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for antiprotons stopping in the Saclay 81 cm hydrogen 
bubble chamber. A total of 4148 annihilations giving 
two prong events have been measured and analysed. 
We estimate that about 9 3 % of the events in the 
fiducial volume used were from the annihilation of 
protonium, the remaining 7 % being annihilations 
in flight. An analysis of the entire sample of events 
will be given elsewhere. 

All possible candidates for reaction (1), selected by 
an inspection of the missing mass, were tried in a least 
squares kinematic fitting programme i } . In the fitting 
programme all possible combinations of two or three 
mesons (7c and K) satisfying charge and strangeness 
conservation were tried as hypotheses. Events satis­
fying more than one hypothesis were re jec ted 2 ) 

and an upper %2 limit of 4 for the n+%"n° final state 
was imposed. 605 events satisfied these criteria. 

We have tried to make an approximate estimate 
of the contamination of fits from n+n~2n° events 
by analysing four prong annihilations: 1100 such 
events have been put through the same selection and 
fitting procedure as used for the two prong events. 
Of the 4400 n+n~ combinations, 47 satisfied the single 
neutral pion hypothesis. 

These " even ts" came predominantly from the 
tvoe 

from the measured rate of reaction (2), gives a conta­
mination from this source of 13.8%. . . This procedure 
neglects the presence of two and three pion resonances. 
An estimate including the rate of p° production in 
events of type (2) indicates that the contamination 
estimate could be as much as 20%. We have no 
way of estimating the effect of co° meson production 
which can occur for reaction (3) but not for reaction (2). 
The absolute rate of the three pion annihilation is 
t hen (5 .4±1 .0 )10~ 2 . 

The results of this experiment are shown on the 
Dalitz plot in Fig. 1. The kinetic energy spectra 
of the n ~, n+ and n° mesons are shown in Figs. 2 a, 
2 b and 2 c respectively. The peaks at 650 MeV are 
due to the p-meson. The samb effect is seen on the 
Dalitz plot as the accumulation of points within 
three bands parallel with the sides of the diagram, as 
indicated in Fig. 1. These bands contain events 
corresponding to the processes: 

which are about 12.5% of all four prong events, 
according to our measurements. Using isotopic spin 
weights to estimate the rate of 

The production of the p-meson appears to be a domi­
nant feature of the annihilation to three pions. By 
Counting the number of points within the bands shown 

This report describes a study of the reaction 
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Fig. 1 The Dalitz plot for the events from reaction (1). The 
kinetic energy of the positive pion is zero at B and a maximum 
at 8', and similarly for the negative pion at C and C . The 
bands labelled Q+, Q- and Q° indicate the two body process 
p - h p ^ ^ o - j - T T o with mass for the Q of 755 MeVand with a width 
of i 5 5 MeV. 

on the Dalitz plot the numbers obtained for p + , p~ and 
p° are 92, 100 and 100 respectively. 

This near equality is significant because the system 
p°7 t° can be produced only from states of protonium 
with isotopic spin 7 = 0 , and the table shows that 
p°n° production can occur only from the 3St and 
1P1 states. The observation of equal rates for p°, p + 

and p then strongly suggests that the annihilation 
to p+n takes place predominantly from such 
s ta tes 5 ) . 

In earlier experiments it has been shown that the 
p-meson has isotopic spin 1 3 ) and that the spin is 
consistent with 1 4 ) . 

For a discussion of the properties of the final state 
we define the following system of reference: the dipion 
rest system in which the momentum of either pion is 
q and the relative angular momentum /, and the 
laboratory system in which the third pion has momen­
tum P and angular momentum L relative to the dipion. 
In terms of these angular momenta some of the possible 
states (L, /) for three pions are listed in column three 
of the table 7 ) . 

Fig. 2 The kinetic energy spectra of (a) the negative (b) the 
positive, and (c) the neutral pions. 
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Initial and Final States for Protonium Annihilation 
into three Pions 

In Fig. 3 we show the angular distributions for the 
decay of the neutral and charged p-mesons, where 6 
is the angle between the direction of one meson in 
the dipion rest system and the line of flight of the 
dipion. The events were selected for these diagrams 
by choosing values of dipion mass between 700 and 
820 MeV. 

Two features of these results are the peaks at 
|cos 6\ = 0.67 and the fall to zero at cos 6 = ± 1 . 
The simplest matrix elements which may be constructed 

Fig. 3 The angular distribution of (a) the charged Q and (c) the 
neutral Q decays in their barycentric system. The distributions 
have been folded about cos 6 = 0 in (b) and (d). The curves 
show the distributions expected for a J = 1 particle produced 
from the *ST state. u ) 

for p°+n° production from the 1 P 1 states of protonium 
would not vanish at cos 6 = 1 in the angular distribu­
tions for p° in Fig. 3 8 ) . The simplest interpretation 
of these results is therefore that they are consistent 
with very little contribution from the P states of 
protonium 1 0 ) . 

If the 5-state annihilation dominates, one might 
expect that the 1S0 channel should contribute to 
the production of three pions. The final state would 
be represented by a combination of states (0,0), 
(1,1), (2,2) etc. It is hard to understand why some 
of these states should be present and (1,1) not at all, 
as implied by the absence of any contribution to p + 

and p~ production. The fact that the angular dis­
tributions for p± approach zero at cos 6= 1, also 
suggests that the 3SX channel is predominant. 

In view of these considerations we shall now discuss 
the p+n production process under the assumption 
that only the 2S1 state contributes. In this case the 
resonant final state is represented uniquely by one 
configuration of angular momentum, (1,1). Both 
the isotopic spin and angular momentum wave 
functions of this system are totally anti-symmetric. 
The consequences of this have been discussed by 
Bouchiat and Flamand x i \ who write the amplitude 
for process (4) in the following way: 

where S represents the protonium spin and 

/(q) is an / = 1 resonance factor and the parameters 
are the value of q at the resonance, qr, and the dimen-
sionless quantity y related to the width F 0

1 2 ) . 

As expected for an / = 0 state of three pions, the 
interference between the amplitudes for the different 
charge configurations is constructive everywhere, and 
in particular at the point where two resonance factors 
become equal an enhancement occurs. This corres­
ponds to the regions of the Dalitz plot where two 
bands cross and one pion can be in a resonant state 
with either of the other two. 

This effect should be demonstrated in the angular 
distributions of Fig. 3, and the curves which have been 
drawn were computed using the amplitude given by 
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equation 5. The data show the general characteristics 

expected on this model except that there appears to 

be some asymmetry. In the case of the charged 

p-mesons this may be an indication that the neglect 

of more complicated interference eifects (involving 

the i S 0 channel) is not completely justified. 

These results suggest that the annihilation to p+n 

is reasonably consistent with the conclusion that the 
3S1 channel is dominant, and with the assignment 

of spin 1 to the p-meson. 

We have therefore attempted to fit the distribution 

of A/*, the dipion mass, given in Fig. 4, by adding 

incoherently a contribution from the resonant state 

as described by Eq. (5) and a distribution correspond­

ing to a simple phase space for three pions 1 4 ) . This 

treatment of the non-resonant contribution is an 

approximation since in general it will be a combination 

of states (1,1), (3,3), (5,5) etc. coherently added to 

the resonant amplitude. The two contributions have 

been added in the ratio 1: 1 to obtain the curve shown 

in Fig. 4; the resonance parameters used are a 

p-meson mass of 755 MeV and a width of 110 MeV 

(this width includes the experimental resolution). 

The fit is not good in the region 900 to 1500 MeV; 

this could be due to the high energy behaviour of 

the /7-wave nn cross-section or the over-simplified 

treatment of the background. 

Finally, the absolute rate of annihilation to p + 7 i 

obtained by this means is (2.7^0.6) 10~ 2 . 

Fig. 4 The two pion mass distribution for events from reac­
tion (1). The curve is an incoherent sum of equal proportions 
of the distribution calculated from equation 5 in the text, and a 
uniform phase space background. 
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