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A FURTHER STUDY OF ANTIPROTON INTERACTIONS 

AND THE ANNIHILATION PROCESS 

Rein Silberberg 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

April 11 , 1 9 6 0 

ABSTRACT 

The annihilations of 29 00 ± 120 p at an average momentum of 1050 

Mev/c have been analysed in the 30-in,LRL propane bubble chamber. The 

p annihilation cross sections for hydrogen and carbon were found to be 51± 

10mb and 368 ±60mb, respectively. The p charge-exchange differential 

cross section peaks forward strongly. The K-meson multiplicity, (NKR) = 
8 (± 1) o/oper star, is considerably higher than at lower antiproton energies. 

The primary pion multiplicity in stars with K mesons is 2. 4 ± 0. 5. The aver­

age pion multiplicity in stars with no strange particles is 5. 0 ± 0. 2 for both 

hydrogen and carbon. The width of the pion-multiplicity distribution function 

has been found to be in agreement with that predicted by' the Fermi statistical 

model with an increased interaction volume. 

In addition, interactions of about 853 antiprotons have been analysed 

m emulsions. Out of these, 253 annihilated in flight in 3xgelatin emulsions, 

and their primary as well as secondary annihilation products were analysed. 

The p-H elastic-scattering cross section for an energy interval from 20 to 

230 Mev, with an average p energy of 150 Mev, is 56± 8mb. The average 

annihilation cross section is 1720 ±175mb with AgBr, and 546 ±105mb for 

the light elements in emulsions, excluding hydrogen. The average number 

of charged pions observed in annihilations in flight in 3xgelatin emulsions is 

( NTT±) = 2'. '31 ± 0. 16. The K-meson multiplicity for annihilations in flight, 

at an average energy of 150 Mev, is again found to be 3. 5 (±1. 5 }o/o per star. 

The energy in cascade nucleons and nuclear evaporation in 3xgelatin emulsions 

for annihilations in flight was found to be 442 ± 40 Mev per star, which corre­

sponds to the absorption of 1. 1 ± 0. 20 pions per annihilation. The angular 

distribution of cascade protons is strongly dependent on the energy of the 

protons. 
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I. INTRODUCTION 

The concept of antiparticles was introduced by Dirac by subjecting the 

wave equation of quantum mechanics to the requirements of speCial relativityo 

The confirmation of this theory by the discovery of the positron led to 

attempts to search for antinucleons in cosmic radiation or to produce them 

artificiallyo The first successful investigation was carried out in 1955 by 

Chamberlain, Segr~, Wiegand, and Ypsilantis, 
1 

who verified the predictions 

of the Dirac theory concerning the charge and mass of the antiprotono The 

annihilation of antiproton-nucleon p~irs was confirmed soon thereafter 0 

2 
A 

more extensive study of antiproton interaction cross sections and the anti­

proton annihilation process with counters, emulsions, and bubble chambers 

followed these first exploratory experiments 0 

The problems of particular interest to theoretical physicists have been 

the large p scattering and annihilation cross sections, the angular correlations 

between pairs of charged pions, and the large pion multiplicity in the annihila­

tion process 0 

The large p scattering and annihilation eros s sect·i'ons have been ex­

plained by Ball, Chew, and Fulcoo 
3

- 5 Their theory is described in greater 

detail in Section III-C. 

The elastic scattering of antiprotons in complex nuclei has been describ"" · 
6 

ed by Glassgold. He used an optical-model potential with a large imaginary 

part to take into account the large annihilation cross sectiono 

Angular correlations between pions of like charges as well as between 

pions of unlike charges have been foundo These results have been discussed 
7 by Goldhaber et aL 

Various attempts have been made to explain the large pion multiplicityo 

Attempts to apply Fermi's statistical theoryS-ll to antiproton annihilations 

lead to an interaction volume about ten times larger than that estimated from 

the pion Compton wavelength.. and to too high a KR meson abundance. 

In an attempt to avoid the large reaction volume, a number of different 

proposals have been made. Koba and Takeda have considered the annihilation 

process as a two-step process, 
12 

At first the cores of the nucleon and anti­

nucleon annihilate with the emission of 2. 2 pions on the average. As a second 

step, the pion cloud breaks up, giving rise to ~zo 6 pions, (Since the period of 

oscillation of pions in the cloud is longer than the time of core annihilation, 
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the pion cloud will not interact appreciably with the core during the core anni­

hilation). This model gives (N ) = 4.8 if KR pair production is neglected. 
TI - 13 

However, also this model leads to too high a KK abundance (- 15%). 

Another possibility is to consider the effects of pion-pion interactions 

in the final state. This pion-pion interaction would raise the average pion 

multiplicity as obtained in the Fermi model. This approach was discus sed 
14 15 /\16 17 

by Pomeranchuk, Eberle, Goto, and more recently by Cerulus. 

A recent summary of various attempts to predict a high pion multi­

plicity is given by Frautschi. 
13 

A summary of both experimental and theoret­

ical research on antinucleons in its various phases is given by Segre.
18 

The experiment described here consists of two parts; (a) a propane 

bubble chamber exposure of antiprotons with a momentum of 1050 Mev/c, 

and (b) an exposure of diluted emulsions to an antiproton beam with a momen­

tum of 730 Mev/c. 

The present work leans strongly on the Antiproton Collaboration Experi­

ment (here referred to as ACE), ll and on our publication of the Antiproton­

Nucleon Annihilation Process II (here referred to as II).19 Definitions for any 

expressions that are used but not explained in this paper can be found in ACE 

or II. 

Our experimental results for p-p elastic scattering further confirm the 
3-5 

theory of Ball, Chew, and Fulco. The experimental cross sections and 

the p-p differential eros s section are in good agreement with their predictions. 

We have found that the p-p charge-exchange differential cross section 

at 475 Mev peaks strongly in the forward direction. 

We have observed a considerably higher K-meson multiplicity in our 

experiment with high-energy antiprotons, [ 8 (± 1)%]. The results of low-
. . 4( l)at 11,20,21 energy exper1ments g1ve ± 1o. 

The pion multiplicity, on the other hand, has not increased noticeably 

with the incoming antiproton energy. The pion multiplicity has also been 

found to be the same for annihilations with free and bound nucleons. 

In Sections II-D- 2 and II-D-4 we investigate the predictions of the Fermi 

statistical model and the Koba-Takeda model regarding the increase in the 

TI - and K-meson multiplicity with increasing annihilation energy. 

In Section II- D- 2 we also discuss the effect of the width of the pion- multi­

plicity distribution and conclude that the distribution function of the correct 

model must not differ much from that derived from the Fermi statistical model 

with a large interaction volume. 

.,. 
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IL THE PROPANE BUBBLE CHAMBER EXPERIMENT 

A, Experimental Procedure 

~-1., The Antiproton Beam 

A study of antipro,~on interactions with hydrogen and carbon nuclei was 

carried out using the Berkeley 30-in; propane bubble chamber as a detector. 

The momentum of the antiprotons was l 050 Mev/ c, 

To reduce the large background of particles other than antiprotons, 

electrostatic velocity selectors were used inthe construction of the beam setup. 

The beam design and setup was carried out by Eberhard, Good, and Ticho for 

K . h d d h - . 22 A . . f th a expenment t at prece e t e p exper1ment. ppropr1ate tun1ng o e 

velocity spectrometers permitted us to adjustthe system to transmit antiprotons 

rather thanK mesons. 

2. Scanning and Measurements 

In the scanning of the film, all inte.ractions were recorded and classi­

fied according to their interaction products. All pictures were scanned twice. 

In both scans, upon locating an interaction each scanner gave his interpreta­

tion of the event and attempted to identify all prongs and decay of the neutral 

secondaries, The identification was based on ionization, momentum, and dip 

angle. In some cases identificationofthe particle was facilitated by inter­

actions, decay, or the particle's coming to rest. The number of usable pic-

tures in the film was 20141. 

Events of special interest, such as production of strange particles, 

p-p scatters, and hydrogen-like antiproton-annihilation events were further 

analysed by using the Frankenstein and IBM computing facilities to measur.e 

the momenta, ranges, angles, coplanarity, and Q values for decays. 

Because of the high beam momentum, the main difficulty in determining 

the number of antiproton annihilation events is the pion contamination; a number 

of stars with two or less pions emitted are actually pion-initiated stars, and 

identification on the basis of the ionization of the incoming track is possible 

only when an identified track is present in the same section of the chamber 

in the same picture, 

3. The Beam Composition 

The following criteria were used to determine the actual p path length 

in the experiment: 

(a) the projected angles of the p entering the chamber, 

) 
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(b) elimination of the background rr and fJ. mesons by using energetic o rays 

formed along the track as identifying criteria, 

(c} introducing a geometrical cutoff by using only the central volume of 

the chamber, 

(d) applying a momentum cutoff to the incoming tracks. 

The number of rr-stars was evaluated by recording the number of o rays 

with a diameter of 1. 5 em or more on interacting tracks. A diameter of 1. 5 

em corresponds to a momentum of 3 Mev/c for our particular magnetic field 

strength. At our beam momentum, antiprotons do not produce such energetic 

o rays. According to our experimental determination, based on a bubble cham­

ber exposure to a pion beam of similar momentum, one such o ray is produced 

per 1. 25 ± Q. 05 meters (m) of pion track. The number of pion stars is now 

directly obtained from the number of 6 rays on the interacting track length. 

Most tracks passed through the bubble chamber without visible inter­

actions and could not be individually identified. 

In 15o/o of the pictures, which were chosen uniformly from all rolls of 

the bubble chamber film so as to eliminate the results of possible small flue­

tuations in the beam composition during the exposure, all the tracks satisfy­

ing our geometrical and momentum criteria were recorded for a track-length 

estimate, and the fraction of fJ. and rr- mesons in the beam was determined 

by the o ray method. The estimated beam composition is given in Table I. 

The total estimated number of antiproton tracks satisfying the geometric and 

momentum-cutoff criteria is 10100 ± 1700. 

Three methods were used to obtain information on the fraction of 'IT­

stars in the various subgroups of stars: (a) identification by ionization or 

o rays. (b) partial analysis of a 1T- "'-beam experiment in the propane bubble 

chamber at a similar momentum, (c) a study of the stars made by particles 

whose projected angle was off by more than 5 deg from the average beam 

direction. Only 3. 8 (± 0. 4)o/o of the p stars were beyond this cutoff, while 

32 (± 5)o/o of the lT- stars were beyond. The results on lT- star identification 
. . . ' ., . 

were similar for all three of the methods, and their average was used to e-

valuate the number of p stars in each subgroup. 
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Table I 
----·-··:::=-:-,::.-:o.:=~=:~·:::··· -·-····=:·-=-====================='======= 
The beam composition at the front side of the observable region in the bubble 

chamber, for particles with a momentum greater than 600 Mev/ c and a pro-

t jected angle less than or equal to 5 deg from the average antiproton direction. 

Particles o/o in beam 

p 380 5 ± 7 

f.1. - and e- 490 5 ± 7 

1T rz.,o ± 2 

_\ 
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B. Annihilation Cross Sections 

Pf the 10100 ± 1700 antiprotons which contributed to our antiproton 

path length of 3385 ± 550m,90 ± 30 underwent charge exchanges and 2900 ± 120 

annihilations. 

The chief sources of the large errors in the above quoted numbers are 

the difficulty of recognizing the noninteracting tracks individually, and the 

difficulty in distingq.ishing pion stars from small p stars. The resolution of 

these problems has already been discussed in Section II-A. 

Geometrical and momentum cutoffs have been applied in the calcu~ation 

of the above quantities. Events were accepted only within a central volume of 

41 by 26 by 8 em, the projected angle of the track had to be within 5 deg of the 

beam direction, and the curvature of the track had to be less than that corre­

sponding to a momentum of 600 Mev/c. The momentum of the beam was rather 

well-defined and could not be degraded much by passing through the bubble 

chamber window. The apparent wider spread is due to multiple scattering of 

the antiprotons in the bubble chamber and errors in measurement of the curva­

ture, which was done by using templets. 

The annihilations can be further classified as those occuring in a hydro-

gen or carbon nucleus. 
I 

In most annihilations in carbon, nucleons are emitted 

because of absorption and (or} scattering of pions produced in the primary 

process. There is frequently also an imbalance in the sum of the pion charges 

because of pion absorption or p annihilation with a neutron. A hydrogen star, 

on the other hand, must have (a) balance of charge and (b) no nucleons of hy­

perons can be emitted. The method used to eliminate annihilations in carbon 

that simulate hydrogen stars by fulfilling conditions (a) and (b) is described 

/i: below. 

Simulated hydrogen events can be produced by p annihilation on a neutron 

followed by absorption of a rr- and the production of knock-on neutrons or evap­

oration neutrons. They can also be produced by p annihilations on bound protons 

in which no visible knock-on or evaporation protons are emitted. This may be 

due to (a) an annihilation in which the pions produced in the annihilations are 

emitted without energy loss in the parent nucleus, or (b) emission of neutrons, 

protons, or nuclear fragments with an energy lower than that necessary to 

produce visible recoils from the excited parent nucleus. Information on the 

number of simulated hydrogen stars can be found from annihilations on neutrons, 

which can be "identified by the excess of negative charge. 

J 
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As the carbon nucleus consists of an equal number of protons and neutrons, 

the number of "fake" free proton-like annihilation stars must be of the order 

of the number of "fake" free neutron-like annihilation stars {assuming the 

p-p and p-n annihilation cross sections to be approximately equal). The 

pion multiplicity distribution of the "fake" free-proton-like annihilation stars 

was obtained from the number of stars that have pion charge balance and 

differ from the "fake" free-proton-like stars only through the emission of 

protons, multiplied by the interpolated ratio of the "fake" free neutron-like 

stars, {i.e. , with N'IT_ = N'IT+ + 1) to those that differ from them only through the 

emission of protons, at a definite pion multiplicity. Actually the number of 

"fake" p-n stars exceeds slightly the "fake" p-p stars, due to 'IT- interactions 

leading preferentially to neutron emission. 

This correction eliminated 16% of the hydrogen-like stars, giving us 

780 ± 60 p-H annihilations and 2120 ± 100 annihilations in carbon nuclei. The 

cross sections thus obtained are 51 ± 10mb for p-p annihilation and 368 ± 60 

mb for p annihilation in carbon at an antiproton average momentum of 1050 

Mev/c. 

C. Charge-Exchange Mean Free Path 

The antiproton charge-exchange reaction p + p-+ n + n can be identified 

in the bubble chamber by the disappearance of a p and the subsequent annihila­

tion of the antineutron. We observed 24 p disappearances followed by observed 

n annihilations. In addition we observed 109 ± 30 p disappearances that were 

not followed by observed N annihilations. 
23 

From the 24 identified charge 

exchanges, it is possible to evaluate the total number of charge exchanges by 

first correcting for the detection efficiency of those n stars where the number 

of charged pions emitted in the annihilation is one or less. This correction 

was done by assuming the fraction of such stars to be the same as in the case 

of p annihilation stars. 

Next we have to compute the number of antineutrons that escape the 

chamber from the observed number of n annihilations. All antineutron stars 

observed in our sample were in the forward hemisphere in the center-of-mass 

system, and the p charge-exchange differential cross section peaked sharply 

in the forward direction. This indicated that the energy of the antineutrons 

thus formed was comparable to that of the incoming antiprotons, and justified 

the assumption that their mean free path was of the same magnitude as that 

of the antiprotons. 
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The number of antineutrons escaping the chamber was estimated from 

(a) the geometry of the bubble chamber, {b) the positions of p disappearances, 

(c) then annihilation mean free path, (d) the number of n annihilations in the 

chamber and (e) the angular distribution of the antineutrons. 

The number of antiprotons satisfying our cutoff criteria that undergo 

charge exchange is 90 ± 30. This leads to an antiprton charge-exchange mean 

free path of 38 ± 14 min propane at our particular antiproton energy. 

On the basis of present information about the p-p charge-exchange 

cross section, 24-26 we can. conclude that most of our charge exchanges are 

with hydrogen nuclei. This is further supported by the fact that of the 24 

antineutron annihilations observed, none originated from a source that ex­

hibited nuclear excitation. 

Figure 1 gives the p-p charge-exchange angular distribution. 
27 

The 

data given in Fig. 1 probably includes several charge exchanges in carbon 

nuclei, but corresponds mainly to p-H events. A 16-cm cutoff applied to the 

range of the antineutrons makes our sample unbiased for the interval 

1 >cos (8- -)c. m. > 0. 5. For larger angles, an increasingly larger fraction 
- p-n -

of the n would escape the chamber. 

On the basis of all events with an 8-cm cutoff, we can set an upper limit 

of 20o/o for p charge-exchange events with a scattering angle of 60 deg or more 

in the center-of-mass system. 
2° Figure 1 shows definitely that the p-p charge­

exchange cross section peaks strongly forward at an antiproton momentum 

of 1050 Mev/c. 

A forward peaking in the p-p charge-exchange differential cross section 

is predicted by Ball and Fulco
5 

at 750 Mev/c. They predict also a second 

peak at 180 deg in the c. m. system. However, the present results which 

show a more pronounced forward peaking cannot be compared directly with 

their predictions, because the approximation methods used by these authors 

break down at higher antiproton momenta. 

D. The Annihilation Process 

1. Annihilation in Carbon Nuclei 

The annihilation process in the propane bubble chamber is in some 

respects easier to analyse than that in emulsions. The magnetic field 

(- 14 kgauss) used in the 30-in. propane bubble chanber enables one to deter­

mine the charges of pions. The average y- ray radiation length in propane 

J 
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Fig. 1. The uncorrected p-p charge-exchange angular dis­
tribution at an antiproton momentum of 1050 Mev/c. 
The data in this figure probably include some charge 
exchanges in carbon nuclei. A 16-cm cutoff applied 
to the range of the antineutrons makes our sample un­
biased for the interval 1 >cos ( e p-n) c. m. > 0. 5. 
For larger angles, an increasingly larger fraction of 
the antineutrons would escape the chamber. 
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permits one to detect about 15o/o of the neutral pions through pair production 

of the decay y rays in the chamber. An attempt was also made to separate 

the annihilations in hydrogen from those in carbon nuclei. 

Without pion absorption, the number of pions of given charge in an anni­

hilation star is restricted by charge conservation. Thus for p-p annihilation 

the number of negatively charged pions equals those positively charged, while 

in p-n annihilation, the number of negative pions exceeds the number of posi­

tive pions by one. 

Some antiprotons undergo charge-exchange in the carbon nucleus before 

annihilation. We shall assume that the p-p charge-exchange cross section is 

12o/o of its annihilation cross section. 
24 

Of this 12o/o we estimate that about 80o/o 

of then are captured in the parent nucleus, and undergo annihilation with either 

a proton or a neutron. The resulting n-p annihilation leads to an excess of rr + 
over .rr- instead. 

In this section, K-meson production will be neglected, and stars with 

strange particles have been left o:ut of the present analysis. 

Table II gives the annihilation modes of annihilation stars 1n carbon. 

Table III gives the estimated percentage of stars in each charge subgroup, 

assuming the equality of p-p and p-n annihilation cross sections, and assum­

ing the pion multiplicity distribution of the Fermi statistical model, modified 

. so as to make the phase space Lorentz-invariant ~9 An interaction volume 

n = 1 on° was used, where n° is evaluated from the' pion Compton wavelength. 

On the basis of arguments presented in the following section, we shall use the 

same pion-multiplicity distribution function as for annihilations at rest. 

Strange-particle production has been neglected in these calculations. 

In order to compare this Table with our experimental data, it is necessary 

to correct the initial pion multiplicity for pion absorption in the parent nuclei. 

Here we consider annihilation events up to 4 rr+ and 4 rr- mesons. The correc­

tion is evaluated by use of the equation 
4 4 . 

F(m, n) =~.~ :2::: U(i, m;j, n)f(i, j) 
1=m j=n 

where F(m, n) is the fraction of stars having m rr+ and n rr- after absorption. 

Here f(i, j) is the fraction of antiproton stars having i rr+ and j TI- before ab­

sorption, and U(i, m; j, n:) is the probability that a star with i 1r+ and j TI- will 

have (i-m) 1r+ and (j-n) ~esons absorbed. By the use of the binomial theorem, 

, .,. 
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Table II 

Various possible annihilation modes of annihilation stars in carbon. 

Strange-particle production is neglected. 

0 
1 

2 

3 

4 

0 

p-p, n-n 

p-n 

1 

n-p 

p-p, n-n 

p-n 

2 3 

n-p 

p-p, n-n n-p 

p-n p-p, n-n 

p-n 

Table III 

4 

n -p 

p-p, n-n 

Estimated percentage of annihilation stars in carbon in each charge subgroup. 

The multiplicity distribution is obtained from the statistical model with Lorentz 

invariant phase space as evaluated by Desai29 for an interaction volume 

r2 = 10 n°. The calculations were made for the primary process (i.e. before 

pion absorption}, neglecting strange particle production. The p-p charge­

exchange cross section was assumed to be 12o/o of the annihilation cross section, 

and the p-p and p-n annihilation cross sections were assumed to be equal. 

N -1T 

0 

0 0.9 

1 5.2 

2 

3 

4 

1 

0.3 

18.3 

27.9 

2 

1.6 

27.7 

13.8 

3 

0.7 

3.3 

0. 3 

4 

0.0 

0. 0 
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U(i, m; j, n) is evaluated from the probability of absorption of one pion. If p 

is the probability of absorption per pion, then we have 

= i ! j ! i + j -m-n{l-p) m +n 
U(i, m; j' n) m~ n! (i-m}! (j -n}! p 

Table IV shows how a 15o/o probability of absorption per pion modifies 

Table III. The value of 15o/o was arrived at by estimating the pion absorption 

from the nuclear excitation, evaluated in Section II-E. On the basis of argu­

ments presented in Appendix B, we assumed the probability of absorption 

per pion to be the same for charged a:nd neutral pions. With this absorption 

probability per pion, the probability for the absorption of more than 2rr± 

becomes negligible. 

Table V gives the corresponding experimental pion distribution of p 
stars in carbon. The agreement with Table IV is good, and minor discrepan-" 

cies can be interpreted as being due to uncertainty in 1T +, p identification, 

as discus sed below. 

The observed pion multiplicities for annihilation stars in carbon are 

1. 49 ± 0. 05 rr and 1. 35 ± ·o. 05 rr + per star. We shall now investigate the 

significance of the fact that the difference in the observed rr-and 1T + multi­

plicity is 0. 14~± 0. 07. If we assume the equality of the p-p and p-n anni­

hilation cross sections and apply the principle of charge conservation, the 

expected difference in rr- and rr+ multiplicity for p annihilation in carbon is 

0. 50. If the E;P annihilation cross section would exceed that of p-n, the 

difference in rr- and rr+ multiplicities would be smaller. However, a look 

at the number of events with an even or odd number of charged pions in 

Fig. ~ shows that such an assumption is not justified. Taking into account 

the facts that (a) the p-p charge-exchange cross section is about 12o/o of the 

annihilation cross section, and (b) about 15o/o of the pions produced in p 
annihilations in carbon are absorbed in the same nucleus, we obtain 0. 38 

as the expected difference in rr- and rr+ multiplicities. A somewhat greater 

absorption cross section for rr- than for rr+ due to the Coulomb effeCt could 

not reduce the difference appreciably. We conclude that some protons-­

particularly those with a high kinetic energy or those with large dip angles 

were considered to be rr+ mesons. 

The charged-pion multiplicity distribution for annihilations in carbon 

nuclei is given in Fig. 2. The data are uncorrected for pion absorption. 
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Table IV 

' Modification of Table III by 15% pion absorption. 

N1T_ N1T+ 

0 1 2 3 4 

0 202 3. 1 0.6 0"0 0.0 

1 8. 1 21. 3 6.6 0. 1 000 

2 4.2 23. 1 17.8 LO 0.0 

3 Oo2 2. 1 6.8 1.3 0.0 

4 OoO 0.0 0. 1 0. 1 0.0 

Table V 

Experimental pion distribution of p stars in carbon, in percent of stars. 

The error includes only the statistical error and that from the subtraction 

of p-H and 1T- stars from the total number of events. 

N N 1T+ 1T-

0 1 2 3 4 

0 1. 9± 0 .. 5 4:1±0:5 L 9± 0. 2 0. 6±00 1 Ool±O.l 

1 7 0 2± 10 0 19.6±L3 12,6±006 2.2±0.2 00 2±0. 1 

2 302±0.3 200 7±0. 7 11.8±006 4.0]±'0..3 0.4±0.1 

3 0. 5±00 1 207±003 3~8±00..3 1: 33:.0 .· 2. 001±0.1 

4 000±000 O.l±Ool 0. 2±00 1 0. l± 0. 1 0. 0± 0. 0 
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Fig. 2. The charged-pion multiplicity distribution for carbon 
stars, omitting events with observed strange particles. 
The solid line is based on calculations with the Fermi 
statistical model for f.l = 10 n° and modified so as to make 
the phase space Lorentz -invariant. It was assumed that 
15 o/o of the pions are absorbed. 
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The uncertainty in determining the number of stars with two or less pions is 

large, since in this group corrections for pion contamination had to be made. 

The evaluation of errors included also the subtraction of the estimated number 

of hydrogen annihilation events. No correction has been made for the possibil­

ity that some protons were considered to be rr + me sons. 

The energies of the pions from p annihilations were measured only for 

the hydrogen-like events. Hence the evaluation of the original. pion multiplicity 
I . 0 

1n carbon stars w11l not be very accurate. The average number of rr mesons 

1n annihilation events in carbon and the estimated fraction of pions absorbed 

are given in later sections. The estimated primary pion multiplicity for anni­
. ~· 

hilation events in carbon is (Nrr) = 5. 0 ± 0. 2. In this calculation it was assumed 
+ 

that an excess of 0. 24 ± 0. 07 p per annihilation star were mistaken for rr . 

2. Annihilation with Hydrogen 

a. Pion multiplicity. The method of determining the number of p-p annihilations 

has been described in Section II-B. The multiplicity of charged mesons per 

.hydrogen annihilation is (Nrr±) = 3. 3 ± 0. 15 for stars with no observed K mesons. 

The error includes {a) the statistical error, (b) the error due to eliminating 

carbon stars simulating hydrogen events, and (c) the error due to the elimination 
. 20 

of .rr stars. The value is very close to that obta1ned by Agnew et al. and 

Horwitz et al. 
25 

at low energy and indicates that pion multiplicity does not in­

crease appreciably with the energy of the incoming antiproton. 

With the addition of neutral pions, which is evaluated in the following 

section, the pion multiplicity for stars with no strange particles is 

( Nrr) = 5. 0 ± 0. 2, which is the same as in carbon. We conclude that we have 

not observed any difference in pion mulitplicity for p annihilations with free 

nucleons or with those bound in complex nuclei. 

b. Comparison with the statistical model. In Section I we discussed the statis­

tical model and various modifications of it. 

Recent calculations by Desai describe the antiproton annihilation in terms 
23 

of the Fermi statistical model with Lorentz-invariant phase space. On the 

basis of his calculations we calculate that for annihilations at rest, an inter­

action volume n = 10r2° leads to a pion multiplicity (Nrr) = 5. 0. At an antiproton 

momentum of 1050 Mev/c, the same interaction volume leads to. (N ) = 5. 4, 
'IT. 

i.e., an increase of 0. 4 pions per star. In this evaluation we did not take into 

account the Lorentz contraction of the interaction volume due to the motion of 

the antiproton. 
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Since we have not found an appreciable increase in the pion multiplicity, 

it was of interest to investigate whether some modifications of the Fermi model 

would predict a smaller increaseo However, we cannot exclude the possibility 

that the absence of a noticeable increase in pion multiplicity is due to a statis­

tical fluctuation. 
12 

In theKoba-Takeda model, the number of pions in the cloud would be 

expected to be independent of whether the nucleon or antinucleon is at rest or 

in motion. The increase in multiplicity would be confined to the annihilation 

of the cores. Assuming an interaction radius R = ( 2/3 )Ro_, where R 0 is the 

pion Compton wave length, we obtain N = 2. 1 for the annihilation of the 
lfcore 

cores" At an antiproton momentum of 1050 Mev/c: we obtain 0. 03 as the in-

crease in pion multiplicity for the annihilation of the cores 0 The increase in 

pion multiplicity predicted by the Koba-Takeda model is less than that evaluated 

at the beginning of this section by one order of magnitude" 

As a ~onsequence of this, the Koba-Takeda model would predict a con­

siderable increase of the average energy per piono In the center-of-mass 

system, this increase amounts to about 1 Oo/o for annihilations taking place at 

our beam momentum. 

In Fig. 3 we show how the pion multiplicity would vary with the antiproton 

momentum for (a) the Fermi statistical model without taking into account the 

Lorenz-contraction of the interaction volume due to the motion of the p, (b) 

the Fermi statistical model, taking into account the Lorentz-contraction, 

and (c) the Koba-Takeda model. 

The reciprocals of the values of Figo 3 give the values for the express­

ion (Elf) /W, where W is the total annihilation energy. In the Fermi model, 

the expression (Elf) /W decreases with increasing annihilation energy, while 

in the Koba-Takeda model, it remains relatively constanL A comparison of 

our data on the average pion energies of the hydrogen-like events with four and 
± 20,25 

six lf with the low-energy data also favors the Koba-Takeda model. 

The predictions of the Fermi model; howeve~; are off by only about one stand­

ard deviation. In our experiment we cannot therefore make a choice between 

the two models 0 

Though we have several reasons to criticize the statistical model and 

its large interaction volume, it provides us with a pion multiplicity distribu­

tion function. Comparison of the experimental results with those predicted 

by this multiplicity-distribution function would show us whether the trqe dis­

tribution-function deviates from that predicted by the statistical model. 
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We shall now compare the experimental results with those based on the 

multiplicity-distribution function of the Fermi statistical model with Lorentz­

invariant phase space, as evaluated by Desai. 29 On the basis of the above 

argument with the Koba-Takeda model, the utility of evaluating the distribution 

function for our antiproton energy is questionable. Hence we shall choose the 
0 

distribution at rest, with n = 10 n for comparison with our experimental data. 

For the evaluation of the various annihilation modes we shall use Table 

XVI in ACE. This assumes charge projections that give equal weight to each 

isotopic spin state- the usual assumption of any statistical model. This premise 

has recently been questioned by Pais, who pointed out the importance of actu­

ally measuring the individual charge projections in the annihilation stars. 
30 

In the present work this was not possible and we will continue to use the statis­

tical-model assumptions. 

Figures 4 and 5 give the momentum spectra of the hydrogen-like events 

with Nrr± = 4 and 6 respectively in the center-of-mass system, and the corre­

sponding normalized curves for the Fermi statistical model with an interac­

tion volume Q = 1 on °. The agreement between the experimental data and the 

Fermi statistical model is good. 

Figure 6 gives the multiplicity distribution of charged pions in p-H 

annihilation events for stars with no observed strange particles. 
31 

The curve 

corresponding to the Fermi model with Lorentz-invariant phase space is drawn 

in. The agreement with the experimental data is again good. 

We shall now compare (a) the average number of neutral pions and (b) 

the average total energy per charged pion for events having a given number of 

charged pions with the values predicted by the statistical model. In order to 

obtain an appreciation of the sensitivity of this test for the width of the pion­

multiplicity distribution function, we compute the quantities (a) and (b) fo1./ the 

following extreme multiplicity-distribution functions: ( 1) a o function at 

N = 5, viz. P. = o.
5 

and (2) a flat "uniform" distribution P. = 0. 2 fori= 3 to 7. 
1T -- 1 1 1 

Here P. is the fraction of annihilation events having i pions. Both of these 
1 

distributions give (N,.) = 5. 0. These comparisons are summarized in Table VI. 

We see that the agreement with the Fermi multiplicity distribution function is 

good, and the extreme n10dels can definitely be rejected. Unfortunately, 

because of 1T - star contamination, the events with two ,.± were not usable 

for comparison b. 
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Fig. 3. The dependence of the pion multiplicity in p-p annihilation 
on the antiproton momentum. ·curves (a) and (b) have been 
evaluated for the Fermi statistical model. Curve (a) does not 
take into account the Lorentz contraction of the interaction 
volume due to the motion of the antiproton, while curve (b) 
takes it into account. Curve (c) has been evaluated for the 
Koba-Takeda model. The curves have been evaluated for the 
case of Lorentz-invariant phase space. The curves ha.ve been 
normalized to give (N·n) ::: 4. 9 for annihilations at rest, which 
is in agreement with the experimental data of Agnew et al.20 
and Horwitz et a1.25 on p-p annihilations. 
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Fig. 4. The pion momentum distribu,tion for hydrogen-like 
annihilation events with four rr± The curve for the Fermi 
model with rl = 1 Or.lO is also give·n. 
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Fig. 5. The pion momentum distribution for hydrogen-like an­
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Fig. 6. The charged-pion multiplicity distribution for hydrogen 
stars, omitting events with strange particles. The solid line 
is based on the Fermi statistical model with n = lOQO and 
modified to make the phase space Lorentz-invariant. 
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Table VI 

Average number of neutral pions and average total energy per charged pion 

for p-H annihilation events having a given number of charged ·pions. The ex­

perimental data are compared with the predictions of (a) the Fermi statistical 

model with Lorentz-invariant phase space and an interaction volume n = 10n°, 

(b) a "uniform" distribution with P. = 0. 2 fori= 3 to 7, and {c) a "a-function" 
1 

distribution with P. = o. 5 . Here P. is the fraction of annihilation events having 
1 1 . 1 

i pions. 

N ± 
1T 

0 

2 

4 

6 

N ± 
1T 

0 

2 

4 

6 

Experimental data 

1.1±0.1 461±9 

0.8±0.4 367±15 

Uniform model 

(Nrr~) (E ±) 
\ 1T ·' 

3.53 

2.01 628 

l. 50 438 

0.69 353 

Statistical model 

0 4.25 

2 2.61 532 

4 l. 21 461 

6 0.32 374 

o -function model 

N ± 
1T (Nrro) (Err±) 

0 5.00 

2 3.00 470 

4 L 00 470 

6 
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Fig. 7. An antiproton enters at the top and annihilates, producing 
two charged ~ions and K+ + K-. The K+ comes to rest, de­
caying into 1T + 1T+ + 1T-. The K- comes to rest and interacts, 
producing a L:+ and 1T-. 



Fig. 8. An antiproton enters at the top and annihilates, 
producing two charged pions and KO + R 0, which are 
seen to decay into pion pairs. 
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We have investigated the hydrogen-like events with two 'IT± for the number 

of events that satisfy the criteria for p + p-+ 11r+ + l1r- annihilation without 

producing any neutral pions. This was done by investigating (a) the angles 

between the pions in the center-of-mass system and (b) the Q values 
7 

of the 

charged pions for stars that emit 1 'IT+ + 1 'IT- + n'IT 
0 

This analysis was confined 

to events where the momenta of both pions could be determined with sufficient 

accuracy. Hence the tracks had to (a) have a range of 8 em of more before 

leaving the chamber, scattering, or interacting, or (b) come to rest in the 

chamber. The number of events satisfying these criteria correspond to a 

sample of 500 hydrogen-like events. In this sample we find only one event 

( and even this event had a large error of -35 o/o in the momentum measurement 

of a pion) that could satisfy the criteria for p + p-+ l1r+ + l1r- annihilation. 

This also is in agreement with the statistical-model multiplicity-distribution 

function, which predicts 0. 6 such events per 500 p-p annihilations. 

3. Neutral-Pion Production 

A lower limit to the neutral -pion multiplicity can be obtained from the 

observed number of Dalitz pairs. We have observed 70 Dalitz pairs emitted 

from 3960 p annihilation events. (No geometrical cutoffs were applied to this 

sample.) This sample does not include stars with observed strange particles. 
0 A Dalitz pair is formed in one out of 80 'IT decays. As high-energy Dalitz 

pairs can sometimes be mistaken for pion pairs, the number of neutral pions 

evaluated this way gives only a lower limit to the total number of neutral pions 

produced. We obtain (N'ITo).:::_ 1. 4 ±, 0. 2 for p annihilations in propane at 1050 

Mev/c. 

A more accurate estimate of the number of neutral pions can be obtained 

from the number of electron pairs produced by '(-ray conversion in the chamber. 

The mean free path for '(-ray conversion in propane is given in the Appendix 

of Agnew et al. as a function of the '(-ray energy. 
20 

The mean free path for 

conversion was evaluated by taking into account the energy spectrum of pions 

from the annihilation events. The fact that the energy spectra are different 

for different charged-pion multiplicities was also taken into account. 

The average '(-ray path length in the chamber was evaluated from the 

geometry of the chamber. It was assumed that the angular distribution of the 

'( rays in the chamber would be similar to that of the pions. Furthermore, 

it was assumed that only electron pairs with a projected length of 1 em or 
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more in the chamber would be detected" The effects of stray pairs J>binting 

towards an antiproton star are negligible. The correction for pairs missed 

in both scans amounts to about 3o/o. About 15o/o of the neutral pions are detected 

through the '(-ray conversion process. 

The average number of neutral pions per star in hydrogen-like annihila­

tion events is (Nrro) = l. 64 ± 0. 15. For p stars in carbon, 
32 

we have 

( Nrro) = L 54± 0. 10. We note that (NTTO) / ( NTT±) = 0. 49 ± 0. 05 for the hydrogen­

like events. 

Tables VI and VII give the distribution of neutral pions for p stars m 

hydrogen and carbon" It was assumed that the annihilation stars in carbon 

that simulate p stars in hydrogen, have the same number of neutral pions for 

a given ( Nrr±) as the corresponding p stars in hydrogen. 

4. Strange-Particle Production 

a. Introduction. The nucleon-antinucleon annihilation process has been found 

to produce 4 {± 1 )o/o K-meson pairs per star for antiproton energies below 

200 Mev. 
19

' 
20

' 
21 

Our experiment, at a higher energy (~475 Mev), provides 

evidence for a rather rapid increase in the K-meson production with energy. 

In subsection 4-g we shall investigate the physical reason for this increase. 

Figures 7 and 8 give photographs of p annihilation events with K mesons" 

The K mesons in both photographs interact in the bubble chamber. 

b. Determination of detection efficiency. The 30-in. propane bubble chamber 

is highly efficient in detecting the short-lived K
0 

and hyperons. In the present 

experiment charged K mesons can be detected reliably only when they decay 

in the chamber .. The hyperons are produced by R absorption by a nucleon in 

the parent nucleus according to the reaction: R + N -+. TT + Y. 

For the evaluation of the number of strange particles we chose· a central 

volume (41 by 26 by 8 em) of the chamber. Our acceptance criteria arethaf both 

the annihilation and the K 0 or A decay occur in this volume. For the charged 

strange particles the acceptance criteria are that the decay or interaction 

occur in the visible region of the chamber (55 by 34 by 16 em). 

0 0 
b-1. K mesons and A hyperons. The decays of the K mesons and A hyperons 

were identified by the measurement of their Q values and coplanarity with 

respect to the antiproton star. 

In the evaluation of the number of neutral strange particles we used the 

following facts: (a) Half of the K
0 

mesons are long-lived and escape the chamber 
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' 
Table VII 

The neutral-pion multiplicity as a function of the charged-pion multiplicity 

for p annihilation events in carbon, 

N,TT± Neutral pions per star 

0 2.9 
+ 3,0 
- 0.9 

l 2.0 ± 0.4 

2 2, l ± 0.2 

3 1.4 ± 0. l 

4 LO ± 0. l 

5 0.8 ± 0. 1 

6 0,7 ± 0,3 

7 1.0 ± 0,8 

without detection; (b) of the remaining KO mesons, 1/3 have a neutral decay 
0 0 

mode (rr + rr ) and hence escape detection; (c) 1/3 of the lambdas also escape 

detection because of the neutral decay mode N + rr
0 

It was estimated that about 1 Oo/0 of the K2 mesons and lambdas would leave 

the fiducial volume. This estimate was evaluated from (a) the distribution in 

the chamber of the annihilation events, (b) the experimental angular distribution 

of the neutral K mesons and lambdas, (c) the range distribution of the neutr'al 

K mesons and lambdas as determined from their lifetimes and momentum dis­

tributions, A nearly equal fraction of the K~: mesons and lambdas leave the 

fiducial volume; the fact that the halflife of the lambdas is longer is offset by 

their lower velocities. 

b-2. Charged K mesons, Among the charged K-mesons we use only those 

that interact or decay in the chamber. For the evaluation of the identifiable 

fraction of K+ mesons, we assume that the K+ have the same momentum dis-

tribution as the neutral K mesons, + Using the mean range of the K mesons 

before they left the chamber, we evaluate the fraction coming to rest and the 

fraction decaying in flight in the chamber, 

For K mesons we likewise evaluate the fraction decaying in flight and 

those coming to rest and giving visible interaction products. 



-32- UCRL-9183 

+ . + b- 3. Charged hyperons We ace ept only the rr + n decay mode of the ~ , 

since the:P + rr 0 mode cannot be reliably distinguished from a proton scatter. 

A ~ decay may sometimes be mistaken for a pion scatter if the track of either 

the decaying particle or decay product is steep. 

c. K- meson contamination in the beam. Out of 118 stars producing identified 

strange particlef?, all except six stars had a visible-energy release consistent 

only with an inci<de.nt antiproton. The remaining six stars which gave three 

neutral K meso.ns and three hyperons could have been produced by a small 

admixture of K- mesons in the beam. We shall assume that half of these six 

events are produced by K- mesons. 

d. The number of strange particles. Table VIII gives a summary of our 

,stral:l,ge.,-particle events. In 3015 p annihilations we have 229 ± 31 stars with 

str.a:ngepparticles, which leads to (NKR) = 8(± 1) o/o per p star. 
33 

At low 

energies 1the, percentage of stars with strange particles was 4 ± 1. 

Table IX gives the number o~ events with two strange particles observed 

in a single star. Better statistics is necessary to determine whether the 
+ - 0 -0 ' + -0 K + K + nrr 'and the K + K + nrr modes prevail over the K + K + nrr and 

K o + K- +nrr. 

Table X gives the number of hydrogen-like annihilation events with 

strange particles. In Section II-B we determined that 16o/o of the hydrogen-

· like stars with no observed K mesons were fake p-H events. We assume that 

the same ratio also holds for stars with observed K mesons. Then 66 events 

with strange particles in p-H stars are left. From these stars we deduce 

that (NKR) = 8 (± 2)o/o for annihilation events in hydrogen, and ( NKR )= 
7 (± 2)o/o in carbon. From the number of hyperons we find that 28 ± 6o/o of 

the R mesons are absorbed. 

e. The pion multiplicity in stars with K mesons. In the analysis given in this 

section, we omit stars with hyperons, since such stars have a higher pion· 

multiplicity because of the reaction KtN-• rr + Y. 

Figure 9 gives the observed charged-particle multiplicity distribution 

exclusive of identifiable protons and ·K mesons. We will call this the apparent 

h d . l . 1" . 23 c arge -p1on mu tlp 1c1ty. 

This apparent charged--pion multiplicity of l. 82. must be modified to 

obtain the correct pion multiplicity by taking into account the following facts: 
- + . 

(a) Out of the total number of K and K mesons emitted, only 18 (± 6) o/o and 

23 (± 7) o/o respect1vel y have been identified as K mesons (see Table VIII).· 
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Table VIII 

Number of strange particles produced in p annihilations in propane at a 

momentum of 1050 Mev/c. 

Particle No. observed a b 
No. estimated E a-

K+ 25 ± 1 0 ;.~23 ± 0.07 1 109 

K - 17 ± 2 0. 18 ± 0.06 1 94.5 

· K0 or K_D 59 ± 4 0. 90 ± 0.03 3 197 

~+ ""·" 7. 5 ± 1.5 o: 90 ± 0.05 2 17 

~ 11. 5 ± L5 0. 90 ± 0.05 1 13 

A 21 ± 2 0. 90 ± 0.05 1'' 5 35 _"_I_ --
Total 141 ± 6 465.5 

a. Here e represents the correction factor for a KO or A leaving the fiducial 

volume, for a K+ leaving the chamber, for a K- leaving the chamber or inter­

acting without visible prongs, for a ~ being mistaken for a rr, and for the 

detection efficiency of decays. 
b . 

·Here a represents the correction factor for (a) neutral decay modes, 

J?) the lo~_g_-lived K~ mo~e, and (c) the ~+- p +'ITO decay mode. 

Table IX 

Number of events with two observed strange particles. 

Particle K Ro A ~+ ~ 

K+ 5 2 6 0 0 

Ko 1 6 2 1 3 

Table X 

Number of strange particles in hydrogen-like eve·nts. 

Particle No. observed ea \a_b No. estimated 

K+ 8. 5 ± 0. 5 0.23 ± 0.07 1 37 

K 7. 5 ± 0. 5 0. 18 ± 0.-06 1 42 
0 -0 K or K 23 ± 2 0. 90 ± 0.03 3 77 

Total 39 ± 3, 156 

a 
See note a, Table VIII. 

b 
See note b, Table VIII. 
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Fig. 9. The observed apparent charged-pion mulitplicity 
distribution from p annihilation stars giving K mesons 
Events with observed hyperons have been excluded. 
The corrections to be applied to this distribution are 
described in Section II-D-4-e. 
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The majority of the remaining K mesons have been included among the 1T 

mesons. This leads to a correction reducing the 1T± multiplicity by 0. 35. 

(b) Nine percent of the pions produced in this sample are absorbed and a 

correction for this fact raises the multiplicity. 
34 

Making both corrections 

we obtain < N1T±)K = 1.6 ± 0.30 for the primary multiplicity of charged pions 

in p annihilation stars with K mesons. Assuming the number of neutral pions 

to be half that of the charged pions, we deduce (N1T) K = 2A ± 0,5. 

f. Momentum sprectra. Figures 10 and 11 give the experimental momentum 
0 ± . . 0 

spectra in the c. m. system for the K and 1T mesons from stars where K 

mesons are produced ( /pKQ\ = 433 ± 60 Mev/c and /p ±\ = 
\ l'c.m. \1T/ c.m. 

414 ± 50 Mev/c). The experimental spectra are compared with those calcu­

lated on the basis· oi the-;statistical model. The calculations were performed 

for annihilations with one, two, three, or four pions produced in addition to the 

K meson pair. The latter momentum distributions were calculated by 

Dr. T. F. Hoang. 
35 

His calculations make use of Lorentz-invariant phase 

space as discussed by Srivastava and Sudarshan36 and Desai. 29 

We note that the average momenta of particles leaving the interaction 

volume appeq.r to be independent of the nature of the particles (i.e. , K or 1T 

meson). The average momenta also appear to be independent of whether only 

pions are produced on annihilation, or both K and 1T mesons are produced. 

g. Theoretical analysis of K meson production in antiproton annihilation. 

It is the purpose of this section to investigate whether a simple modification 

of the usual Fermi statistical model could explain the amount of K-meson 

production and the increase of the K-meson production in p annihilation events 
1 

with increasing p energy. 

Customarily a single parameter, the interaction volume, has been used 

for the calculation of both the 1T - and K-meson production. The transition 
- . 3 7' 1'0' 3 6 probability for n 1T and two K mesons in \~_::-P annihilation can be wntten as 

S = A i [ gn, 2 ( 1 ) + gn, 2 ( 0 )_] 
n,2 n! (1!)2 

Here gn, 2 (I) is the I- spin weighting factor for n 1T and two K mesons, and 

F n, 2 {W 0 
2 ) is given by 



If) 

+­
c 
Q) 

> 
Q) 

.... 
0 

.... 
Q) 

.a 
E 
:::1 
z 

KK47T 

-36- UCRL-9183 

(a) 

(b) 

1500 

P7r,c.m. ( Mev/c) 

MU-20011 

Fig. l 0. (a) The pion momentum spectrum associated with strange 
particles in p annihilation. (b) The corresponding pion momen­
tum spectra evaluated by Hoang. 
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Fig. 11. (a) The momentum spectrum of neutral K mesons in the 
c. m. system from p annihilation stars. (b) The K-meson 
momentum spectra evaluated by Hoang. 
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Here W 
0 

is the annihilation energy in the center-of-mass system, l.l. and MK 

are the rr - and K-meson rest masses, respectively, and P .. and w. are the 
-1 1 

momentum and the energy, respectively, of the ith pion.38 

For QK :: (j.J./MK) n . we get the single-parameter model, that is S 2 . 1T 2 n, 
is proportional to (j.J.n rr)n+ . The results obtained from the above calculation, 

which adjusted the parameter A to fit the mean pion multiplicity, failed to 

agree with the experimentally determined K-meson production for 

nK :: (j.J./M) n rr· In our attempt to fit the K-meson production, we introduced 

one additional parameter s :: nK / n 1T. Different coupling constants of the pion 

and K meson as well as the difference in their Compton wave lengths could be 

a theoretical justification for introducing the new parameter. It should be 

noted here, however, that such a treatment has to be considered as a phenom­

enological fit rather than a profound theory that would determine the relative 

strength of interactions of pions and K mesons. 

With this two-parameter statistical model, we calculated the increase 

in K-meson production as a function of the annihilation energy. The results 

of these calculations are summarized in Tables XI and XII. These tables have 



-39- UCRL-9183 

been evaluated on the basis of the Fermi statistical model with Lorentz- in­

variant phase space and different interaction - volume parameters n and 
1T 

nK. Here n1T was adjusted so as to obtain (N1T) = 4. 9 for annihilations at 

rest and~ was adjusted by fitting s so as to obtain 4% (see Table XI, column 

4) or 5% (see column 5) K-meson production for annihilations at rest. This 

was done by setting n1T = sn1T
0 

and s = 0. 10 and 0. 11, respectively. 

Table XI gives (a) the fraction of stars with strange pa;rticles for p:..p annihila­

tions as a funCtion of W 0 and (b) the average number of pions associated with 

K mesons. The corresponding pion multiplicity distributions are given in 

Table XII. 

We also calculated K-meson production and the (N1T) K value for 

antiproton annihilations in carbon, and found no significant differences from 

p-H annihilation. 

We note that the statistical model leads to a rapid increase in the 

1T-meson multiplicity in annihilation events where K mesons are produced. 

At our energy, w0 = 2100 Mev, the predicted value of (N1T) K = 2.4 is in 

good agreement with our experimental value of 2. 4 ± 0. 5. The present data on 

( N'IT') K for annihilations at rest are statistically poor, but they are con­

sistent with the calculated value. Future experibents will have to verify the 

expected increase in ( N'IT') K with increasing annihilation energy. 

A comparison of the calculated K-meson-production increase with 

the experimental data shows, however, that only in the limits of the RMS 

errors quoted can we get agreement with our calculation. It is clear that 

until we solve our fundamental difficulty in calculating the pion multiplicity 

with a reasonable interaction volume, all attempts to fit K-meson production 

are of a very· preliminary nature. 

In terms of the Koba-Takeda model, we have to consider the restric.,.. 

tions placed on K-meson production by the available energy in the nucleon­

antinucleon cores. In this model, the states with two or three pions in the pion 

cloud of the p-N system strongly prevail over the states with no or one pions. 

With no or one pions in the cloud, the restriction of energy conservation does 

not in general restrict the production of K mesons in the annihilation of the 

cores. The contribution of states having two pions in the cloud is restricted, 

however. It is even more restricted for states having three or more pions in 

the cloud. With increasing annihilation energy, however, the energy of the 
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Table XI 

Fraction of stars having strange particles in p-p annihilation as a function 

of W 0 , the annihilation energy in the center-of-mass system. 

P- (Mev/c) W0 (Mev) 
o/o stars with K o/o stars with K 

(N1T) K p mesons (expt) mesons (calc) 

0 1876 4.0±1.0 4.0a 5, ob 

1070 2100 8.0±1.0 5.6 7.0 

2230 2510 8.3 10.4 

I 

a.Norm:alized to 4o/o K-meson production for annihilations at rest. 

b ·Normalized to 5o/o K-meson production for annihilations at rest. 

Table XII 

Associated pion multiplicity distributionsa 

o/o stars with 2 K and 

P-(Mev/c) 01T 11T -2'11' 31T 
p 

' 

0 1 25 55 18 
{. 

1070 0 11 46 37 
., 

2230 0 2 ~9) 46 

a. Production of five pions has been neglected . 

. ( 

1.9 

2.4 

3. l 

41T 

1 

6 

32 
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cores increases, and the contribution of states with a higher pion multiplicity 

in the cloud increases. Hence the Koba-Takeda model also leads to (a) an 

increase in the K-meson multiplicity, and (b) an increase in the multiplicity 

of the lT mesons associated with K mesons with increasing annihilation energy. 

Crude calculations indicate that the increase in the above quantities is of a 

similar order of magnitude as that predicted by the Fermi statistical model. 

E. Nuclear Excitation in Carbon 

In the case of annihilations in carbon nuclei we have the ratio NIP= 1. 1 ± 0. 1 

among the knock-on nucleons. (There is an excess of lT produced on annihila-

"'" tion, and neutron knock-on emission is preferred in the case of lT absorption). 

We have not carried out a determination of the energy spectrum of knock-on 

protons in the propane bubble chamber experiment. The following is hence 

an indirect order-of-magnitude estimate of the knock-on nucleon energies 

per annihilation in carbon. 

Our data in paper II and in 3x gel emulsions show that the average energy 

of knock-on protons does not vary appreciably with the nuclear mass. This 

conclusion is also consistent with the propane bubble chamber experiment 

of Agnew et al. 
20 

The proton multiplicity per carbon star is 2. 18. 39 , 

Assuming that our proton energy spectrum has the same fraction of knock-on 

protons as Agnew~ , 20 
we deduce a knock-on proton multiplicity o(l. 5 ± 0. 2 · ..... 

per star in carbon. The average energy at which the pions interact is evaluat­

ed in Appendix A. We estimate that because of the higher energy of the inter­

acting pions, the average energy of the knock-on protons is higher by about 

20 Mev than in experiments at low (at rest or at 150 Mev) p energy. The 

energy given to knock-on nucleons was thus found to be (Ek \ = 380 ± 60 Mev. . \ o/ 
For annihilations in carbon at an average antiproton momentum of 1050 

Mev I c the average evaporation energy is 60 :± 30 Mev. The method of evaluat­

ing this is described in a later section dealing with nuclear evaporation in 

emulsions. Since the above value is derived by extrapolating the evaporation 

theory to a region where it is not applicable, the error in the above quantity is 

large. 

The average energy per star for the emission of nucleons or fragments is 

U ::; 440 ± 70 Mev. This value, together with the data of Appendix A gives us 

0. 9 ± 0. 15 as the average number of pions absorbed per star in carbon. The 

primary pion multiplicity for antiproton stars with no strange particles in 

carbon at 1050 Mev I c is thereby ( NlT) = 5. 0 ± 0. 2. 
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IIL "THE EMULSION EXPERIMENT 

A. Introduction 

In this experiment we chose to use emulsions diluted with excess gelatin 

{3xgel} in order to obtain more abundant data on p-H interactions and to de­

termine separately the annihilation cross sections with the heavy (Ag, Br) 

and light (C, 0 ,N,) nuclei in emulsions. It was decided to analyze only the 

p annihilations in flight because the difference between annihilations with light 

and heavy nuclei was expected to be most pronounced in this case. 

Our present investigations further confirm that the energy and angular 

dependence of the p-p elastic- scattering eros s section agrees with the theoret­

ically estimated values of Ball, Chew and Fulco. 
3

- 5 The energy dependence 

of the annihilation mean free path in emulsions in the energy interval from 

10 to 250 Mev, and the annihilation cross sections with the light and heavy 

emulsion nuclei has been determined. 

We have determined the nuclear excitation in 3xgel emulsions, and found 

the average energy per prong of the knock·-on and evaporation protons to be in­

dependent of the nuclear composition. The angular distribution of the knock-on 

protons relative to the incoming antiproton has been found to depend strongly 

on the energy of the knock-on protons. The fraction of low-energy alpha parti­

cles among the heavy prongs has been found to be considerably higher in the 

case of p annihilations in the light emulsion nuclei. 

B. Experimental Procedure 

1. The Antiproton Beam 

The purification of the beam for our emulsion experiment was achieved 

by a momentum separation of the antiprotons relative to the background particles. 

An absorber, a lead collimator, and a subsequent partial directional separation 

by a bending magnet were used. The chief difference of the present exposure 

from that described in paper H is the addition of a second absorber followed 

by subsequent momentum separation. The ratio of antiprotons to background 

particles {mostly 1-l mesons produced by pion decay) was thus improved by a 

factor of 50. The momentum of the beam at the stack was 730 Mev/c. 

The arrangement of the apparatus and the description of the beam has 
. 20 

been presented by Agnew et al. The emulsion experiment differed from the 

bubble chamber experiment by the introduction of a bending magnet just in 
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front of the emulsion stack. This magnet was used to get rid of possible - ,. 

protons in the beam, which would be hard to distinguish from antiprotons at 

the entrance of the emulsion stacko 

2. Scanning and Measurements 

In the emulsion plates the scanning proceeded parallel to the leading 

edge of the stack, at a distance of 5 mm from the edge. The antiproton 

tracks were distinguished from the large background of particles (about 10
4 

for one antiproton) at minimum ionization through a grain density approximately 

twice minimum. As the beam was well-collimated, only tracks within 10 deg 

of the beam direction were followed as prospective /mtiprotons, until they 
'· 

came to rest or interacted in flighL 

Only the annihilation stars that occurred in flight--~. above 1 0-Mev 

kinetic energy- -were analysed in this work. _Here we were primarily inter.,;;; 

ested in studying the nuclear excitation. Therefore only prongs that could be 

protons--i.e 0 those with a grain density of 1. 5 times minimum or greater-­

were followed ouL The ranges of all these prongs were measured and their 

end points were examined for possible decay secondaries. Identification was 

done by ordinary emulsion techniques, and the low ionization in the 3xgel 

emulsions permitted grain counts on tracks up to 6 times minimum ionization. 

All stars were examined by three persons to find a greatet proportion 

of the minimum-ionization tracks 0 The projected and dip angles were measured 

on all tracks. 

3. Proton Contamination 

A combination of range and ionization measurements permitted anti­

protons to be distinguished from particles of different mass, but a small 

background of protons still remained. The tracks that could not at first be 

definitely identified as antiprotons were further analysed by having their 

endpoints examimed for minimum-ionization tracks, and in the case of stars 

in flight, for total-energy releaseo From the distribution in angle, range, 

grain density versus mean track length, etc, of the identified pit was possible 

to determine the nature of the remaining unidentified tracks. The results are 

presented in Table XIIL 

C 0 Antiproton Cross Sections 

1. Antiproton-Proton Elastic Scattering 

Ball and Chew have given a model for the antinucleon-nucleon interaction, 
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in which they have used the Signell-Marshak-Gartenhaus nucleon-nucleon 

potential. 
3 

They have modified it to change the sign of the one -pion exchange 

potential and to change the reflecting inner boundary into an absorbing one, 

using approximations that limit the validity of the model to an antiproton 

energy from 50 to 260 Mev. Fulco and Ball have applied the above model to 
0 1 0 0 4, 5 antiproton-proton e. astlc scattenng. 

The present experiment gave 17 p-H elastic scattering events. Table XIV 

summarizes the world data on the energy dependence of the antiproton-proton 

elastic- scattering eros s section as obtained from emulsions. The criteria used 

in identifying p-H elastic-scattering events have already been described 
40 41 

elsewhere. ' 
20 -

In the propane bubble chamber experiment of Agnew et aL, 42 p-p 

elastic scatters have been observed in the correspondtng energy interval, 

giving a cross section of 62 :J: 12mb. The combined emulsion and bubble 

chamber data give a eros s section of 59± 6 mb at an average energy of about 

145 Mev. 

Coombes et aL 
24 

in a recent counter experiment have found the p-p 

elastic-scattering cross section to be 72 ~ { 1 m~ at Tp = 133 Mev and 64 ~ ~. 

mb at T- = 197 Mev. Their angular distribution is in agreement with that of p .. 
the Ball-Chew-Fulco theory, but they were not able to measure the backward-

scattering cross section at this energy. 

Figures 12 and 13 give the combined emulsion and bubble chamber data 

on the energy dependence of the p-p elastic scattering cross section and the 

angular distribution of p-p elastic scattering, respectively. The agreement 

with the Ball-Chew-Fulco theory is good. Fulco predicted about 7% scattering 

in the backward direction in the center-of-mass system. We observe 8 (±4~)%. 

2. · Annihilation Cross Sections with Complex Nuclei 

We have now a sufficient number of events for determining the energy 

dependence of the annihilation cross section on complex nucleL From a com­

parison of-the lxgel and 3xgel emulsion data, it is also possible to evaluate 

separately the cross sections for the light and heavy nucleL 

Table XV gives a summary of the data on various intera,ctions and on 

the path length, using the most recent data at Berkeley as well as those of 

ACE and IL 

The energies of antiprotons interacting in flight were determined by one 

or more of the following three methods: (a) the estimated residual range, 
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Table XIII 

Classification of 132 events in emulsions out of a total of 716 events that 

were not identified as antiprotons in the first scan. 

Individually identified 

Over side 

Over edge or into hole 

Disappearances in flight 

Small stars in flight 

p 
p 

Total 

p 

18 

5 ± 1 

7 ± 3 

7 + 1 
- 2 

3 ± 2 

8 + 2 
- 3 

48 ± 5 

+ p 

67 

1 ± 1 

4 ± 3 

1 +2 
- 1 

8 ± 2 

3 + 3 
- 2 

84 ± 5 
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Table XIV 

p-p elastic- scattering energy dependence a 

Energy interval (Mev} Events a(mb) 

20 - 50 5 136 + 9 2 
-58 

50 - 80 4 62 +49 
. - 29 

80 110 4 43 + 34 
- 20 

110 - 140 9 74 + 34 
-24 

140 - 170 10 60 + 25 
- 18 

170 - 200 12 56 + 21 
- 16 

200 - 260 12 39 + 15 
- 11 

20 - 260 65 56 ± 8 

a The above table is compiled from the published data and private communica-

tions from: 

( l) G. Goldhaber; T. Kalogeropoulos, and R. Silberberg, Lawrence Radiation 

Laboratory, University of California, Berkeley, Calif. 

(2) A. Armstrong and G. Frye, Los Alamos Scientific Laboratory, Los Alamos, 

New Mexico. 

{3) A. Engler, P. B. Jones, and J. H. Mulvey, Oxford University, England. 

(4} E. Amaldi, G. Barone, G. Bellettini, C. Castagnoli, M. Ferra-Luzzi, 

and A. Manfredini, Institute of Physics, Rome, Italy, 

{5) A. Berthelot and F. Levy, Center for Nuclear Studies, Sachi.y, France, 

(6) A. G. Ekspong and B. E. Ronne, University of Uppsala, Uppsala, Sweden. 
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{b) 'io-nfz.ation measuremepts, (c) multiple-scattering measurements. The 

first method was used above an energy of about 140 Mev, the second method 

between 40 and 400 Mev, and the third method at lower energies. All .anti­

protons that seemed to come to rest were analysed by multiple-scattering 

measurements, by which interactions in flight could be identified down to an 

energy of 10 Mev. 

Figure 14 gives the energy dependence· of the annihilation mean free 

path of antiprotons in lxgel and 3xgel emulsions combined, weighted according 

to the respective path lengths. 

The average mean free path for p annihilation was 18. 9 ± 1. 5 em in 

1xgel and 23. 1 ± 1. 4 em in 3xgel emulsions. Including the data from Rom/
1 

37 
and Uppsala makes the average annihilation mean free path in emulsions 

19.2 ± 0.8 em. 

From the mean free paths and the known concentrations of elements in 

3xgel and 1xgel emulsions, it was pas sible to evaluate the average annihila­

tion cross section in either kind of emulsion. The average cross sections 

were adjusted so as to exclude the antiproton-hydrogen annihilation events, 

by considering 5% of the annihilations in flight in 1xgel and 7. 5% in 3xgel to 

be p-H annihilations. The above estimates were arrived at by using the p-p 
24 

annihilation cross sections as determined by Coombes et aL , the concentra-

tion of hydrogen in emulsions, and the total p path length in emulsions. This 

is also consistent with our data in 3xgel, where we obtained 17 ± 5 as the lower 

limit of p-H annihilations in a sample of 215 stars that were more than 25 tJ. 

from the emulsion surface. 

From the follo:W"ing.equations it was then possible to evaluate the average 
! 

antiproton-annihilation cross sections in silver bromide and in gelatin with 

hydrogen excluded: 

Here O"a is the average annihilation cross section, h and P stand for the heavy 

and light elements in emulsion, respectively (with hydrogen excluded), 1 and 

3· stand for 1xgel and 3xgel emulsions, respectively, and f is the fraction of 

atoms in emulsions with hydrogen excluded. 
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Table XV 

Emulsion Path length above Path length above 
-2 

20 Mev (gmcm ) 

Type 20 Mev (em) Ag Br C,O,N H 

lxgel 3266 ± 30 6035 4385 1975 170 

3xgel 5851 ± 100 5675 4130 5250 440 

Number of interactions 
Emulsion p annihilations Leave 

-
p inelastic p-H scatters 

Type in flight at rest stack scatters quasiel. 
a 

other 

lxgel 173 ± 2 213 ± 9 l 9 l 4.5 

3xgel 253 ± 3 201 ± 2 12 ± 4 8 6 4 

a. By quasielastic events we mean those that cannot be distinguished on 

visual inspection alone from p-p elastic scatters. 
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Fig. 12. The p-p elastic scattering eros s section for the com­
bined emulsion and propane bubble chamber data at low energy. 
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The above equations yield a-ha = 1720 ± 175 mb and a a = 545 ± 105 mb 
~ I ,, 

as the average antiproton annihilation cross sections in silver bromide and 

in gelatin with hydrogen excluded, respectively, at an average antiproton 

energy of 150 Mev. 2 

With reference to a typical "geometric" cross section a-
0 

='TT(L 2xlo-
13

A
1
/

3
), 

we obtain a-/ =2.15 ± 0.4 a0 and a-ha= 1.85 ± 0.2 a-0 . 

Again omitting the antiproton-hydrogen annihilation stars, we obtain 

from the previous equations 30 (± 6)% for the fraction of annihilations with 

light nuclei in lxgel emulsions and 70 (± 6)% with the heavy nuclei. In 3sgel 

emulsions 55(±6. 5)o/oannihilate in light nuclei, and 45 (±6. 5)o/~in the heavy 

nuclei. 

Our data indicate that the annihilation cross section at low energy 

(below a p kinetic energy of 40 Mev) may be considerably larger than at higher 

energies, but low statistics do not permit a definite conclusion., 

D. Annihilation in Dilutea Emulsions 

l. Charged-Pion Multiplicity 

We have previously discussed the annihilation process in lxgel emulsions~ 9 

and shall now compare the results with those in 3xgel emulsions. Our previous 

analysis included only 9 5 stars in flight, while the present analysis includes 

250 such events. 

Figure 15 gives the observed charged-pion multiplicity distribution. 

Events closer than 25 fJ. to the surface of the emulsion have been excluded. 

No corrections for pion absorbtion or detection efficiency have been included 

in this graph. The average number of charged pions directly observed, 

(N'!T±) = 2. 31 ± 0.16, is to be compared with the value (N'!T±) = 2. 30± 0. 28 

in lxgel emulsions. 

Because of less absorption, the value in 3xgel emulsions would be ex­

pected to be higher by about 0. 2 than ih lxgel emulsions. The near equality 

of the observed values can be explained in two ways:, (a) our antiprotons in 

lxgel emulsions had a higher pion multiplicity than in 3xgel emulsions because 

of a statistical fluctuation, and (or) (b) the efficiency of pion detection in 3xgel 

emulsions is less than in lxgel emulsions because of a lower relative grai~ 

density of the minimum-ionization tracks. 
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2. The Ratio of pp/Pn Annihilations 

The ratio of stars with an even number of charged pions to those with 

an odd number depends on two factors: (a) the p/n ratio at the surface of the 

nucleus, where the annihilation takes place, and {b) the ratio of pp/pn annihila­

tion cross sections. If either (a) or (b) is known, we could in principle deter­

mine the other. 

If we assume that the p/n ratio is uniform throughout the nucleus, and 

assume that ratio (b) is 1, the ratios for 3xgel and lxgel emulsions will be 

0.90 and 0. 85, respectively. These numbers are obtained by subtracting out 

the estimated number of p-H annihilations (see Section III-C-2). Pion absorp­

tion and detection efficiency should not change this ratio appreciably. 

Our experimental results are 1. 16 ± 0" .. 15 in 3xgel and 0. 72 ± 0. 14 in 

lxgel for the above ratio. These results are not inconsistent with the above 

assumptions .. 

3. The Pion Energy Spectrum 

Figure 16 gives the energy spectrum of pions for a kinetic energy below 

9 0 Mev. Of all observed pions, 27. 4 (± 2. 2)% fall into this region. In lxgel 

emulsions we also obtained 27. 4%. Neither of these values is. corrected for 

detection efficiency. A determination of the pion energy spectrum at higher 

energies has not been attempted, since multiple scattering is reduced in 3xgel 

emulsions, while distor.tion is considerably greater. 

4. The Tr + /Tr- Ratio at Low Pion Energy 

Figure 16 also gives the charges of pions that come to rest. We obtain 
+ - 0. 12 

(Tr /Tr )obs. = 0. 24 ± ~· 0~. The preponderance of the Tr is particularly strong 

up to 60 Mev. The Tr /Tr ratio quoted in paper II was 0. 45, but if we consider·· 

·only events below 60 Mev, we obtain 0. 25. This ratio reflects the fact, as 
+ pointed out in II, that the Tr scatter more than the Tr , and the energy spectrum 

- + of the inelastically scattered Tr peaks at a lower energy than that of the Tr 

5~ K-Meson Multiplicity 

We have observed five K-mesons in 250 stars,, Clorrecting for absorption, 

the neutral modes, and those at high energy, we obtain 3. 5(± 1. 5)o/oas the 

K-meson abundance, which is the same as in II. 
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MU-20016 

Fig. 15. The observed charged pion multiplicity spectrum in 
3xgel emulsions. (No corrections for pion absorption 
of detection efficiency have been made here). 
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Fig. 16. The energy spectrum of low-energy pions from p 
annihilations in 3xgel emulsions. 



-56- UCRL-9183 

D. Nuclear Excitation in Diluted Emulsions 

l. General Data 

Table XVI gives a summary of the data on nuclear excitation for stars 

in flight in 3xgel emulsions. Figure 17 gives the multiplicity distribution of 

heavy prongs per star. Figure 18 gives the distribution of energy emitted in 

heavy prongs per annihilation star. The energies have been assigned on the 

assumption that all prongs were protons. 

2. The Knock-On Process 

It is convenient to treat separately the nuclear prongs above and below 

30 Mev. Those above 30 Mev are almost all protons, while those below, 

produced after the excitation has spread to the whole nucleus, include a large 

fraction of alpha particles and deuterons. 

As seen from Table XVI and paper II, the average energy per knock-on 

proton does not change noticeably with the nuclear composition. Our task now 

is to evaluate the number of neutrons corresponding to the observed knock-on 

particles in the present case. From the ratios (n/p) = l. 3 for Ag. and Br 

and (n/p) = 1. 0 for the light elements, and the fraction of annihilations with 

heavy and light nuclei, we evaluate the 1T + /1T- ratio in our annihilation stars. 

Using the results of Metropolis et al. for nuclear cascades due to 1T- and 1T + 
interactions, 

42 
we obtain 1. 4 ± 0. 2 as the n/p ratio among the knock-on 

particles in 3xgel emulsions. The estimated energy in both knock-on protons 

and neutrons is Uko = 306 ± 31 Mev in 3xgel emulsions. The evaluation ·of 

Uko for light and heavy elements separately is not worth while yet because of 

the large statistical error. 

Figure 19 gives the kinetic energy spectrum of the knock-on prongs. 

The high-energy knock-on protons (those with T > 100 Mev) exhibit a strong 
p-

forward peaking with respect to the direction of the incident antiproton. The 

ratio of those in the forward hemisphere to those in the backward is 3. 0 ± 0. 7. 

This is considerably larger than the forward peaking expected for pions in the 

lab system for an isotropic distribution in the c. m. system. The latter dis­

tribution is shown in Fig. 4 in II. The) forward peaking of the high-energy 

protons provides further evidence that the annihilation takes place at the surface 

of the nucleus, and that hence most of the pions absorbed are those going for­

ward with respect to the direction of the incoming antiprotons. Figure 20 gives 

the angular distribution of knock-on protons for T > 100 Mev. 
p-



Table XVI 

The average values for the number of heavy prongs, the energy per heavy prong, and the energy of heavy prongs per. star, for p interactions 
in flight in emulsions. a 

Energy (Mev)b 
No. No. of prongs Per prong Per star 
of 

<L,Ee)c <L,E0 Emuls. N ± stars 
(Nev) <Nko) (NH) (Eev)c (Eko) <EH) (L,Eko) TT 

3xgel o"2d 119 3. 3 1.4 4.7 16.4 11 o. 8 44.3 54. 1 153. 0 207. 1 

3xgel 3 41 3.0 1.2 4.2 16. 7 97.7 39.4 50.3 116.2 166. 5 

3xgel 4-6 45 2. 2 0.8 3.0 17.7 87.0 35.6 39. 5 67. 1 106.6 

3xgel 0-6e 243 3.07 l. 23 4.30 16. 7 103. 7 41. 5 51. 2 127.6 178.8 

lxgel 0-6f 95 3. 55 l. 54 5.09 18.0 101. 8 43.3 63.9 156.4 220.3 

a. The corresponding table for lxgel emulsions is given in II. Note that (EH)does not depend much on the emulsion composition. 

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

c.· 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. 

d. No p disappearances have been included, nor have stars with N"± = 0 and small visible nuclear energy release. 

e. These events include events occurring near the surface of the emulsion (L'.z < 25 f!), for which no pion multiplicity was assigned. 

f. From paper II, Table V. 
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Fig. 17. The multiplicity distribution of heavy prongs per star 
in flight for (a) 3xgel emulsions and (b) lxgel emulsions. 
(The number of events is normalized so as to be equal to 
that in 3xgel. ) 
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GOr-------~----------------~-----------------

40 

20 

200 400 600 800 1000 
EH /star (Mev) 

MU-20019 

Fig. 18. The distribution of energy in heavy prongs per p 
annihilation star in flight, in 3xgel emulsions. It has 
been assumed that all heavy prongs are protons, although 
deuterons and alpha particles are present. 
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Fig. 19. The kinetic-energy spectrum of knock-on prongs 
in 3xgel emulsions from p annihilation stars in flight. 
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FigG 20. The angular distribution of knock-on protons with 
respect to the incom,ing antiproton for (a) T p 2 100 Mev 
and {b) 100 > Tp ~ 30 Mev. 
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For knock-on protons in the energy range l 00 > T > 30 Mev, the forward 
p 

peaking is much less pronounced. The forward-to-backward ratio of protons 

is l. 5 ± 0. 2 (see Fig. 20). Part of these protons are due to nuclear collisions 

of the primary knock-on nucleons. They represent an intermediate stage be­

tween the knock-on and the evaporation process, where the energy has been 

distributed among all the nucleons, and the direction of proto.n emission has 

become isotropic. Another reason for the reduced forward peaking is the 

following: Since annihilations take place at the surface of the nucleus, almost 

all of the absorbed pions are going in the forward direction with respect to the 

antiproton. Using the two-nucleon model of pion absorption, we see that the 

nucleons that in addition would carry off the momentum of the pions would be 

those in the forward hemisphere. Those in the backward hemisphere would 

be expected to be slower. 

3. The Evaporation Process 

Evaporation theory is used to describe the fate of highly excited nuclei. 

The theory is less applicable to light nuclei, which tend to disintegrate com­

pletely when highly excited. A recent comprehensive treatment of evaporation 

has been published by Dostrovsky, Rabinowitz, and Bivins, who used Monte 

Carlo calculations .
43 

They show that at a given nuclear temperature, the 

average number of nucleons lost is proportional to the atomic weight of the 

initial nucleus, and that the average energy per evaporated nucleon at a given 

nuclear temperature is independent of the mass of the nucleus. 

The nuclear excitation was estimated from the average number of evap­

orated charged' particles per nonhydrogen nucleus, with the nuclear temperature 

assumed to be the same for the light and heavy nuclei. The average number 

of evaporated charged particles was evaluated as a function of the nuclear 

temperature by using the graphs of Dostrovsky et al. for silver and extrapolat­

ing for bromine. 
43 

For the light nuclei, we have assumed that the ratio of 

neutrons to charged particles (protons, alpha particles, deuterons, and various 

fragments) is 0. 4 among the evaporated particles. The method of evaluating 

this number is similar to that of Menon et al. 
44 

By weighting the number of 

charged particles evaporated from various species of nuclei at a certain nuclear 

temperature by the probability of annihilation with those nuclei, the number of 

charged particles evaporated was derived as a function of the nuclear temper-

ature for 3xgel emulsions. A comparison with the experimental evaporation~-
'·, 

\ 
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prong multiplicity led to a nuclear temperature of 5. 3 Mev. The initial ex­

citation of nonhydrogen nuclei was thus found to be 143 ± 25 Mev. 

An independent estimate on the nuclear temperature was obtained from 

the slope of the curve in Fig. 21, which gives the number of protons per energy 

interval as a function of the proton kinetic energy. We obtained a nuclear 

temperature of 5. l ± l. 0 Mev, which is in good agreement with the above 

estimate as well as. with a similar calculation on nuclear excitation in the p 

annihilation process in lxgel emulsions. 

The fraction of alpha particles emitted from light nuclei, which often 

are completely broken up by nuclear excitation, should be considerable higher 

than from heavy nuclei. The Coulomb barrier should prohibit the evaporation 

of protons with a kinetic energy of less than about 3 Mev. We shall assume 

that the particles with a range of 50 fJ. or less in lxgel emulsions (correspond­

ing to an alpha-particle range of 9 Mev) and a range greater than nuclear re­

coils (5f.J. or less) are low-energy alpha-particles.
44 

We then find that 8. 9% 

of the heavy prongs in lxgel emulsions and 13. 4% in the 3xgel emulsions are 

such low-energy evaporated alpha particles. The difference becomes even 

more pronounced if we treat separately the annihilation events with one to 

five heavy prongs--primarily from light nuclei--and those with six or more-­

almost all of which come from the heavy nuclei. In 3xgel emulsions we find 

experimentally 19.8(± 2.4)o/oand 8.9(± 1.3)o/oslow alpha particles from stars 

with one to five and six or more heavy prongs respectively. 

The average number of heavy prongs emitted from heavy nuclei and 

light nuclei in emulsions is about seven and three, respectively, for panni­

hilations in flight at an average energy of 150 Mev. 

4. Total Nuclear Excitation and Pion Absorption 

For annihilations in flight, at an average energy-of 150 Mev, in 3xgel 

emulsions, the average energy per star was found to be 442 ± 40 Mev. From 

the data of Appendix A we estimate that 1. 1 ± 0. 2 pions are absorbed per anni­

hilation. On the basis· of Appendix B we conclude that the number of charged 

pions absorbed is 0.8 ± 0. 2. 
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Fig. 21. The number of evaporation protons in 3xgel emulsions 
per unit energy interval (defined as NH in this figure) from 
p annihilations in flight. The Coulomb barrier V has been 
chosen here as 3 Mev. 
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APPENDICES 

A. Absorption and Scattering of Pions 

The number of pions absorbed in propane and in 3xgel has been evaluated r 

from (a) the energy in nuclear excitation, (b) the average energy per ab-

sorbed pion, and (c) the fraction of inelastically interacting pions that are 

scattered. 
I 

The latter two quantities are evaluated in this Appendix. 

Almost all the energy given to nucleons in tb.e annihilation process comes 

from absorption or inelastic scattering of the annihilation products by the nucleons. 

The inelastic scattering of pions also reduces the average energy of the pions, 

modifying the pion energy spectrum. For these reasons, it is useful to study 

the inelastic pion scattering before attempting to find the number of interacting 

pions and the nuclear excitation. 

Appendix VI in II gives a summary of the data compiled from various 

authors on inelastic scattering of pions in emulsion nuclei, on which the cal­

culations in II were based. In the energy interval from 100 to 200 Mev, the 

fraction of nonelastically interacting 1T that give rise to inelastic scattering 

is 0. 27 ± 0. 04, and for 1T + the corresponding value is 0. 20 ± 0. 04. Of the 

interacting pions, the 1T are moreJikely to undergo inelastic scattering. 

Figure 22 gives the average energy of pions after inelastic scattering 

in emulsion nuclei as a function of the initial pion energy. This figure is 

based on the data of Appendix VI in II and the more recent values of 

Belovitskii at 300 Mev .
45 

We notice that the negatively charged pions undergo 

greater energy losses than the positively charged ones. The best-fit curves 

are also drawn in. 

The energy spectrum of the inelastically scattered pions can be empiri­

cally fitted by a function resembling the Maxwellian distribution function with 

a cut-off at the high energy end. 

The above data, together with the pion absorption and scattering mean 

free path in nuclear matter, as given by Frank, Gammel, and Watson (here-
46 

after called FGW), were used to evaluate the primary pion energy and multi-

plicity in II. 
0 45 47-49 

Recent publications of expenmental work ' show that the pion-

absorption cross section decreases rapidly after about 200-Mev pion energy, 
\ 

which was not expected from an extrapolation of the FGW theory to high pion 

energies. Beyond 350 Mev, inelastic scattering starts to predominate over 

pion absorption. 
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Fig. 22. Compiled data on the average energy of pions after 
inelastic scattering in lxgel emulsions. 
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Experiments with light and heavynuclei indicate that the fraction of in­

elastically interacting pions absorbed is slightly higher in heavy than in light 
50 51 

elements. ' In heavy elements (with a neutron excess) the rr- sc.attering 

cross section is larger than for rr+. We estimate that forT > 125 Mev the 
rr-

fraction of nonelestically interacting rr- that are· scattered in lxgel emul~ions 

is about 0. 95 of that in carbon. For rr+ the corresponding ratio is 0. 8. Using 

these estimates and the data from all the above references as well as the low-
52 

energy data of Bernardini and Levy, we construct Fig. 23. This figure gives 

the rr± absorption and inelastic scattering cross sections in carbon as a function 

of the pion kinetic energy. The data on absorption and scattering cross sections 

beyond 350 Mev are still very scanty, but no rapid changes are indicated~ 3 • 49 

For simplicity we shall assume the total inelastic cross section in this region 

to be constant. This simplification is also justified in our calculations by the 

fact that only a small fraction of the pions we consider are in that high-energy 

region. 

By weighting over the pion energy spectrum for ( Nrr) = 5. 0 for p annihi­

lations at rest and taking into account the rr- /rr + ratio on annihilation, we find 

that of the nonelastically interacting pions, 68o/o ~ndergo absorption and 32o/o ': 

inelastic scattering in lxgel emulsions. The average kinetic energy of the 

absorbed pions is 202 Mev, and of those inelastically scattered, 251 Mev. 

Using the pion energy spectrum of the hydrogen-like events with 4rr± 

for p annihilation at 1050 Mev/c, we find that of the nonelastically interacting 

pions 60. 5o/o are absorbed and 39. 5o/o inelastically scattered in carbon. The 

average energy for the absorbed pions is 245 Mev and 341 Mev for those in­

elastically scattered. 
. 50 51 

The pubhshed data ' on the final energies of pions inelastically 

scattered in carbon nuclei indicate that they are the same or about 5 Mev higher 

than of those scattered in emulsion nuclei for T rr'.initial ~ 100 Mev. 

For emulsions and for such antiproton energies as in ACE and II, the 

evaluation of the number of pions absorbed, based on this Appendix, leads to 

closely similar values as obtained in ACE and II. 
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B N 1 P . Ab . 54 . eutra. 10n sorptlon 

For the evaluation of the primary rr +, rr-, and rr
0 

multiplicities for p 
annihilations in complex muclei, it is necessary to know their relative absorp­

tion eros s sections. Some recent publications have assumed that the absorp-
. 42 21 

tion eros s section for neutral pions is half that for each of the charged p10ns. ' 

Pion absorption takes place through a two-nucleon system, which we shall 

consider to be in the s state. We shall denote the singlet and triplet s states by 

the superscripts 
1 

s and 
3 

s. Using the method of detailed balancing, we obtain 

the following relations between rr 0 and rr + absorption rates: 

. 0 3 s . 3 
0 3 s . 

a· R(rr +D -+n+p) 
u(n + p-+ rr + D ) 

= . 3 
+ s 

b. R(rr + D -+p + p) 
+ s 

u(p + p- rr + D ) 

1 0 1 1 
R(1r.

0
+(n+p) 

u(n+p-+rr s s 
-+n+p) +(n+p) ) .d. + s 

c· = R(rr +(n+p} -+p+p) 
+ s u(p + p-+ rr + (n + p) ) 

1 0 
1 

1 
0 u(p + p-+ rr 

s 
s 
-+p+p) 

+(p+p) ) .f. { + s. ) e. R(rr +(p+p) = R rr +(n+n) -+p+n 
+ s 

u(p + n-+ rr + (n + n) ) 

0 
1 

s 
g. R (rr + (n+n) -+n+n) 

0 
1

s 
u(n + n -+ rr + (n + n) ) = ~----------~~--~~ 

1 + s 
.h. R(rr +(n+n) -+p+n). 

+ s 
u(p + n -+ rr +(n + n) ) 

Coefficients a to h represent the statistical weighting factors for the spin arid 

isotopic spin states. We obtain a = b = 3c = 3d = 3e = 3f = 3 g = 3h. 

The cross sections for the above modes of pion production are given by 

::E a. O'.f' where i and f represent the initial and final isotopic spin states of the 
1 1 

nucleon- nucleon pair, respective! y. The coefficient a. is the weighting factor 
1 

for the isotopic spin states. For unlike nucleons, a. is one-half, because the 
1 

pn pairs can be in either I= 1 or 0 states. For like nucleons, ai is one, be-· 

cause only one isotopic spin state is. initially available. The relations between 

these cross sections have been discussed in detail by A. H. Rosenfeld. 
55 

\ 
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For convenience we shall quote some of his results: 

0 D3s 1 [ ] 0" ( p + n ... 'IT + ( n +p) s = 1 /2 0" 1 0 (D) + 0" 1 0 ( n + p) + 0" 0 1 

0 ' 
0" (p + p - 'IT + p + p) = 0" 11 

The cross sections crif are highly energy-dependent. Hence we have to 

find them at the appropriate energy, corresponding to the average energy of 

the absorbed 'IT mesons as determined in Appendix A. The corresponding 

energy for nucleon-nucleon collisions is about 700 Mev. 
. 56,57 

At a proton energy of 586 Mev, it has been determmed that 

. 0 
cr (p + p - 'IT + p + p) = 1. 6 ± 0. 2 mb 

and 
+ cr(p+n-'IT +n+n)=2.0±0.5mb. 

F 970 M · found that
56 

or ev proton energy, 1t was 

cr (p + p- 'IT 
0 

+ p + p) = 5. 4 ± 1. 0 mb 

and 
+ 

<r- ( p + n - 'IT + n + n) = 4 . 3 ± l. 1 m b . 

On this basis we assume that, at 700 Mev, 

0 
cr(p + p- 'IT + p + p) = 

+ cr(p + n - 'IT + n + n) 
L 0 ± 0. 3 

and 
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Using this information and the relations quoted from Rosenfeld, we. 

obtain: 

3 
R('ir O + D s - n + p) = + 3 t R{Tr + D s - p + p) 

0 
1
s 

R(Tr + (n + p) - n + p) = 
1 

1 + s 
2 R(Tr + (n + p) -+- p + p) 

0 
1
s 0 

1
s 

R{Tr +(p+p) -+-p+p) +R(Tr +(n+n) -+ n+ n) 
1 + s 

=(2.0±0.6)R(Tr +(n+n) -+p+n) 

The absorption cross section for neutral pions by an unlike nucleon 
+ pair is hence half that for Tr mesons. For like nucleon pairs, however, it is 

+ . twice that for Tr mesons 0 

. 0 + 
To determine a b (Tr ) I a b (Tr ) , we now have to relate by detailed a s a s 

3 
balancing the reaction rates R(Tr + + D s - p + p), 

+ ls 
R(Tr. + (n + p) -+ p + p) 

. . 1 

and R(Tr+ + (n + n) s-+- p + n), using the cross sections for the inverse reactions. 
58 

From the work of Batson et aL we estimate that, at T = 700 Mev, 
p 

+ + a(p + p- Tr + n + p) =8mb, a(p + p- Tr +D) = 2mb, and 

0 . + 
a{p + p .... Tr + p + p) :::: a(p + n-+ Tr + n + n) :::: 3. 5 mho 

We thus express all the absorption rates in terms of a single absorption 

rate. By taking the sum of the TrO absorption rates and weighting them accord­

ing to the number of states, and tre~ting the Tr+ absorption rates in the same 

way, we obtain a b (Tr
0

) I a b (Tr +) = 0. 9 ± 0. 2 a s a s 

( 
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