy (E 1
) hy the effects of the inelastic scattering, the energy 

lT 
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Fig. 13. A diagrammatic presentation of the annihilation process in 
complex nuclei. 
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dependence of the pion absorpti!=>n, and finally by the influence, of the 

pion nuclear potential V . The effects of pion interaction decrease the 
1T 

-pion energy. The aver~ge pion energy after pions have interacted is 
I' 

(E'1T -w), where w ha-~ been comp,uted from the energy dependence of 

the pion interaction (Fig. 14) averaged over the pion spectrum. If 

E 0 is the average pion energy after the inelastic scattering, we have 

(~;;);-!,' (~ ~w)(fr,) -v} +(1-il)vEo 

·· (Nrr) • av 
(3) 

The energy U lost by the pions escaping the nucleus is given 

to the nucleus. The nucleus being left in a rather highly excited state 

releases this energy mainly through nhcleon emission. 1 If (E~ + w0 
is the average energy of the interacting pions where w

0 
has been 

4 
computed from the energy dependence of the pion interaction (Fig. 14), 

we then have 

U = v {¢:~) +w0 - (l-a)E0 -I'V~ (<N~)- av), (4) 

An average energy per star (L.E) is observed to be released 

by the charged nuclear prongs of multiplicity ( NH), mainly protons. 

The remaining energy U - (zEH) is assumed to be released by neu

tral particles, mainly neutrons. From other studies of rr meson inter

actions in photographic emulsion and Monte Carlo calculations of the 

same problem, empirical relations can be established for the branch

ing ratios in the multiplicity and the energy given to the charged and 

the neutral nuclear particles. These are 

(5) 

and 

(6) 

where nH (average number of heavy prongs per nonelastic pion inter-
4 action) and h are empirical constants. 
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Fig. 14. Calculation of the fraction of noninteracting pions as a 
function of energy, for annihilations occurring at R 1 0 (S) denotes 
not scattered inelastically, (A) not absorbed, and (T) not 
inelastically scattered or absorbed. 
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Equations (l) to (6), except (2), were solved for the four quan

tities (E;). (N), v, and U by successive approximations since 

the system is overdetermined. In this particular solution the pion 

potential V = 0 was as surned. 
'IT 

The values of the other quantities in 

these equations have been tabulated in Table V together with their 

definition and the source of their numerical value. The analysis has 

been carried out separately for stars in flight and at rest, These 

derived quantities are the "best-.fit values'!p and the errors assigned 

to them do not reflect any systematic errors inherent in the analysis 

we made but reflect only the errors assigned to the Hinput" quantities. 

Using· the best-fit values of(N,TT)and v in Eq, (2) we have 

obtained the value of E -l( ir±O /rr±). We note that it isnot possible 

t l 1 t . h ( TT±O/TT± ) 1 b h o ca cu a e e1t er .E or separate .y ecause t ey occur as a 

product, However, with an estirnated value E = 0,90 ± ,05, we obtain 

( rr± 
0

/ rr±} = 1.56 ±0.16, which is in good agreement with charge in

dependence requiring ( TT± 0 / rr± ) = 3/2. This result leaves little room 

for other neutral particles present in the annihilation process or for 

violation of the charge -independence principle. 

that neutrons have been taken into account in U 

mesons in ( 2::EKK) ), 

(It should be noted 
0 -0 and K or K 

We will make .a criticism of the previous analysis based on the 

pion multiplicity (N ) , We will accept the measured pion multiplicity 

with the hydrogen.14 :nd propane 10 bubble chambers experiments 

as the true one, From these experiments we have (N'It) H = 4,8 ±0.3, 

while our work predicts (N )E = 5,35 ±0.28. In the chamber work, 
rr rn 

( Nrr) H was deduced from Eq. (2), where no pion absorption took 

place, the, pion dete.ction efficiency was l, and the observed (NTT±) 

was used. In this work the multiplicity carne out mainly from the 
\ 
\ 

pion energy (E' ). 
. Tf 

The difference between (NTT) H and ( NTT ) Ern, though not 

statistically significant, may still be real because of any one or a 

combination of the following effects: 

(a) There might be a remaining systematic error in (E;) from dis tor

tion in the plates, giving a lower energy for the pions for which scatter

ing measurements were performed. 



Table V 

Definition of the quantities used in Eqs. (l)-(6) together with their numerical values, errors, and sources. 

Symbol Definition At rest In flight Combined Source 

~-:._I.l1P~!- 1?.9:~~-fr_o__IYt_:!'_~!:> .. ~~_peri!P-~ 
(w) Average total energy 1868 2009 1927 Dirac theory and 

available per star in measurement of p 
annihilation (Mev) kinetic energy 

(Err) Average total pion energy 324± 21 361±30 339± 18 Direct measurements 
(Mev) with estimated ( -v 5o/~ 

corrections 

(LEH) Average energy per star 144.5± 15 220.3± 26 176.4± 13 Direct measurements, 
I 

used for heavy-prong (proton) considering heavy prongs VJ 

emission (Mev) as protons co 
I 

0EKR) Average total energy used 50±25 50±25 50±25 Direct measurements 
per star for KR pair pro- and estimates 
duction (Mev) 

(NH) Average number of heavy 3.33± .34 5.09± .60 4.07± .31 Direct measurements 
prongs per star 

(Nrr±) Observed average charged- 2.50± .26 2.30± .28 2.41±.19 Direct measurements 
pion multiplicity 

(N ±) Observed average pion 3.07± .45 3.35± 1.0 3.15±.41 Direct measurements . rr 
multiplicity for stars with 

0 LEH.5. 40 Mev 



Table V (cont'd) 
----------·--·----------
Symbol Definition Rest and flight combined 

B. Input Data from Pion Experiments and Calculations 

a 

Eo 

nH 

h 

w 

wo 

Fraction of 
interacting pions 
absorbed 

Average final total energy 
of inelastically scattered pions 
(Mev) 

~ 0.75±.03 

~ 215±15 

Average number of heavy prongs ~ 2.5±0.2 
per nonelastic pion interaction 

Ratio of total energy given ~ 2. 7± .2 
to nucleons to the total 
energy given to protons 

Energy correction term 5±2 8 ± 3 
due to pion interactions 
(Mev) 

Energy correction term 15±6 13± 5 
due to pion interactions related 
to w by w =w((N )- v )jv 
(Mev) 0 

'IT 

--~ 

) 

) 

) 

6±2 

14±5 

Source 

Estimated from pion.,. 
interaction experiments 
averaged over observed 
pion spectrum 

Estimated from pion
interaction experiments 
averaged over observed 
pion spectrum 

Estimated from pion
interaction experiments 
averaged over observed 
pion spectrum 

Estimated from evaporation 
theory and experiments and 
from calculations on pion
initiated cascades 

Auxiliary quantity based 
on observed pion spectrum 
and pion m. f. p. in nuclear 
matter. 
Auxiliary quantity based 
on observed pion spectrum 
and pion m. f. p. in nuclear 
matter. 

I 
U> 
..0 
I 



Table V (cont' d) 

Symbol Definition At rest In flight Combined Source 

c. Derived Quantities 

(E_~) Average primary- 337± 21 367± 25 350± 18 Best-fit 
total pion energy evaluation of 
(Mev) Eqs. (1)-(6) 

u Average energy per 393± 36 612±45 491± 37 Best-fit 
star used for proton and evaluation of 
neutron emission Eqs. (1)-(6) 
(Mev) 

(N ) Average pion multiplicity 5.39± 34 5.33±40 5.36± 28 Best-fit 
1T evaluation of 

Eq s .. ( 1)- ( 6) I • 0 
v Average number of 1.32±.14 1.93± .14 1.61±.12 Best-fit I 

interacting pions evaluation of 
Eqs. (1)-(6) 

E-
1(TT ±o /TT±) - 1 · h n· · .E 1s t e e 1c1ency 1. 76± .23 1.69± .27 1.72±.18 Best-fit 

correction factor. evaluation of 

(TT±O/TT±) is the average ratio 
Eq s • ( 1)- ( 6) 

of all pions to the number 
of charged pions 
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(b). We have assumed V = 0, which is not well justified. The pion 
lT 

potential is energy-dependent 
15 

and it is closely related to the shape 

of the nucleon distribution in the nucleus. At low pion energies, V 
lT 

is of the order of 30 to 35 Mev, decreases with increasing energy, 

passes through zero at the (3/21 3/2) pion-nucleon resonance, and 

becomes negative above this resonance. 
15 

Because of this peculiar . .. 
energy dependence of the pion potential and the fact that antiprotons 

annihilate at the surface of the nucleus, the over-all effect of the 

potential might average to zero when averaged over the entire pion 

spectrum. The effect _of the pion potential, might, however, be signi

ficant, and the simplification V = 0 reflects the rather crude know-
lT 

ledge existing on this matter. 

(c) The energy-momentum relation for pions is not the same in free 

space as in the nucleus. 
16 

This certainly changes the phase space of 

the pions in the final state of the annihilation. This difference may be 

significant, and thus the multiplicity of P-nucleon annihilations could 

be inherently different. This argument is independent of the model 

used for the annihilation if the matrix element of the annihilation is the 
. b h 17 same 1n ot cases. 

In the analysis,' secondary-pion production by pion-nucleon 

interaction has been neglected, An overestimate of this effect decreases 

(Nrr) by 1.5o/a which is insignificant. This estimate was deduced on the 

assumption that 5% of the interacting pions give rise to pion production. 
18 

The pion multiplicity can be obtained from less "obscure" argu

ments if we consider only the stars with . EH ~ 40 Mev and assume that 

in those stars no pion absorption took place. This gives a lower limit 

for the pion multiplicity. With conservation of charge independence 

assumed, and an estimated value of e = 0.90 ±0.05, 4 from Eq. (2) we 

get for these stars ( NlT)~5.2 ±0.7. The result, although statistically 

insignificant, is again higher than the multiplicity found in the hydrogen

and propane -bubble -chamber experiments. 
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B. Amount of Pion Interaction 

l. The Radius of Annihilation 

In this section we will attempt to make a calculation of the amount 

of pion interaction produced in the annihilation process in complex nuclei. 

A pion is considered to have interacted with the nucleus if it has been 

absorbed or inelastically scattered. From this calculation and the 

"observed" amount of pion interaction, we will be able, first, to find 

the average radius of annihilation and, second, to find the eros s sec-

tion for antiproton-nucleon annihilation for a given shape of the nucleus. 

Consider that the shape of the nucleus is described by a Fermi

like spherical distribution: 

p ( r ) = p 0 {1 + e . r; R } -1 (7) 

l/3 -13 whereR=r
0

A ,a=0.5Xl0 em, 
-13 

r = 1.07 X l 0 em, A is 
0 

the atomic number of the nucleus, and p
0 

is defined through the normali-

zation condition j p(r)d
3
; = A. This leads to . 

·~· 2 2 2 
Po = 3A/4TIR(R + 1r a ). ( 8) 

Let r be the distance of annihilation from the center of the nucleus, a 
and assume that the pions emitted from the point of annihilation are 

isotropically distributed in the laboratory system. This is a reasonably 

good assumption as can be· seen from Fig. 8. Let us consider an ortho

gonal system with its origin at the center of the nucleus and with the 

z axis passing through the annihilation point. Furthermore, let fJ be 

the angle between the direction of emission of a pion with the z axis 

and <j> the angle of projection of the direction of emission of a pion 

on the xy plane with respect to the x axis. The pion will "see" m 
2 

nucleons/em from the production point, 
00 

m(fJ) = j p(r) ds, 
0 

where s is taken along the line of the pion's motion. 

(9) 
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If -X.(E ) is the mean free path in nucleons/ em 
2 

for pion inter-
rr -m(8) 

action, and E is the pion energy, then e X:(E'n') is the probability for 

the pion to emerge from the nucleus without interaction. If we average 

over all pion directions, then the fraction F(E ) of pions which does not 
1T 

interact is given by: 
. 2rr 1 -m(8) 

F(Ew) " -t f d~ J e A{E w) d cos 0. (10) 

0 . -1 

Now it is possible to integrate Eq. ( 10) over <j> because of the spheri

cal symmetry of the nucleon.distribution in the nucleus: 
1 -m(8) 

1 f e· X(Err) f(E rr) = -z d cos e. ( 11) 

-1 

To simplify the mathematical difficulties involved in the inte

gration of Eqs. (9) and (11), we have assumed a nucleus of uniform 

density p
0

. The radius of this uniform nucleus is denoted by R 1
, which 

turns out to be a little larger than R, R 1/R = (3/4rrr
0

3
p

0
)
1

/
3 

Under 

this asslilmption,. Eq. (11) can be integrated for specific values of the 

annihilation radius r : a 

(a) If the annihilation occurs inside this uniform nucleus and if the 

probability for annihilation is proportional to the volume ( (r )= 3R 1 /4). 

thm we have 
19 

F(Ew) " 3 { ~x -b + ~3 p t x) e-x} ( 12) 

where x(E ) = 2R 1 p
0

/x.(E ). 
1T - 1T 

(b) If the annihilation occurs 
. 20 

then we have 

on the surface of the sphere (r = R'), 
a. 

(c) For pion production outside the sphere (r » R 1 
), we have a 

used the approximate formula 

( J ·R 1 2) -x J 1 - 1 -( 2 ) 1 - e ) . 
a ( 14) 
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We have calculated F(E ) as a function of energy, using mean 
'IT 

free paths given by Frank, Gammel and Watson 
15 

and using a proper 

average over the emulsion (A) = 67, In Fig. 14 we show F(E'IT) as a 

function of energy as it has been calculated from Eq .. 13. Curve (T) 

represents the fraiCtion of pions which did not interact (F T) and has 
15 

been calculated by the use of the total mean free path. Curve A 

represents the fraction of pions which was not absorbed (FA) and was 

calculated by the use of the absorption mean free path. 
15 

By subtrac

tion of FA from F T' the fraction of pions that do not undergo inelastic 

scattering has· been obtained (Curve S). As we will see in this sec

tion, the antiprotons annihilate at an average distance from the center 

of the nucleus r -R '. For this reason, we have used the energy a 
dependence of F S(E'IT) and FA (E'IT} and the values v, a, and b of Table V 

to calculate the correction terms w and w 
0 

discus sed in Section IVA 

and Table V. 

Similar calculations of F(E ) have been performed by the use 
'IT 

of Eqs. 12, 14 for ra = LlR', LZR', l.3R', l.4Rv. From the calcula-

tions of F(E ) at r /R' = 3/4, l, L 1, 1.2, 1.3, and 1.4, the average 
'IT a 

F over the pion spectrum has been obtained for each radial distance. 

In Fig. 15a the fraction of pion interaction, 1-F, is plotted as a func

tion of the radius of annihilation, r a' normalized to the half-density 

radius, R. 

The same calculations have been carried out by varying r 0 
-13 -13 

from 1.0 X 10 em to 1.4 X 10 em and separately for light and 

heavy nuclei. The calculations show that the amount of pion inter

action is not sensitive to r 
0

. A dependence on A is present; it is 

not very large, however, and the averaging over the emulsion nuclei 

is not criticaL The dependence on a is expected to be much smaller 

than the dependence on r 
0 

, and it has not been considered. [This can 

be seen from the dependence of Po on r 
0 

and a through. Eq. (7) ] 

In this calculation the approximation of the nucleus to be of 

uniform density is not a very accurate one because of the small mean 

free path for pion interaction. This simplification of the nuclear shape 

gives less pion interaction than the realistic case described by p(r). 

The difference between them increases with r /Rand approaches zero a 
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Fig. 15. (a) The percentage of interacting pions as a function of the 
average annihilation radius. The arrows marked R and F 
represent the percentage of interacting pions computed for stars 
at rest and in flight, respectively. 

(b) The average depth of antiproton penetration into the 
nucleus as a function of the annihilation radius. Both curves are 
expressed in units of R, the half-density radius. 
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as r /R goes to zero. Because this discussion is rather exploratory, 
a 

the approximation suffices; 

The really difficult question in this problem is how well do we 

know the mean free path in nuclear matter. At present certain the ore-
; . 15 21 

tical values are ava1lable, ' and there are large uncertainties in 

these calculations, especially near the (3/2, 3/2) resonance, which is 

very close .to the average pion energy of the annihilation process. 

Taking the results of the previous calculations seriously and 

using the best-fit values for the amount of pion interaction ( v/N ) 
71' 

from Table V, we expect average radii of annihilation for stars in 

flight and at rest to be (r /R) fl' ht = 1.02 ±0.02 and {r /R) t ·-a 1g . a res 
1 .10 ± 0.02. The errors correspond only to the statistical errors in 

the amount of pion interaction. From these results we see that the 

stars in flight occur deeper in the nucleus than ones at rest. The 

interpretation of this difference has been that the antiprotons, inter

acting in flight, go directly to the nucleus, while the ones at rest are 

captured into Bohr orbits. 
4

• 
22 

In addition, for the average element 

in emulsion already at the F and D energy levels, the antiprotons get 

annihilated because of the overlapping of these states with the nucleus 

and of the high value of the annihilation cross-section. 

2. A Possible Investigation of the Surface of the Nucleus 

It is shown here that the knowledge of average radius for anti

proton annihilations in flight can give information on the nucleon distri

bution in the nucleus and in particular of the nuclear density at the 

Hfringe" of the nucleus. This is a consequence of the large annihila

tion cross-section which causes the annihilation of the antiprotons as 

soon as they come close to nuclear matter. 

Let b be the impact parameter of the antiproton relative to 

the center of the nucleus and r the annihilation radius. The forward 
a . 23 . . 

peaked P-nucleon scattering cross sect1on and the apphcatwn of the 

Pauli Principle on the scattered nucleon decreases the antiproton 

scattering in the nucleus substantially and, to a good approximation, 

it can be neglected. Let x be the coordinate of the antiproton on its 
2 

linear path of motion. The inverse of the number of nucleons per em 
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crossed by the antiproton up to the point of annihilation defines the 

elementary annihilation cross section with the nucleus: 

r (b) 
1 - Ja p'(r)dx. 
an 

CJ- . ip-n 

( 15) 

Here p'(r) is a modification of the nuclear density p(r) taking into 

account the finite range of the antiproton interaction!:!. The connec

tion between p'(r) and p(r) is given by:
24 

p:(r) ~j F( 1r-;. I) 'p(r' )d
3r'"•, (16) 

defines the strength of the annihilation interaction 
.... -+ 

between an antiproton at the position r, and a nucleon at r' . In the 

case of local interactions we have F( I -;_·;,I) __,. o(-;_;. ) and consequently 

p' (r) .... p(r). 
an 

From Eq. ( 15} we have calculated u- as a function of the 
p-n 

radius r for a given b, neglecting the effects of the nonlocal charac-

ter of the interaction. For the exploratory nature of this work, this 

approximation suffices; in an accurate calculation, however, the 

effects of the nonlocality in the interaction must be considered. 

In Fig. 15b the value of uan and its inverse are plotted as a 
p-n 

function of the average annihilation radius for all antiproton impact 

parameters and the emulsion nuclei. We note that the averaging proc

es s over the emulsion nuclei is not very sensitive. The calculations 
-13 -13 

have been made with r
0 

= 1. 07Xl0 em and a= 0.3 X 10 em, 
-13 -13 

0. 5 XlO em, and 0.8 X 10 em. If one uses the mean radius of 

annihilation for the stars in flight, found in the previous section for 

the three values of a, an elementary P-nucleon cross section of 

167mb, 106m?, and 50mb is obtained, respectively. 

Considering that (a) antiproton scattering will be prevented if 

the scattered nucleon receives an energy less than 30 Mev- -because 

of the Pauli Principle..;-, (b) the angular dependence of the scattering 
. 23 

cross section is forward peaked, and (c) the scattering cross sec-

tion is equal to the annihilation cross section, a 5o/o decrease must be 

applied to u~n to account for the scattering; 
25 

Thus for the Stanford 
p-n 
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-13 
parameters of the nucleon distribution (r

0 
= 1.07 X 10 em, a= 

0.50 X 10- 13cm) 26 the predicted elementary annihilation cross section 

is uan = 100 ± 12 mb at an average laboratory antiproton kinetic 
p--n 

energy of 140 Mev. The error quoted here is, again, the statistical 

one, and it does not reflect the reliability of the model. A comparison 

of the u~n with the annihilation cross section in hydrogen gives a 
p-n -13 23 

satisfactory agreement with a = 0.5 X 10 em, while for a= 
-13 ~13 

0, 3 X 10 em and 0.8 X 10 em the agreement is very poor. 

Similar calculations can be performed for the stars at rest if 

Bohr orbits are assumed and the time of transition from higher to 

lower states is considered. This would afford additional information 

on the nuclear shape, but no calculations have been made. Some 

calculations for the states of K mesons for the light and heavy emul

sion elements have been made. 
27 
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C. Aspects of the Statistical Model of Annihilation 

1. General 

It has become customary to compare the experimental results 

with the modified Fermi statistical theory of the annihilation process. 
2

•
4 

Modified means that the interaction volume of the Fermi theory is 

adjusted so :that the calculated average pion multiplicity is equal to 

the observed one, In Table VI the distribution of pion multiplicity 

P is given, neglecting K-K production, and considering energy-
n 

momentum conservation for the phase space used by Fermi, 
28 

and the 

Lorentz-invariant phase space 29 (see next section), 

This modified Fermi statistical model gives a satisfactory 

agreement with the following experimental results: 

(a) pion spectrum (Fig. 16), 

(b) the charged-pion multiplicity N. ± (Fig. 17), 
TT 

(c) the average pion energies as a function of N ± (Table VII). 
TT 

Table VI 

Distribution of pion multiplicity P according to the Fermi statistical 
n 

model normalized for an interaction radius of r = 2. 5~/mrrcs for (Nrr) = 5 .4. 

N 

3 

4 

5 

6 

7 

P with Fermi 
n 

phase space 

2.3 

13.4 

40.6 

33. 1 

10.6 

P with :Lorentz -invariant 
n 

phase space 

2. 1 

15. 7 

39.4 

33,3 

9.4 
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Fig. 16. The pion-energy spectrum. Curve A gives the pion-energy 
distribution as predicted by the normalized Fermi statistical 
model for (N \ = 5.36, and curve B gives this distribution 
corrected for 1T{he effects of pion absorption, inelastic scattering, 
and detection efficiency. 
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COMBINED 
... 

t 

MU-15,899 

Fig. 17. The experimental charged-pion multiplicity distribution -
compared with the distribution of cpar$ed pions obtained from 
the normalized Fermi model for (N / = 5.36, corrected for 
32o/o loss through the effects of pion a'tsorption and detection 
efficiency. 



Table VII 

The average experimental pion kinetic energy as a function of the observed charged-pion 

multip'licity. Also shown for comparison are the values computed from the normalized Fermi statistical model. 

At rest In flight Combined 

N ± No'. of (T rr)raw (T rr) ( T rr) Ferm1 No. of (Trr)rav!?rr) /T~F . No. of (T ~ (T ) (T rr)Fermi Tf \ erm1 rr, raw rr 
pions 

(Mev) (Mev) (Mev) 
pions 

(Mev) (Mev) (Mev) 
pions 

(Mev) (Mev) (Mev) 
~ 15° dip ~15° dip <S:l5°dip 

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

l-2 31 194 211 220 13 294 301 230 44 220 237 ± 33 224 

3 36 163 180 199 32 19 5 212 204 68 178 195±27 201 

4-b 26 158 17 5 170 12 155 172 179 38 152 169 ± 3S 172 

l-6 99a 167 184 ± 2 1 1 s 5 65a 204 221±30 206 l64a 172 1S9±18 zoo 

a These numbers include some pions from events occurring near an emulsion interface for which noN ±value was 
Tf 

assigned. 

I 
\J\ 
N 
I 
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2. The Pion-Pion Angular Distribution 

In an attempt to see if rr-rr forces are present in the annihila

tion process we have examined the rr-rr angular distribution. In present 

models of the annihilation process, the pions are confined for a short 

time of - 10 - 24sec in a volume where mutual interactions between them 

can occur. The presence of rr-rr forces will impose some correlation 

between the emitted pions. In the case where no correlation between 

the pions is present, the pion-pion angular distribution should be iso

tropic. Take, for instance, the nth pion as defining the z axis, and the 

angle between the z axis and the i th pion to be e. Then the distribution 

f th . th . . th" th 1 ll d th ll dll ld b t• 1 o e 1 pton w1 1n e ang e o an e o+ o wou e propor 1ona 

to the solid angle sin BdBd<j> if no restriction on the direction of the ith 

pion was imposed by the nth one. 

However, the observed distribution is anisotropic, favoring 

large angles B.(See Fig. 9.) We then conclude that the pions cannot be 

considered independent among themselves. We know that, besides 

any other possible correlations of which we might think, we must still 

consider momentum-energy conservation laws which constrain the 

freedom of the pionic system. With simplified assumptions we can see 

that the conservatioh of momentum and energy influences the pion-pion 

angular distribution in such a way as to describe qualitatively the 

observed angular distribution. Assume for example that the symmetric 
~ ~ ~ ' 

configuration of momenta p
1

, p
2 
•...• pn is the most probable one, 

and furthermore, that the average ( '{) and(e) (see definitions in III A,5) 

correspond to this state. Simple geometrical calculations then give 

a value for( e )of 120°, 109.5°, and 108° for stars with multiplicities 

3, 4, and 6, respectively. All these multiplicities give a '{ which is in 

qualitative agreement with the observed value. 

It follows then that before we interpret the observed anisotropy 

in terms of pion-pion interactions, we must first calculate the effects of 

the conservation laws on this distribution. Since the distribution is a 

combination of all pion multiplicities and because other similar integral 

distributions (spectrum, the charged-pion multiplicity N ±, and the 
1T 

average pion energies as a function of N ±)can be made to agree quite 
1T 
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well with the statistical models 'by adjusting only the volu'me of inter

action, it is expected that a statistical treatment of the problem for our 

experimental data is equally justified. 

We have calculated the pion-pion angular distribution for a sys

tem o{ n indistinguishable pions of ma.ss. 1-l .,and total energy W, 

whose distribution is determine,d by Fermi phase space alone. Because 
/ . . . . ' . 

of its noninvariant character, the Fermi phase space represents great 

difficulties in the transformations from one ,system of variables to 

another. Thus, it, is rather difficult to compute the pion-pion angular 

distribution in an exact way for this case. 

In order to overcome these mathematical difficulties we have 

~onsidered instead an invariant form of th~ phase space used in field 

theory. This is actually the expression obtained from the covariant 
' ' 30 

S-matrix theory of Feynman if it is assumed that the S -matrix 

element for. the emi's sion of n pions is simply a constant, independent 
' of the momenta or energies of the emitted pions. If this constant is 

n 
taken to be V , then, for the. calculation of the probabilities (P n) of 

annihilation into. n pions, this form of phase space gives essentially 

the same results as that used by Fermi (see Table VI). It is reasonable 

to expect that these phase- space expressions should give quite. closely 

the same angular correl%,tions between the pions, especially since they 

differ only by a ~actor ( rr wi ) ~hich varies relatively little over the 

different configurations ci~lilable for the n pions. 

If we assume, then~ that the matrix element for the P-nucleon 

absorption is constant, the covariant transition probability for this 

process will be 

T = A G(I)· 
n' n. 

(t-J.. n)n 
(2TI)3n 

( 17) 

where A ·is a constant independent of n, and G (I) is the isotopic- spin 

weight factor. Here F (W
2

) is the invariant for~ of phase space 
n 

defined by 
n n 

LP.)TT 
i=l 

1 
i=l 

W. 
1 

• ( 18) 
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where w. is the relativistic energy of the pion with momentum p.: 
1 .· ' .. '·· -_ . . - . . . . 1 

··w. = J p. 2 +- ·~2 . · (19) 
1 1 

Since in the transition probability T ·only the phase 'space contains 
n 

the energy- and momentum-conservation laws, we will 'consider the 
2 

phase space neglecting normalizing constants. Thus F (W ) can be 
n 

·written as 

} 

n-1 

- (W--wn) . 6( E 
' 1= l 

n-1 -+ n d3pi,. 
1= 1 w. j 

1 

(20) 

The square bracket represe!lts the phase space for the (n-1) pions 
. -+ 

with energy (W -wn) and total momentum -pti . 
. . 
Ltf! 1us evaluate this squg_:f bracket in tR~l Lorentz system in 

wht. ch ~ P, has the value ~ ~ = 0, and '2::" w. has the value. 
n- · i= 1 i=l 1 i=l 1n-l 2 n-l .... 2 
~ w. = '. From Lorentz invariance, ( £ w.) - (~ p.) has 
i= 1 

1 i~ 1 
i= 1 

1 

the same value in ·all coordinate systems. Evaluating this in the 

system just defined and in the ·laboratOry system gives 

w• 2 
= (W-w )

2 2 w2 . 2 -2Ww ( 21) - pn = _f~ n 
d3p 

n 

In the transformed system, because (-··- ) is invariant and 
w 

has the same value in all Lorentz systems, the square bracket 

becomes 

which is just F n-l (W'
2

), acSPrding to Eg_~ ( 18). Hence, we have 
· · · [yv ~n(n-2)~2J/2W 

F (W2 ) = ~lT ·Jp . dw . F ··
1
· (W' 2 ). (22) 

n n n n-
~ 

The upper limit has been determined from 

(W
2 + ~2 ,. 2Ww. )± = (n-1)'~. 

' n 
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The functions F (W
2

) can now be calculated succ::essively by means of 
n 2 

Eq. (22), starting from F 
2

(W ) , e. g., 

4 2 1 2 ~ -
F 2 (W ) = 21r( 1 - wz-> 2 , 

w2 - 31J.2 

2 J zw 4 
2 

1 F 3(W) = 41T(21T) pdw(l- ;..z )2, etc. 

The functions F (W
2

) have been calculated in the IBM 650 for n . 
n = 2, 3, 4, and 5 as a function of w

2 
The F (W2) are smooth 

n 
functions of w

2
, and they have been approximated to a second order 

polynomial. Similarly, from Eq" ( 18) we can get the distribution 

;n:~:.;:)7jo::~o ~io:i;z[f{o k wi- (W-wi- wz}x 
~ -+ __. -+ 1Tn d3pi ] 

o( l- P· + Pl + P2 > -- . 
i=3 1 i=3 wi 

(23) 

n n 
Transforming to the system in which~ p. 
n n .-3 1 

becomes ~ p'.' = 0, and 
i=3 

1 

L w. takes the value ' cJ.' = W'', w~= see that the 
i=3 1 

. 2 m 1 
. 

represents F n- 2 (W" ), wnere 

square bracket 

sin ede, 

where e is the angle between the two pionsj one of them defining the 

z axis. Hence we may write 

~n = 4rr
2 (jr d cos o[ff1p 2dw1dw2F n-z(W" 2

) J. (25) 

Thus the pion-pion angular distribution in cos fJ is 
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For given value of cos e, the integration ~ver wl a_ud W'2. ~roceeds over 

the area defined by the. limitati~n·s ~l ~ ~:' ~ 2 >~~ ~yci,'w\',~_£ (n-2) 2~2 

The area defined by these limits increases tb with increasing e and 

decreasing n. 

The double integrals in Eq. (2.6) have been calculated on the 

IBM 650 computer for n = 4, 5, 6, and. 7. as a .function of cos e. The 

calculated ~ (cos e) are shown in Fig. 18 normalized to the same 

number of pion pairs. In Table VIII the ratio y and the (e) are given 

as a function of the pion multiplicity. The 'expected influence of the 

conservatio_n laws is very clear in these distributions, e. g. decreas

ing anisotropy with increasing pion multiplicity. The degrees of free

dom in the system of n pions are (3n - 4), if momentum and energy 

are conserved. As the pion multiplicity increases, the four constraints 

become less important, the correlation between pions is looser, and 

therefore the distribution becomes more isotropic. 

In order to compute the angular distribution that corresponds 

to the annihilation process, it is necessary to average over these 

distributions according to the probability (P n) for annihilation into 

n pions. The probability (P ) has been taken from calculations of 
n 

the statistical models (:see Table VI) in which an interaction volume has 

been used such that the calculated and observed multiplicities are equal. 

Table VIII 

Theoretical calculations for ( e )and y as a function of the pion multi

plicity, using a Lorentz-invariant phase space with energy-momen-

N 
IT 

(e) 

y 

. . . ' 

tum conservation. 

4 5 

2.0 1.9 

6 7 

1.7 1.5 
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Fig. 18. Theoretical pion-pion angular distributions, using the 
statistical model of annihilation and Lorentz invariant phase 
space with conservation of energy and momentum. 
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U is expected that the use of the calculated P will be as good 
n 

as in the case of the pion spectrum, the charged-pion multiplicity 

N ±, and the average pion energies as a function of N ±, in which 
~ ~ 

satisfactory agreement between theory and experiment were found" 

In addition the {in(cos 8) has been weighted by n(Z-l) which represents 

the possible pion pairs in a star of multiplicity no The distribution 

computed is plotted in Fig. 9 together with the experimental points" 

This distribution gives a ratio (y) 
1 

= L 66. and(e) 
1 

= 99 "6 °, ca c /rca c 
while the observed values are: (y)obs = L45 ± 0.13, and (e lobs = 

97±4°0 

If one considers that scattering of pions in the nucleus reduces 

any anisotropy in pion angular distribution, the agreement between 

theory and experiment is striking" (A comparison of the pion-pion 

angular distribution for annihilations in emulsion and in hydrogen 

can show if there is any appreciable scattering of pions). If we 

assume that no appreciable amount of pions has been scattered in the 

nucleus (we have estimated 7o/o inelastic scattering) then the agree-
I 

ment is suggestive of the following: 

(a) The observed anisotropy results from the conservation 

laws alone and gives no evidence for an influence of 

pion-pion interactions in the annihilation process" 

(b) A statistical model of the annihilation process gives a 

good agreement with the integral distributions if an 

adjustment of the interaction volume is made" 

(c) Independently of any assumptions, as for example 

charge independence, pion absorption, and efficiency 

of pion detection, the average pion multiplicity in the 

annihilation is larger than four" 

3.. On the K-Me son Spin 

Sandweis s calculated the effects of the spin of the K me son on 

the abundance of K-K meson pairs in the annihilation process, assum

ing the Fermi statistical theory with conservation of energy, momen-
31 

tum, and angular momentum" The spin of the K meson enters into 

the theory as a weight factor (2S + l) where S is the spin. We show 
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in Fig. 19 the results of his calculations together with the present 

K-R meson abundance. The K-R meson abundance favors a zero

spin K meson, but it is still to small to give meaningful agreement 

with the calculations. We think that, if possible, an application of 

the Sandweiss proposal to the Koba-Takeda model of the annihilation, 
32 

which decreases the K-R abundance, should be of interest. 
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Fig. 19. The iso-spin l~es for K-meson spin: 0/ l, 4. ( 30) PK is 
the abundance of K-K pairs as a function of \Ntr) . 
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