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Abstract 

A description of the antineutron code built up to study the performances 
of the PS199 ANC detectors is given, together with the physical inputs for 
the code, and a review of the results. 



1 Introduction 

The aim of this report is to describe the Monte Carlo code for the antineutron 
detectors used in the PS199 experiment at LEAR. It is organised as follows: first of 
all there is a short description of the experimental set-up with some details for the 
antineutron detectors; then the parametrizations for the various cross-sections are 
detailed and the simulation procedure is described. At the end an overview of the 
results is given. 

Experiment PS199 took data to measure the angular dependence of the spin 
observables Aon (at 8 energies, among 600 and 1300 MeV / c momentum of the an
tiproton incident beam), and Donon (at 600 and 900 MeV Ic) in the charge-exchange 
channel pp --> fin. The results for Aon at all energies have been already published ([1] 
and [2]) as well as the measurement of the charge-exchange differential cross-section 
at 693 Me V I c [3] and the measurement of Donon at 875 Me V I c [4]. 

The layout of the experiment is shown in fig. 1; the neutron and the antineutron 
produced in the charge-exchange reaction are detected in the NC and ANC detectors 
respectively. We have used a polarized pentanol target (PT), working in 'frozen spin 
mode', for the measurement of Aon and Donon , with an average polarization of ~ 80% 
during the data taking. For calibration purposes we have collected some data also 
on a liquid hydrogen target, that can be placed inside the cryostat of the PT. The 
three NC detectors are made with scintillator counters (BC 412, equivalent to NE 
llO), 8 cm wide, 20 cm thick and with a length ranging from 40 to 130 cm. The bars 
are arranged vertically with the smaller ones close to the beam axis, and are viewed 
from each end by 5' PMs; this allows the measurement of the interaction point 
along the bar axis (y-coordinate), which is given by the difference from the top and 
bottom PM's time-of-flight (TOF), and a reduction of the spurious signals asking a 
top-bottom coincidence. The antineutron detectors (ANCs) are optimized to detect 
fi's annihilations. The ANC consists of five identical modules. Each module is made 
of four planes of limited streamer tubes (LST) with :v and y external read-out, which 
covers an active area of 202 x 166 cm2 (horizontal x vertical). In the middle of each 
module there is a hodoscope plane, 1 cm thick, made by six vertical scintillator 
slabs, 33 cm wide and 166 cm long, for trigger purpose and TOF measurement. 
Also these slabs are viewed by two PM. each, and a hit is given by a top-bottom 
coincidence. Two walls of aluminium, 6.4 mm thick, close up a module, that is only 
155 mm thick. Iron slabs, 3 cm thick, and a surface of 200 x 166 cm2 , are interleaved 
between the modules, acting as antineutron absorbers; together with the aluminium 
of the modules they give 90% of the interaction length of the detector. Due to this 
most of the antineutrons annihilate in the absorbers, giyjng a characteristic star 
pattern in the nearest LST planes; the tracks of the charged particles (mostly pions 
and electrons from electromagnetic showers of the I'S from 11"0 decay) produced in 
the annihilation are then reconstructed by the off-line analysis. 

The beam line used by the experiment is the Cl from LEAR, with a typical 
intensity of 106 antiprotons per second. A complete description of the apparatus 
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and of the data analysis can be found in ref. [2J. 

2 Antineutrons identification 

The basic philosophy for detecting the n's is to reconstruct by the LSTs the tracks 
of the charged particles coming from the annihilation in one of the four iron slabs, 
where about 85% off the material of the detector is concentrated (the structure is 
modular in order to increase the detecting efficiency by increasing the annihilation 
probability). 

The iron slab thickness was chosen as a compromise among these three condi
tions: 

• large n annihilation probability; 

• large "I (from ?r
0 decay) conversion efficiency; 

• small absorption of charged pions. 

An antineutron is identified by requiring in the off-line analysis a 'star' pattern in 
one of the ANC detectors, i.e. at least three tracks in one projection of the ANC 
(xz or yz), meeting within well defined tolerances in a single point inside one iron 
slab; on the other projection at least two tracks, crossing in the same iron slab are 
required. As a consequence, we need three or more charged particles coming out 
from the absorber, and the multiplicity of the annihilation products is a critical 
point for the antineutron identification. Thus a crucial point in the development of 
the simulation program is the description of the annihilation. The N N annihilation 
data show that on average five pions are produced (with on average two ?r0), but, 
when the annihilation occurs inside a nucleus, final state interactions can alter the 
multiplicity. The CERN standard package for detectors' developments and Monte 
Carlo simulations GEANT [5J works in the 'impulse approximation' (annihilation 
on a single nucleon in the nucleus) and does not take into account, for example, the 
Fermi motion of the nucleon and nuclear cascades that can be initiated by pions 
in the nuclear matter. Moreover, the nuclear processes are not well known in the 
low energy range of this experiment and the parametrizations of the hadronic cross
sections are not accurate enough below 2 GeV. To overcome these problems we 
have built up a Monte Carlo starting from the Infra Nuclear Cascade code (INC) 
developed by Iljinov et al. [6, 7J, that simulates all the inelastic antinucleon-nucleon 
interactions inside the nucleus; in addition we have used recent LEAR cross-sections 
data (both N Nand N A). 

The Monte Carlo can be used to solve most of the problems connected with the 
antineutron detectors and with the data-taking setup. These are: 

• AN C efficiency as a function of the n topology; 

• "I contamination (i.e. detection efficiency for photons); 

4 



• energy dependence of the antineutron reconstruction efficiency; 

• edge effects on reconstruction efficiency; 

• smearing effects in the charge-exchange ~~ measurement; 

• overall efficiency of the ANCs with our data taking set-ups. 

The program can also be used for 

• optimization of ANC geometry; 

• tests of the off-line reconstruction program; 

although historically it was not used for these purposes due to the very long tuning 
time the full program has required. 

Some of the previous items need few words of explanation. By edge effect we 
mean the variation of efficiency as a function of the distance from the annihilation 
point and the border of the ANC detector. The smearing effect is the distortion 
of the measured angular distribution due to elastic and inelastic interactions of the 
fi's in the NC detector located before the ANC. A good estimate of the smearing 
corrections is quite important for an accurate measurement of the differential charge
exchange cross-section. In section 5 we describe the results of the Monte Carlo 
simulation for some of these points. 

3 Input of the antineutron code 

In the first paragraph of this section we give the used parametrization for the an
tineutron total and differential cross-sections in the different materials (Fe, AI, cn 
of the organic scintillator ... ); in the second one a brief description of the annihila
tion process itself. Finally we give the cross-section for the interactions of charged 
pions produced in the annihilation and we recall all the electromagnetic processes 
considered by the EGS Package [8], which is used to simulate the interactions of the 
photOlLs coming from the ",0 decay. 

3.1 Antineutron cross sections 

The only existing measurement of low energy fi-nucleus annihilation cross-section, 
is the one on iron from ref. [9], whose data have been parametrised as a function of 
energy as: 

_ ~ ( 233) uan(n, Fe) = 891 + p .. P .. III GeV Ie, U a" in mb (1) 
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The extension to other nuclei is made assuming a A 2/3 dependence from the atomic 
mass number; so we have: 

ITan(ii, A) = (61 + ~:) . A2
/
3 (2) 

To describe the antineutron interaction with the hydrogen nucleus, a different para
metrization is used, according to the data of ref. [10]: 

(3) 

No elastic cross-section data exists, but, looking at jip data (see for instance [11]), 
we can put with a realistic approximation: 

(4) 

We have taken the ii differential cross-section equal to the ji elastic cross-section 
of ref. [12], which we have parametrized as a superposition of two gaussians: 

where: 

dIT {3 -bO' -aO' -= ·e +a·e 
df)2 

{3 = 82 X AC' x P~' 

b = 19 x A C
' x P~' 

Cl = 1.50 

C3 = 0.67 

a = 0.0013 x {3 a = 0.12 x b 

C2 = -0.2 

C4 = 1.85 

(5) 

and Pit in Ge V / c. This expression overestimates a bit the elastic cross-section at 
large scattering angles: in this way we take into account also the effect of inelastic 
ii-nucleus scattering (important at large angles), not parametrized in the Monte 
Carlo. 

3.2 The Intra Nuclear Cascade code 

As mentioned in section 2, the ii annihilation on nuclei is simulated with the INC 
code of lljinov et al which is recommended for energies up to 10 GeV. This cascade 
model is a refined tool to describe the N -nucleus processes. It takes into account the 
distortion given by the Fermi motion, and the pions produced in the annihilation can 
also interact in the nuclear matter. This can lead to thermalized nuclei production 
and a subsequent de-excitation of the residual nucleus through evaporation and 
multifragmentation, and alters both the pion energy spectrum and the mean pion 
number. The basic assumptions of the INC model are the following [7]: 
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1. inelastic hadron-nucleus interactions are a succession of independent collisions 
of primary and fast secondary particles with nucleons; 

2. the pion multiplicity in N N annihilation is generated according a statistical 
model [13]; 

3. the particles involved in the cascade are treated as classical, and any interac
tion between them is neglected; 

4. the cross-sections for elementary collisions are the same as in vacuum, ex
cept that the Pauli exclusion principle prohibits the transition of the cascade 
nucleons into states that are filled with intranuclear nucleons. 

The nucleus is described as a mixture of degenerate Fermi gases of neutrons and 
protons, confined in a spherical potential well. The momentum distribution of the 
nuclear nucleons is given in the local Fermi-gas approximation. 

The code we use takes into account only annihilations with uncorrelated pions in 
the final state, neglecting strange particles productions and intermediate channels 
with heavy mesons such as p and w. Also the nuclear fragments, necessary for a 
detailed energy balance of the reaction, lose their importance in the successive steps 
of our simulations. Protons, deuterons, a particles or bigger fragments can cross 
only small absorber thicknesses, due to their short range at these energies, and don't 
come out of the iron plate. Also neutral fragments, such as neutrons, are not treated 
by our code since in most of the cases they don't give any signal either in the LSTs 
or in the scintillator planes. 

In fig. 2 we show the energy distributions of charged pions for incident antineu
trons ranging from 'at rest' up to 1500 MeV Ic (the distributions for neutral pions 
are essentially the same). All the distributions show an almost identical shape, with 
a peak around 200 MeV of total energy, and a long tail that extend up to ~ 1 GeV. 
For higher incoming n momenta is also visible a small bump at an energy (~ 300-
400 MeV), that slowly increases while increasing the n momentum. The low energy 
peak is mainly due to pions that undergo nuclear reactions and start nuclear cas
cade, losing almost all their kinetic energy. The bump is located around the average 
energy for pions produced by annihilations on free nucleons. The pion multiplicity 
for annihilation on iron, at different n momenta (among 100 and 1500 MeV Ic) is 
presented in fig. 3, while the mean values are shown in table 1. The multiplicity 
changes weakly in our energy range. Furthermore, we can notice that there is a small 
decrease of the average pion number around 500 MeV I c. Figure 4 shows the angular 
distribution of the charged pions with respect to the n line-of-flight at different en
ergies. It is interesting to note that a forward-backward asymmetry is present also 
for annihilation at rest, indicating that annihilation is a surface mechanism: only 
forward going pions, that cross the nuclear matter interact with the nucleons; at 
higher energies the Lorentz boost stretches the distribution toward the forward di
rection. The integrated forward-backward asymmetry for neutral and charged pions 
is given in table 2. 
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mean pion multiplicity 

Pii at annihilation point out of iron plate 
GeV/c 11"± 1I"u total 7r;ut e;ut total 

0.10 2.45 1.78 4.23 1.47 2.55 4.02 
0.25 2.41 1.79 4.20 1.42 2.51 3.93 
0.50 2.38 1.76 4.14 1.43 2.38 3.81 
0.75 2.39 1.82 4.21 1.42 2.63 4.05 
1.00 2.45 1.85 4.30 1.49 2.60 4.09 
1.25 2.52 1.92 4.44 1.54 2.75 4.29 
1.50 2.59 1.99 4.58 1.59 2.92 4.51 

Table 1: Mean pion and electron multiplicity as a function of the incoming antineu
tron momentum. The first three columns show the number of charged and neutral 
pions given by the annihilation on iron from the INC code. Columns four to six 
give the charged particles multiplicity, for particles that come out from the absorber 
slabs. 

Pii 
GeV/ c 
at rest 
0.25 
0.50 
0.75 
1.00 
1.25 
1.50 

forward - backward asymmetry 

forward backward 
46.65 53.35 
49.04 50.06 
52.95 47.05 
56.81 43.19 
60.40 
63.16 
64.52 

39.60 
36.84 
35.48 

forward backward 
47.03 i

l 
52.97 

49.40 50.60 
53.51 46.49 
57.89 42.10 
61.41 
64.01 
65.95 

38 .59 
35.99 
36.05 

forward backward 
48.27 51.73 
50.02 49.08 
53.36 46.64 
55.75 44.25 
58.66 
60.38 
60.98 

41.34 
39.62 
39.02 

Table 2: Asymmetry in neutral, charged pions and photons angular distribution 
with respect to the n line-of-flight. 
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3.3 Neutral pions 

Neutral pions have a very short life-time (8.4 x 10-17 s), and also at the maximum 
energy of the pion spectrum, the decay path is of the order of 1.3 /lm. Therefore we 
can assume that they decay in two ,),'s just at the n annihilation point. The simu
lation of the ,),'s interactions with our apparatus is made by means of the standard 
EGS code developed at SLAC. This package, applicable to ,),'s from a few keV up 
to 30 Ge V, reproduces all the main characteristics of the cascade development and 
contains a full set of programs where the cross-sections, necessary to the simulation, 
are computed for all materials. 

The different processes simulated in the code are the following: concerning pho
tons we have 

• Compton scattering; 

• pair production; 

• photoelectric effect; 

while for electrons the following processes are considered: 

• multiple scattering; 

• positron annihilation; 

• Bhabha scattering; 

• M~ller scattering; 

• bremsstrahlung. 

Cuts on electrons and ,),'s energies must be set in the data cards of the code. We 
choose to cut below 0.4 MeV and 0.9 MeV for photons and electrons respectively. 

In fig. 5 we can see the energy distribution ofthe photons for 500 MeV / c incoming 
n momentum, that essentially reproduces the trend of the pion spectra. Figure 6 
shows the distribution of the distance between the photons' creation point (i.e. 
the n annihilation point) and their conversion point projected along the axis of 
the detector. The large peak at !1z = 0 is due to photon conversion in the same 
iron plate where the n annihilates; the others peaks come from conversions in the 
scintillator plane (!1z =8 em) and in the nearest iron absorbers (!1z =19 cm). 

3.4 Charged pions 

To take care of the charged pion interactions in the detector, elastic, inelastic, ab
sorption and charge-exchange nuclear cross-sections are considered; they are evalu
ated by means of a linear interpolation of the existing '}1'+ and '}1'- data at different 
energies [14]. The nuclear interaction probability is calculated using: 

(6) 
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Q = O"tot(E) . NAV • piA, 

then, the type of interaction is selected. 
For the differential elastic cross-section the following parametrization is used [15]: 

dO" 1.44.A' /' .t/4.197' 
dt IX e , t = 2p" (cosll ' - 1). (7) 

The scattering angle in the center-of-mass system is evaluated using the standard 
kinematical relations; the laboratory scattering angle is obtained by means of a 
Lorentz transformation from the 'Ir N center-of-mass system (interaction with only 
one nucleon of the nucleus), and without taking into account the Fermi motion. 

The differential inelastic cross-section is given by [16]: 

dO" IX et/ 8·"·<T;n·1.97' (8) 
dt 

The scattering angle in the laboratory system is evaluated, taking into account the 
mass of the nucleus since the inelastic process is supposed to interest the whole 
nucleus and not only one nucleon, as for the elastic scattering. 

The charge-exchange differential cross-section of 'Ir± A -> 'lr0 X is given in the ap-
proximation of pure pion-nucleon interaction, using the parametrization of ref. [17]: 

dO" 4 . 
- = "c', cos' II' (9) dO.' L. 1 

1=1 

with the values of the coefficients Cj that are evaluated by a fit of the data. 
Electromagnetic interactions are treated as a continuum process and not as single 

scattering events. We take into account multiple scattering and energy loss by 
ionization, step by step, with a step size (different for the various materials) that is 
of the order of ~ 1 % of the total nuclear interaction probability; as an example this 
roughly corresponds to a millimeter step path in iron. The energy loss of charged 
pions by ionization is evaluated according to the classical Bethe-Bloch formula: 

( 
dE ) = D . Zmed . pmd . (Zinc) 2 [In (2 . me . ,2 . fJ2 • c

2
) _ (32] (10) 

dX ion Amed {3 I 

where: 

Zmed and Amed are atomic and weight numbers of the material, pmed is the density, 
m e is the electron mass, and I is the ionization constant. The angle of multiple 
scattering is generated in the two projections (xz and yz) according to a gaussian 
distribution, with a width given by: 

II - 14.1(MeV/c) . Z · . J L . [1 !.l (.!:..-)] 
0- p . {3 mc Ln + 9 oglO Ln (11) 

where Ln is the radiation length and p is the pion momentum. The value of the pion 
momentum p is randomly chosen between its initial and final value in the moving 
step. 
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4 The Monte Carlo code 

The code is made with five different programs, and all the informations are trans
ferred from one to others by means of six files. The flow diagram is displayed in 
fig. 7; the routines are the rounded boxes and the output-input files are the square 
boxes. At the end of the program chain we are left with one file (shown with EPIO 
FILE in the previous figure), where data are decoded with the same format of ex
perimental ones. All the different steps of the simulation (ANTNEF, PANEGS and 
PANCLU) use the same ANC geometry that is shown in fig. 8. It is also possible to 
turn on and off the presence of the NC detector in front of the antineutron counter, 
taking into account or not n interaction with the hydrogen and carbon nuclei of this 
detector. 

The ANTNEF program generates the incoming antineutrons according one of 
the following choices: 

• orthogonal to the ANC and in its centre; 

• orthogonal to the detector and uniformly distributed over the whole surface; 

• isotropically emitted from the target; 

• emitted from the target, 

by the ANC. 

according to (:~) _ _ in the angular range covered 
pp-+nn 

For the first three options, the n momentum is fixed inside one simulation, while for 
the forth one, we give the ji beam momentum, and the n momentum is evaluated 
from the generated scattering angle. 

ANTNEF simulates all the n interactions with the ANC and NC detectors. 
If an antineutron annihilates inside a counter, the program reads from the INC 
file the number of produced pions together with their direction, momentum and 
charge; neutral pions immediately decay into photons. This closes the first step of 
the simulation. All the informations about pions and photons are written in the 
input file for PANEGS and PANCLU, together with the antineutron annihilation 
position. In table 3 we show the results of one ANTNEF simulations for a beam 
of antineutrons incoming in the ANC centre and without the NC in front of the 
n detector. As we can see most of the antineutrons stop in the ANC counter and 
most of these annihilations (~ 80%) take places inside the absorber plates. On the 
other hand ~ 25 - 30% of n's undergo an elastic scattering in the ANC, before 
annihilating. 

The distribution of n annihilation points along the z direction with and without 
the NC is presented in fig. 9 and fig. 10 respectively; in both the cases the momentum 
of the incoming antineutrons is 500 MeV/c. They show the exponential behaviour 
due to absorption. 

The PANEGS code is based on the EGS package and simulates the electromag
netic shower development. When a charged particle of the shower (namely e±) 
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annihilations (%) 

p" total annih.with absorbers total 
GeV/c annihi. elastic sc. 1° 2° 3° 4° absorbers 

0.10 99.36 32.98 53.65 15.62 3.84 0.67 73.78 
0.25 93.74 30.80 4Q.43 21.42 10.67 3.98 76.50 
0.50 86.54 26.42 35.61 22.66 13.85 8.63 80.75 
0.75 82.64 25.40 33.76 22.82 14.71 9.92 81.21 
1.00 80.71 23.80 32.80 22.31 15.09 10.32 80.52 
1.25 78.95 23.67 31.79 23.05 15.37 10.67 80.88 
1.50 78.26 23.10 31.50 23.30 15.44 10.74 80.98 

Table 3: Annihilation probability in the ANC for different incoming n momenta. 
We can notice that about 80 % of the annihilations are on the absorbers 

crosses an active layer of the apparatus the code recorded the hit position. On av
erage 1.25 charged particles (e±) come out of the iron thickness for each '11"0. Pair 
creation from '"Y helps considerably the star pattern reconstruction; as we can see 
in table 1, on average less then two charged pions per event come out from the ab
sorber, while more than two electrons give a signal in the nearest LST plane. If we 
switch off the electromagnetic particles from the simulation the 'star' reconstruction 
efficiency decreases of about 70%. Indeed, we chose thick iron as absorber just to 
pull on the '"Y conversion probability. 

Finally, the PANCLU program simulates the passage of charged pions through 
the different media of the counter. As mentioned before, nuclear interactions as ab
sorption, inelastic, elastic and pion charge-exchange are taken into account together 
with the electromagnetic processes. The hit of a charged pion with LST planes and 
scintillator hodoscopes is then recorded. The conversion from a hit to a x and y 
cluster of strips is made at this level. The cluster size is given according the exper
imental distributions measured with cosmic rays [18] that depend on the Bx and By 
angles of the particle. The efficiency of the LST (measured to be of the order of ~ 
87-90%) is also taken into account in the simulation. 

In table 1 we show the mean number of pions and electrons corning out from the 
iron plate, together with starting multiplicity. 

At the end READWR builds a suitable output file for the off-line reconstruction 
program using the EPIO CERN standard to allow the transfer of the data on dif
ferent computers. The code has been written in Fortran 77 and typically runs on 
Vax machines. Generally it needs on average about 1.0 sec. for the generation of a 
complete event on a VAXstation 4000-60. 
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5 Results 

As mentioned in section 1 and 2, the ii off-line identification is performed first by 
reconstructing the trajectories of the charged products of the ii annihilation and 
then looking for the common origin of these tracks. Fig. 11 shows a display of a 
Monte Carlo event reconstructed by the off-line analysis; the open circles are the hits 
on the LST planes and the full rectangles are the fired scintillators. The segments 
are the reconstructed trajectories and the cross is the computed annihilation point. 
The 'star' topology of the ii annihilation event is very clear, and the off-line analysis 
reconstruct with a good precision the annihilation vertex. 

5.1 ANC efficiency 

The antineutron stars reconstruction efficiency of the off-line program is easily eval
uated from the ratio between the number of stars found and the total number of ii 
annihilations generated in the ANC by the Monte Carlo. Bearing this in mind, we 
can study some basic aspects of our detector: first of all the dependence of the ANC 
efficiency from the thickness of the iron absorber. We have used a simplified ANC 
geometry with only one absorber and two modules, and generated a monochromatic 
ii beam orthogonal in the centre of the structure. The result of the simulation is 
shown in fig. 12 for 500 MeV Ic incoming ii's. The different curves are: Pa, i.e. 
the annihilation probability in the counter; PT> the reconstruction probability, and 
e~NC = Pa • PT> t hat is the efficiency of the simplified ANC structure. As we can see, 
between 1 and 3 cm of iron thickness, the reconstruction efficiency Pr increases with 
the increasing of the thickness and then starts decreasing. The explanation is that 
for a few centimeters thickness the absorption of charged pions is compensated by 
the probability of conversion of photons coming from the 11"0 decay (which increases 
with the thickness) while, by increasing the iron thickness, the absorbtion is domi
nant also in these processes. Knowing e~NG' the efficiency of the full ANC structure 
(eA~C) with the four absorbers and the five modules, can then be evaluated. For the 
full ANC counter the efficiency reaches its maximum value for 3 em iron thickness. 
This evaluation has been done for an ii momentum of 500 MeV Ic, but the result 
depends only slightly on the momentum. 

The second important question we would like to answer by the Monte Carlo 
is the reconstruction probability, and more generally the efficiency of the whole 
detector as a function of the incoming ii momentum. Again we generate ii's which 
hit the ANC orthogonally in the centre, with the momentum increased in step of 
100 Me V I c. The result of this simulation is shown in fig. 13; Pa is the annihilation 
probability inside the ANC, Pr is the reconstruction probability, and f:ANG is the 
product of the previous quantities. As we can see, the dependence of Pr from the 
ii momentum is very small over the whole energy range. This is expected since the 
topology of the annihilation events only slightly changes in our ii momenta range. 
The pion multiplicity in fact (table 1) is almost constant, and the stretching of the 
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angular distribution of the charged products in the forward direction (see fig. 4), 
that raises the density of the hits in the forward hemisphere is not important for 
the reconstruction efficiency. The reconstruction probability with the standard ii 
definition is about 35%. The slope of the ANC efficiency CANG is therefore mainly 
given by the annihilation probability Pa • 

5.2 Geometrical acceptance 

Using a monochromatic ii beam, uniformly distributed on the whole ANC, we can 
evaluate the geometrical acceptance of the detector (needed for the measurement of 
the differential cross-section) and the dependence of the reconstruction efficiency as 
the distance between the ii annihilation point and the detector borJer. The result 
of the simulation is shown in fig. 14; the acceptance increases quite fast up to 30 cm 
from the border, where it practically reaches the full value. The solid curve is a fit 
of the points using a dependence of the following form: 

co 
c(r) = (" ") 

1 + e /l 

where r is the distance from the annihilation point to the edge of the detector, 
co the reconstruction efficiency in the ANC centre, a and f3 the fitted parameters 
(a = 54 cm, f3 = 49 cm). 

5.3 ANC response for ,'s 
The ANC detector is expected to be sensitive also to high-energy "I-rays. In the 
experiment "I'S from P annihilations into neutrals are rejected 

1. at the trigger level by a suitable veto-box (sandwich of scintillators and 1.3 Pb 
radiation length) surrounding the target from all sides except for the incoming 
beam direction, 

2. in the off-line analysis by time-of-flight cuts. 

Still, we have investigated with the Monte Carlo the response of the detector for 
"I's. An incoming "I beam and to reproduce the electromagnetic cascade in the 
detector are simulated; the result is shown in fig. 15 for "I's energies between 100 
and 1000 Me V. The slope of the distribution is given by the fast raise of the average 
number of e± coming out both from the absorber in which the photon showers and 
from the following one. The electromagnetic cascades are in fact forward peaked 
and we can imagine that a star topology is reproduced by one or more charged 
particles that come out from the first absorber and shower again in the next one, 
giving two or more tracks after it. This can be seen in fig. 16 in which are given both 
the distribution along the z-axis of the "I conversion point and of the reconstructed 
star vertex for 500 MeV "I's . For 100 MeV photons, on average, less then half a 
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particle comes out from the iron in which the I showers, while at 300 MeV we have 
on average more than one particle out both from the iron in which the I convert 
and from the following one. The detection efficiency for high energy I (2': 500 Me V) 
is rather high, but more than 80 % of the photons produced in p or fi annihilation 
have an energy lower then 200 Me V and the overall reconstruction efficiency, using 
the distribution of fig. 5, is about only 5%. 

6 Conclusions 

The realization of the Monte Carlo code has required a large amount of work but, 
at the end, we have a very efficient and versatile program, that turns out to be very 
useful to investigate many aspects connected to antineutron detection. 
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Figure 1: PS199 set-up, ANC and NC are the antineutron and neutron detectors. 
The target complex is also shown, the dashed line is the incoming and outgoing 
beam direction. 
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Figure 2: Energy distribution of charged pions coming from the ii annihilation on 
iron, at different antineutron momenta. 
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Figure 3: Multiplicity of charged pions coming from the ii annihilation on iron, at 
different antineutron momenta. 

19 



'" 
~\r~ 

at rest 

• ., , , 
ro'" 

". ~~ 

250 MeV/c 

• ., , 
cosO 

750 MeV/c 

Aljf-'~ ". 

., , , ,,,. 

'" 
1250 MeVlc 

• 4e-~~-~~--!:-~-~~~~, 
ro,9 

'" 
M~~Jl 

100 MeV/c 

• ., , 
,.ril 

". ~~1f\nAvu1 
500 MeV/C 

., , 
,ru. 

1000 MeV/c 

no 

~ 
., • , 

,,,. 

'" 1500 MeV/c 

., 

Figure 4: Charged pions angular distribution for different antineutron momenta as 
a function of the angle 0 between the incoming n line-of-flight and the outgoing ".'s , 
created by the n annihilation on iron. 
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Figure 5: Energy distribution of photons generated by 'lr0 decay. The momentum of 
the antineutrons for this simulation was 500 MeV/c. 
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Figure 6: Distance from the, creation and conversion points along the z axis. The 
large peak at t.z = 0 is due to ,'s conversion on the same absorber where the n 
annihilates. The smaller peaks are located from conversion on the scintillators (t.z 
= 8 em) and nearest irons (t.z = 19 em). 
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Figure 7: Monte Carlo flow chart; the rounded boxes are the different steps of the 
simulation, the squared boxes are the files where informations are recorded. 
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Figure 8: Antineutron counter geometry. 
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Figure 9: Distribution of the ii annihilation point along z-direction in a simulation 
without the NC in front of the ANC counter. 
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Figure 10: Distribution of the ii annihilation point along z-direction in a simulation 
with the NC in front of the ANC counter; about 40% of the annihilations take place 
in the NC. 
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Figure 11: Display of a Monte Carlo event. The black cross is the n annihilation 
point; the black points are the hits on the 1ST planes, while fired scintilla tors are 
shadowed. The dashed lines are the tracks as reconstructed by the off-line program. 
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Figure 12: ANC efficiency as a function of the iron thickness: Pa is the annihilation 
probability in one iron absorber; Pr is the reconstruction probability; Cf = Pa • Pr is 
the efficiency of the structure with two modules and one absorber. The curve CANC 

shows the efficiency of the whole ANC detector. 
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Figure 13: ANC efficiency CANC as a function of the ii momentum. Pa is the ii's 
absorption probability in the ANC detector. Pr is the reconstruction probability 
evaluated using the Monte Carlo program. 
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Figure 14: Geometrical acceptance of the ANC as a function of the distance between 
the edge of the detector and the n annihilation point. 
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Figure 15: Efficiency of the ANC detectorfor ,'s incoming orthogonally, in the ANC 
centre, over a large, energy spectrum. 
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Figure 16: (a) Distribution of the / conversion point along the z axis of the ANC 
detector as given by the Monte Carlo for 500 MeV /'s. (b) Distribution of the 
reconstructed stars for this simulation. Note the large peak on the second absorber. 
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