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The heavy liquid bubble chamber, Gargamelle, has been used to investigate the gross 
features of the annihilation of antineutrons in light nuclei (mainly Carbon). Results are 
presented on the distributions of multiplicity, momentum and emission angle for charged 
pions and protons together with a simple model to describe them. 

In this paper we describe the results of an experiment 
performed to determine the gross features of the if- 
light nucleus annihilation process. The distributions 
of i) multiplicity, ii) emission angle and iii) momen- 
tum have been determined for both charged pions 
and protons together with some correlations. The 
experiment was performed in the large heavy liquid 
bubble chamber Gargamelle. 
The chamber, a cylinder of radius 1 m and length 
4 m, situated in a magnetic field of 1.97 T, was filled 
with a propane-freon mixture of density 0.597g 
cm-3. The contributions of free protons, light nuclei 
(C, F) and heavy nuclei (Br) acting as targets for 
annihilation in this mixture are given in Table 1. A 
beam of antiprotons at momentum 1.6 GeV/c entered 
almost along the axis of the chamber, and approxi- 
mately 250,000 pictures, containing on average three 
antiprotons were taken. 
This paper is organized as follows. In Sect. 1 we 
describe the properties of the incident antineutron 
"beam".  In Sect. 2 we give a general description of 

* This work is based in part on the thesis by H. von der Schmitt 
(D 77) 

Table 1. Composition of the chamber liquid (from Ref. 13) and 
contributions from the different nuclei to all annihilations. The 
cross sections are valid for antineutrons of 750 MeV kinetic energy 
I-2, 121. For Fluorine and Bromine they were calculated by the 
method described in Appendix A 

Nucleus %by ~ o b y  cann./mb ~ 
weight number annihil. 

1H 10.9 66.8 52 18 
12C 52.1 26.6 425 58 
19F 15.4 5.0 550 14 
S~ 21.6 1.6 1,230 10 

our event sample. In Sect. 3 we present the results. In 
Sect. 4 we develop a simple intranuclear cascade type 
model for the description of the data and in Sect. 5 
we give conclusions. 

1. Proper t i e s  o f  the  S " B e a m "  

The antineutrons which were used for our investi- 
gation were produced in the charge exchange re- 
action 

p p ~ n  
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Fig. 2. Kinetic energy distribution of antineutrons 

which was observed together with the subsequent 
annihilation 

f iA ---, all types of events. 

The data presented here are based on the full 
measurement of 484 events of this type. To exclude 
coming from other reactions we demanded at the 
scanning stage to see the charge exchange vertex 
together with the downstream antineutron star. The 
annihilation star was further required to be separated 
from the charge exchange vertex by at least 5 mm on 
the projection table (corresponding to ,-,2 cm in 
space). The background due to the reactions 

p~--- ,n f i+mrc ~ m >  l 

was excluded by the requirement of no 3' rays point- 
ing to the charge exchange vertex. This removes 
,,,85 ~ [1] of the single rc ~ events and as the cross 
section for charge exchange with the production of 
one neutral pion is already small, the residual back- 
ground due to this reaction is negligible. The proba- 
bility of seeing at least one 7-ray for the reaction 
involving 2n~ is 98 ~o which excludes possible back- 
ground due to the charge exchange reaction with 
many neutral pions. 
The distribution of our measured ff production angles 
is shown in Fig. 1. It peaks in a narrow forward cone 
as expected for charge exchange reactions. F rom two 
particle kinematics the energy of the fi is computed for 

each event and plotted in Fig. 2. The mean kinetic 
energy is 750 MeV. F rom the two possible solutions 
for the fi momentum we chose the larger one since 
the smaller solution was always approximately 10 
MeV/c. Such a slow fi does not travel far enough 
before annihilating to pass the vertex separation cut 
made at the scanning stage. 

2. Event Sample 

We measured 484 events with 2,365 charged secon- 
dary tracks. Among these events we found 411 events 
with a total of 2,008 tracks with unambiguous mass 
and charge assignment (minimum ionizing positive 
tracks were considered for dynamical reasons as un- 
ambiguous re+). These unambiguous 411 events were 
used for the determination of multiplicities, momen- 
tum and angular distributions. To correct this sample 
for possible event loss or contaminations we com- 
puted for each of these 411 events the relative weight 
according to the misidentification probability due to 
the following effects: 
a) Tracks with secondary interactions near the anni- 
hilation vertex leading to a rc+/Tz - ambiguity or even 
to a rt§ ambiguity; the corrections for this effect 
were determined with the help of the remaining 73 
events of our sample where such secondary interac- 
tions were observed. 
b) Misidentification of short stopping re- as protons: 
this effect leads for example to the erroneous identifi- 
cation of the reaction ~p ---, 7~ § r~ § 7~- with z -  momen- 
tum below --~ 60 MeV/c as fiA--.,pTt + 7~ § 
The distribution of the weights is shown in Fig. 3. 
The 411 weighted events were then used for the 
determination of multiplicities, momentum and 
angular distributions shown in Figs. 4-9. 
It should be noted that we made no attempt to 
correct for the rt/K misidentification, considering all 
non identified kaons as being pions. In our sample we 
expect around 50 kaons [2] from which we found 
only 5. 
Events with the total charge + 1 in which only pions 
were seen were classified as type tip. It was impossible 
to distinguish whether an event of this type was an 
annihilation on a free proton or inside a nucleus. It 
can be estimated I3, 2] that most of tip type events 
were annihilations on free protons. Leaving out all of 
them would introduce a bias to the fiA sample. We 
have attempted to correct for this measuring some 
number of ~p type events. This number was chosen 
to be equal to the number of ~n type events. The 
assumption was made that both types of annihi- 
lations occur with equal frequencies in the nucleus, 
and that the probability to produce no proton tracks 



H.-J. Besch et al.: An Experimental Study of the Antineutron-Light Nucleus Annihilation 199 

I 

120 

I00 

BO 

60 

40 

20 

events 411 entries 

_g 
o.e llo 

tL 
1.2 l J, weight 

Fig. 3. Distribution of the weights correcting experimental gain or 
loss of events of different topology 
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from model 
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Fig. 9. Angular correlation between protons. Dashed line: results 
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Table 2. Mean multiplicities and energies 

,gp [2] pp [1] This expt. 
at rest 1.6 GeV/c ~TA 1.4 GeV/c 

(n~. _o) 5.02 5.43 - 
(n~. _ ) 3.06 3.43 2.82 +0.07 
(n~_) 1.53 1.72 1.23 +0.04 
(n~) - - 2.12+0.09 
(T~) 234 MeV 377 MeV 322 +8 MeV 
(Tp) - - 88 +2 MeV 

The energy distributions of pions and protons are 
shown in Fig. 7. The mean kinetic energy of the pions 
is 322+8  MeV. The protons have a mean energy of 
8 8 + 2  MeV. Protons with less than ~ 1 7  MeV are 
lost because their range in the liquid is shorter than 
5 mm. Above 175 MeV (momentum:  600 MeV/c) 
some protons may be missing due to misidentifi- 
cation as rr +, because we have defined all weakly 
ionizing positive ambiguous tracks (163 tracks) to be 
pions. In Figs. 8a, b, c, d the pion and proton angular 
distributions are plotted. 
We note that the distribution of energy and emission 
angle for pions resemble the corresponding distri- 
butions in the annihilation on free protons or neu- 
trons, see Fig. 7 a and 8 a. 

4. Descript ion o f  Data  in Terms  
o f  a Phenomenologica l  Mode l  

is equal in both cases. Having adjusted the number  of 
ffp type events in this way, the fraction of events 
without protons becomes 0.19 +0.03. 

3. Results  

The measured multiplicity distributions are shown in 
Fig. 4 and compared  to the multiplicities from anni- 
hilations on free nucleons in Table 2. The mean 
prong number  is increased by --, 1.5, resulting from a 
mean proton multiplicity of  ~2.1 and a reduction of 
the mean charged pion number  by ~ 0.6. 
In Fig. 5 is plotted the total charge of the pions. For 
the events without proton tracks, practically only the 
charges 0 or 1 are observed, corresponding to annihi- 
lations of the fin or ffp types. Correlations between 
pion and pro ton  multiplicities are investigated in 
Fig. 6. The plots of  the mean proton multiplicity vs. 
the ~+ multiplicity shows a negative correlation 
while there is no significant dependence between ( % )  
and the re- multiplicity. 

To describe the data on ff annihilation in a nucleus 
we developed a simple Monte  Carlo type model 
similar to intranuclear cascade models [4], which 
accounts for the main properties of observed distri- 
butions. (When we speak about  annihilation in the 
nucleus we mean the annihilation in the various 
nuclei of the chamber filling, see also Appendix A.) 
Our model is based on the assumption that the ~- 
nucleus interaction is a two step process. In the first 
step, the ~ annihilates on one of the bound nucleons 
inside the nucleus which is assumed to have a smooth 
density distribution known from experiment [5] (see 
also Appendix A). In the second step the annihilation 
products reinteract inside the nucleus. We assume 
that the annihilation on bound nucleons is the same 
as annihilation on free ones. In the annihilation on 
free nucleons only pions are produced. Around 1.6 
GeV/c incident momentum the average pion multi- 
plicities are [1, 6] 

(n~§  and ( n ~ . _ ) = 3 . 4 .  

The angular and momentum distributions of annihi- 
lation pions are determined by phase-space in each 
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final multiplicity. In Table 2 we summarized the main 
results on annihilation of antiprotons on free protons 
relevant to our investigation. For antineutron-neu- 
tron annihilation we assumed that the process is the 
same as the antiproton-proton annihilation. 
For the outgoing pions two reinteraction types were 
considered: a) absorption and b) scattering. Absorp- 
tion is responsible for the reduction of the observed 
mean charge multiplicity in the annihilation from 
3.43 +0.04 on free nucleons to 2.82 +0.09 on nuclei as 
observed in our experiment. This reduction cannot be 
due to the charge exchange reaction. The charge 
exchange reaction effects only slightly the charged 
pion multiplicity since the probability for rc ~ to ex- 
change charge inside the nucleus is approximately 
two times bigger than for charged pions and the ratio 
of charge to neutral pions in the annihilation is ~ 1.8 
[1]. 
The effects of scattering show up mainly in the pion 
kinetic energy (or momentum) distribution. The pri- 
mary distribution of pion kinetic energies annihi- 
lation on bound nucleons is compared with data in 
Fig. 7a. 
From this figure it can be seen that the observed 
pions have, on the average, lower kinetic energy than 
the pions from the primary annihilation (dashed line). 
This effect can be understood as due to the elastic 
scattering of pions. 
The absorption and scattering cross sections for 
pions in our energy region are strongly energy de- 
pendent due to the effects of the A-resonance. The A- 
resonance width in nuclear reactions is observed to 
be approximately 50 ~ broader than in the scattering 
on free nucleons or absorption on free deuterons [7]. 
To take into account this broadening effect, which 
has not yet been well understood, we take as energy 
dependence for the elementary pion processes of ab- 
sorption and scattering the shape of the pion reaction 
cross section observed on Carbon [7]. This cross 
section shows the A-resonance peak which is roughly 
50 ~ broader than the resonance in nN scattering. 
After the pion production in the primary annihilation 
was simulated in the computer the path of each pion 
through the nucleus was followed. The pion rein- 
teraction point was chosen according to the probabil- 
ity distribution 

exp ( -  a(En) S p(2') d2') 

where 2' parametrizes the path along the pion direc- 
tion, a(En) denotes the absorption or scattering cross 
section and p is the nuclear density. 
The cross sections for scattering and absorption were 
taken in the form 

- -  r e a c  r e a c  Crs--a~rn , (Tab=ban . 

Here, a and b denote constants which were fitted to 
the data in such a way that the average charged pion 
multiplicity and the average pion kinetic energy were 
reproduced. The angular distribution for elastic scat- 
tering was parametrized in a similar way to that 
described in Ref. 4. In this way we obtained the mean 
pion scattering length in nuclear matter 

2~2 .1  fm. 

This value agrees well with the mean pion scattering 
length estimated from the elastic scattering on free 
nucleons. The predicted shape of the pion kinetic 
energy distribution with the elastic scattering 
switched on also agrees well with the observed 
one (see Fig. 7 a). 
The mean pion absorption length in nuclear matter 
was found to be 

2~b = 7.5 fm 

and is also in reasonable agreement with the values 
obtained in other experiments [8]. In particular we 
computed, with our fitted absorption cross section, 
the zt+C total absorption cross section at Tn=130 
MeV and obtained o~b~ This value 
should be compared with ,,'xP=189+19 mb as ob- Vab  

served in the experiment of Bellotti et al. [9]. The 
energy of the Bellotti et al. experiment lies in the 
region of strong energy dependence of the absorption 
cross section; nevertheless, we obtained a good agree- 
ment. 
In our model protons are produced through scatter- 
ing and absorption of pions. A scattered proton with 
energy greater than the binding energy was assumed 
to leave the nucleus. The mean number of protons 
knocked out by intranuclear scattering was found in 
the model to be (n~)=0.9. The mean number of 
protons per event from absorption was then found to 
be (n~ b) = 1.25 just giving together with (n~) the 
observed mean proton number (np)=2.12_+0.09. 
The mean number of protons per absorbed pion 
which was also found to be 1.3, is in good agreement 
with the measurement of Ballandin et al. [14], where 
(n~ b) ~ 1.6 per absorbed pion (averaged over charge) 
was observed. We assumed further that absorbed 
pions give their energy to the whole nucleus which 
then emits nucleons in a statistical way with (n~, b) 
=(n~b)=l.3. The angular and momentum distri- 
butions were then obtained from phase-space. The 
distributions for all protons are compared to experi- 
ment in Figs 7b and 8b and agree very well. The 
small discrepancy between the predicted value for the 
mean proton kinetic energy (107 MeV) and the exper- 
imental one (88+_2 MeV) can be understood as a 
consequence of our decision to treat all tracks with 
moments above 600 MeV/c as pions. 
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Table 3. Comparison of the data about ~ annihilation at rest in 
different materials [10] with the predictions of our model 

A (n~-) (n~.) (n=. -) 

exp. mod. exp. mod. exp. mod. 

C 1.57 1.62 1.22 1.25 2.79 2.87 
Ti 1.49 1.51 1.09 1.16 2.58 2.68 
Ta 1.46 1.45 1.01 1.05 2.47 2.50 
Pb 1.49 1.45 0.95 1.04 2.44 2.49 

Table 4. Comparison of the data from the /~ annihilation in 
emulsion [11] with the predictions of our model 

ff incident (n,. - ) ( T, + ) 
momentum 

exp. model exp. model 

At rest 2.61+0.08 2.60 226_ 8 222 MeV 

In flight 
(Tp)=154 MeV 2.34+_0.08 2 . 3 0  217+11 229 MeV 

Table 5. Predictions of the model for annihilation products multi- 
plicities and energies in different nuclei at 1.4 GeV/c incident 
momentum 

(n~_) (n~.) (n~-) (np) (T~) (Tp) N.S. prob. 

C 2.80 1.60 1.20 2.03 321 105 80 ~o 
F 2.63 1.50 1.13 2.41 320 108 84~ 
Br 2.26 1.29 0.97 2.81 297 107 86 

N.S. (nuclear signature) probability denotes the percentage of 
events with at least one proton seen 

Because of the large cross section of the annihilation 
process the antineutrons annihilate preferentially on 
the surface of the nucleus. This effect leads in turn to 
a deviation from isotropy in the angular distribution 
of protons (Fig. 8b), due to the fact that more pions 
are absorbed and scattered in the forward direc- 
tion. 
In our model we do not expect any angular cor- 
relation between protons since they are emitted in a 
statistical way. This is in agreement with the data 
(Fig. 9) and does not contradict the fact that normally 
such correlations are observed as a consequence of 
the quasideuteron pion absorption mechanism. As 
was observed by Bellotti et al. [9], only 10-209/o of 
pions are absorbed through the quasideuteron mech- 
anism. Such an amount  of quasideuteron absorption 
would not lead to visible angular correlations be- 
tween protons in our experiment. 
The observed pion-proton multiplicity correlations, 
see Fig. 6, are due in our model to the conservation 
of energy and charge. Energy conservation tends to 
produce a negative correlation while charge con- 
servation in the case of n + leads to negative and in 

case of  rr- leads to positive correlations. For  7r-, both 
effects cancel. 
In Tables 3 and 4 we show the comparison of the 
prediction of our model for mean charged pion mul- 
tiplicity and energy with the data of other experi- 
ments on /~ annihilation in different nuclei and at 
different energies. The dependence of pion absorption 
from the target a tomic number  A can be tested with 
data of  Bugg et al. [10], who measured the mean 
charged pion multiplicity for p annihilation at rest 
in C, Ti, Ta and Pb. The multiplicity is observ- 
ed to decrease with increasing A. This effect has an 
obvious origin and is quantitatively well described 
by our model (see Table 3). The variation of the 
incident antiproton energy leads to two opposite 
effects: a) with increasing /~ energy the mean pion 
path  length inside the nucleus increases, since the 
annihilation takes place on the average deeper in the 
nucleus, b) with the increasing p energy the annihi- 
lation pion energy grows and leaves the region of 
A-resonance reducing the absorption cross section 
quickly. The energy dependence can be tested with 
an emulsion experiment of Ekspong et al. [11], see 
Table 4 and is quantitatively well described by the 
model. Calculated results for the ff annihilation on F 
and Br are given in Table 5. 

5. Conclusion 

In our  experiment we investigated the gross features 
of  annihilation of antineutrons in nuclei (mainly in 
Carbon). We determined the distribution of multi- 
plicity, momentum and emission angle for charged 
pions and protons together with some correlations. 
The physical interest in this reaction lies in the fact 
that ff annihilation acts as a pion factory inside the 
nucleus and sheds some light on the interaction of 
pions with nuclei. The data can be well described 
with the help of a simple, intranuclear cascade type 
model. We compared also the predictions of our 
model  with the data of  other experiments on/Y anni- 
hilation in different nuclei and at different energies. 
The agreement was also satisfactory. 
Besides the interest in physics of antinucleon annihi- 
lation in nuclei our results can be useful for accep- 
tance calculations for counter experiments detecting 
antineutrons by their characteristic annihilation. 
Such experiments are presently being performed at 
DESY and SLAC. 

Appendix A 

Determination of Total Annihilation Cross-Section 
on Different Nuclei 

In our experiment the heavy liquid bubble chamber 
Gargamelle  was filled with a propane-freon mixture. 
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Fig. 10. Calculated pC and pCu annihilation cross-sections (with 
error bars !) and measured values (full line !) 

The percentages of Hydrogen, Carbon, Fluorine and 
Bromine in this mixture are given in Table 1. The 
total annihilation cross section in the energy region 
of our experiment has been measured in Hydrogen 
[-2% Carbon and Copper [,12]. To determine the 
relative probabilities for annihilation on Fluorine 
and Bromine we made the following simple com- 
putation. 
We assumed that the nuclear matter density of nuclei 
p(r) is given by 

0.169 nucleons/fm 3 
p(O = 1 + exp ( ( r -  (c + A c))/(0.35 fm)) 

where c denotes the half density radius determined in 
electron scattering [,5], A c denotes a constant which 
we add to the nuclear radii of C, F and Br, to take 
into account the strong interactions. Using the anni- 
hilation cross sections on free protons and neutrons 
we then computed the annihilation cross section on 
Carbon and fixed the value of A c by fit to the data at 
1.6 GeV/c incident p momentum. In this way we 
obtained A c =0.6 fm. The radius of Carbon obtained 
in electron scattering is 2.2 fm. With the constant A c 
fixed, we computed the nuclear annihilation cross 
sections for Carbon and Copper at all energies at 
which the annihilation cross sections were measured 
by Abrams et al. [,12]. The comparison to the data 
shows a good agreement, see Fig. 10. In the same way 
we computed the annihilation cross section for Fluo- 
rine and Bromine and determined then the percen- 
tages of annihilation on each of the target nuclei 
present in the Gargamelle filling. The results are 
given in Table 1. 

We would like to thank for valuable discussions and suggestions L. 
Montanet, J. Htifner, V. Rittenberg, T.E.O. Ericson and F. Myhrer. 
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