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Abstract. The experimental search for neutron-antineu- 
tron oscillations has been completed at the ILL high flux 
reactor at Grenoble. A neutron beam of intensity 1011 n 
s -~ was propagated for a time t~-0.1 s in vacuum in a 
region shielded against the external magnetic field. No 
antineutron was detected in 2.4.107 s running time. The 
lower limit %h> 0.86. 108s for nh transitions was estab- 
lished at 90% C.L. 

1 Introduction 

Baryon number non conserving interactions with A B = 2, 
AL = 0 may induce n ~ ti mixing and consequently n ~ ti 
oscillations, which could take place via a first order pro- 
cess, and are characterized by an oscillation time Tne. 
Then, provided new physics occurs beyond the Standard 
Model at the mass scale of the order of 10 2 to  10 3 TeV 
the oscillation time rna could be in the region of 108 s [1]. 
The experiment described in this paper was designed to 
detect n ~  oscillations occurring in times less than 

108 s. A preliminary result, giving a lower limit of 
"cn~ 107s at the 90% C.L., has already been published 
by this collaboration [2]. Limits at the 90% C.L. 
~ 'na~  106 S [3] and %~ >= 0.5- 10 6 S [4] were reached in two 
previous experiments performed 'with free neutron beams. 
In addition, underground proton decay type experiments, 
through measurements of nuclear lifetime, were able to 
set the lower limit z,e > 108 s [5]. It was made clear how- 
ever that the evaluation of r ,e from this type of mea- 
surements rests on nuclear model assumptions [6]. More- 
over it was stressed that, since the strength of the n.~ 
transitions needs not be the same for free neutrons or 
neutrons bound in nuclear matter [7], the only model 
independent measurement of %~ can come from experi- 
ments on free neutrons. 

In the hypothesis of n ~ ti oscillations, the probability 
of generating antineutrons after a time t, P(a,  t), in a 
state which was initially composed only of neutrons, is 

expressed by the equation 

P(g, t ) -  Ore2 
~m 2 + AE 2 sin 2 ( V ~ m  2 + AE 2. t) ,  (1) 

where ~ m =  (%~)-1 =<6-10 -29 MeV is the n,~ti transi- 
tion energy, and A E  is half of the energy gap between 
the n and ti states due to external field perturbations, 
either nuclear or electromagnetic. 

For neutrons bound in nuclei (AEN),~IOOMeV 
and, according to (1), the n ~ a oscillation amplitude, 
(Om/AEN) 2, is smaller than 10 -6~ Moreover, also in the 
case of artificially produced unbound neutrons, propa- 
gating in vacuum where (AEN) is equal to zero, a mag- 
netic field B, acting along the neutron propagation 
path, would give rise to a (AEn)=IaB, since n and vi 
have equal but opposite sign magnetic moments: 
Ipl = 6" 10-14 MeV" T-I"  

The Earth's magnetic field for instance would produce 
(AEB) ,.~ 10-18 MeV and reduce the oscillation amplitude 
of neutrons propagating in vacuum to (Om/AEs) 2 
< 10-22, still a very small value. 

On the contrary, in the ideal case, where neutrons 
propagate in the absence of perturbing fields, AE = 0 and 
the n ~ ~i transition probability (1) becomes 

P (if, t) = sin 2 (~m t) .  (2) 

In this case for t~rna ,  the antineutron component in- 
creases proportionally 

(t)2 
P(ff, t ) -  ~ r ~  a . (3) 

An important feature of an NA r experiment with unbound 
neutrons consists in the fact that (3) properly describes 
the time evolution of the ~ component, provided that 
external field perturbations are reduced to such a level 
that 

AE. t ~  1. (4) 
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Condition (4) is defined as the quasi free condition [8]. 
In numbers, for a propagation time t - 0 . 1  s, the require- 
ment of (4) can be fulfilled if the residual pressure and 
the magnetic field along the neutron propagation region 
are reduced to P < 10 - 2  Pa and B < 10 nT respectively. 

Once condition (4) is satisfied, (1) can be more simply 
expressed in terms of the experimental parameters as fol- 
lows: 

( U  , - I T  (5) 

where - -  ~ is the number of antineutrons, e is the antineu- 
e 

tron detection efficiency, I is the neutron intensity, T the 
running time, L the propagation region length and v the 
neutron velocity. From (5) it appears that experiments 
searching for n ~ fi transitons with free neutrons, require 
a very high flux source of low neutrons, a long and well 
shielded propagation region, a properly designed target, 
where antineutrons eventually annihilate, and a detector 
covering a large solid angle with good energy and space 
resolutions to identify annihilation events. 

The experiment described in the following was de- 
signed to measure n ~ f i  oscillation times up to 108 s. It 
made use of a total of 3.10 ~8 neutrons with an average 
velocity v~600 m s - t  propagated for a time t~0.1 s in 
a region where residual pressure and magnetic field were 
maintained at the values required by the quasi free con- 
dition. The final antineutron detection efficiency was 
e ~-0.5. No antineutrons were detected during the exper- 
iment, which gave a limit of 

z,e=> 0.86.108 s, (6) 

at 90% C.L. 

2 Experimental set-up 

The most sensitive parameters for the experimental sen- 
sitivity were the neutron source intensity, the quasi free 
propagation time, and the vi detection efficiency. 

The experiment was carried out at the 58 MW high 
flux reactor (HFR) at the Institute Laue-Langevin (ILL) 
in Grenoble, where intense source of slow neutrons were 
available. Figure 1 shows a sketch of the experimental 
set-up, which was previously described in [2]. 

The main parameters in the experiment were chosen 
to be I > 1011 n s -  1, the total running time T "~ 1 year, 
t >0.1  s, and e >0.7.  

The most severe constraints were the associated beam 
noise and the cosmic ray background. 

2.1 Neutron source 

Neutrons from the HFR were moderated to liquid D 2 
temperature (25 K) at the Horizontal Cold Source and 
transported to the experimental area through a system of 
neutron guides [9]. An important characteristic of the 
neutron guides is their ability to propagate intense neu- 
tron beams over long distances, while maintaining the 
neutron beam intensity, cross-section and divergence with 
respect to the beam axis, practically constant. The NN 
experiment was fed through the H53 line, a system of 
totally reflecting neutron guides, 58Ni coated, 63 m long, 
6 • 12 cm 2 cross-section. The neutron guides were slightly 
bent in order to eliminate y's and fast neutrons coming 
directly from the reactor. The H53 neutron intensity was 
measured to be Io~ 1.7.1011 n s -1  [10]. Figure 2 shows 
the neutron energy spectrum and angular divergence as 
a function of their wavelength 2. The neutron average 
wavelength was ). ~6.5 A corresponding to an energy of 
2 . 1 0  - 3  eV and a velocity of 600 m s-  1. The average an- 
gular divergence with respect to the beam axis was 
5.7 mrad, varying from 0 up to 40 mrad. 

The N N  experiment initiated 4 m downstream from 
the exit of H53, where neutrons were transported by 
means of neutron guides and traversed an apparatus 

10 9 10 3 

s 

7 

10 8 / 

/ /  

lO 7 

/ / 

106 

\ 
10 100 

/ 

10 2 

1 

Fig. 2. The neutron beam spectrum (full line) and the maximum 
neutron angular divergence (dashed line) as a function of the neu- 
tron wavelength ;t 
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Fig. 1. The N~/experimental set-up 
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(EVA) located in between. A sizeable part of the beam 
(22%) was lost on the way. At the entrance of the NN 
beam line the neutron intensity was measured to be 
I0 ~ - 1.3.10 u n s - l ;  the beam properties, energy and di- 
vergence distributions, were measured to be practically 
unchanged after the exit of H53. 

2.2 Neutron propagation region 

A propagation region was set up where neutrons could 
propagate for a time t ~ - 0.1 s under the quasi free con- 
dition aiming at a sensitivity Tna-----108S in about 1 year 
running time. The drift vessel had to be carefully designed 
for the containment of the whole neutron beam, other- 
wise the radiation coming from neutron captures on the 
walls would have produced an intolerable noise in the 
detector. 

The H53 neutron divergence would have implied a 
beam cross-section at the detector several square meters 
large. Therefore, aiming at constraining within 1 m 2 the 
neutron beam cross-section at the target, a system was 
devised which consisted of a straight beam guide with 
slightly divergent walls. With this device the neutron di- 
vergence was reduced after each reflection by 2 5, 5 being 
the guide wall divergence [11]. The parameters of the 
divergent guide were devised wit]~ a Monte Carlo (MC) 
program which was developed taking into account the 
neutron energy and divergence distributions. A straight 
divergent guide system was constructed, which, according 
to the needs, was able to decrease the neutron divergence 
by a factor of 2.7 on average (Fig. 3). It consisted of 33 
reflecting elements, coated with natural nickel. Each 
element, 1 m long, with the walls at an angle 5 = 3 mrad 
with respect to the beam axis, was separated by 2 cm from 
the next one [10]. 

The drift vessel consisted of three contiguous parts: 
the oscillation region, the annihilation region and the 
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Fig. 3a, b. The distribution of the horizontal a and vertical b neutron 
angular divergence at the entrance (full line) and at the exit (dashed 
line) of  the neutron divergent guide 

beam dump. The first part, the oscillation region, was a 
stainless steel drift vessel 81 m long, 1.2 m diameter, 0.5 cm 
thick. The divergent guide was installed inside the drift 
vessel at the neutron entrance. Moreover, a passive a 
metal shield was installed coaxially inside the drift vessel 
(see Fig. 1), in order to shield the oscillation region from 
the earth's magnetic field as well as from any other stray 
field. The second part of the drift vessel, the annihilation 
region, was an A1 tube 5.6 m long, 1.4 m diameter and 
0.8 cm thick. The antineutron annihilation target previ- 
ously used in experiment [4] consisted of a carbon foil 
130 gm thick and 110 cm diameter, suspended in the cen- 
tral part of the annihilation region. The distance from 
the outer edge of the target to the wall was 15 cm; a MC 
study on the separation between events on the wall and 
those on the target dictated this dimension. The main 
characteristics of the target were: an annihilation prob- 
ability for a larger than 99% [12]; a low Z to preserve 
the peculiar features of the annihilation events; a high 
transparency to the neutron beam and a mass of ,-, 180 g. 
Neutrons scattered by the target were absorbed by a 6LiF 
layer, 2 mm thick and 5 m long, overlaying the inner wall 
of the annihilation region [13]. 

A 2.5 cm thick stainless steel disk, covered with a 
0.4 cm thick layer of 6LiF, acted as an efficient neutron 
beam dump. It dosed the third part of the drift vessel, a 
stainless steel tube 7.8 m long, 0.5 cm thick, with the same 
cross-section as the annihilation region. 

The neutron propagation region was about 100 m long, 
and the neutron trajectories were bent downward by 
gravity. In order to compensate for this vertical displace- 
ment, the drift vessel was lowered with respect to the 
beam axis by 6.7 cm in the first part and 9 cm in the rest. 
Even so, a small part of the neutron beam impinged on 
the walls. In order to minimize the noise produced at the 
detector by these stray neutrons, eight rings of boron 
enriched glass were installed inside the drift vessel at dif- 
ferent distances along the oscillation region, as was in- 
dicated by a detailed MC study. 

Measurements showed that only a very small fraction 
of the incoming neutron beam (2.5%) was lost along the 
divergent neutron guide. A further small fraction (2.7%) 
was lost along the drift vessel, after the divergent guide, 
due to the vertical fall of the free neutrons. Most of these 
neutrons were absorbed by the boron, producing a prac- 
tically negligible noise level at the detector. The neutron 
beam intensity measurements performed by gold foil ac- 
tivation in several positions along the beam line, gave a 
result in very good agreement with the MC calculations 
[14, 10]. 

The neutron intensity at the target was measured to 
be I ~ - 1.25.1011 s-t .  It was found that, as an effect of the 
neutron transportation system, the neutron energy spec- 
trum was slightly depleted in the lower energy compo- 
nent, so that the average wavelength became ~ = 5.9 A. 
The full neutron beam was contained in the target, but 
a 10 -3 fraction which flew directly to the beam dump. 

During the experiment 3 neutron counters, inserted in 
the 6LiF beam dump, provided continuous monitoring of 
the beam intensity and shape. 
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2.3 The quasi free condition 

The free neutron propagation time was evaluated with a 
MC calculation where all the general features of the neu- 
tron beam as well as those of the propagation region were 
taken into account. For each neutron the distance from 
its last reflection on the divergent guide to the exit from 
the shielded region was taken to be the length of the free 
propagation. The effective time for neutron oscillation 
then became 

(1 
(t2> 1/2= . S d t ~ . t  2 = (0.109 + 0.002) s, (7) 

and the a probability distribution on the target is shown 
in Fig. 4 [10]. Then, in order that the quasi free condition 
be satisfied by the whole neutron beam, the residual pres- 
sure was constrained [15] to the value Pre~ < 10-2Pa, 
under the assumption that a) AEgas=nNh2m -1 
• ( f -  f )  ~ 10 -23 MeV, where m is the n mass, N is the 
number density of scatterers and f ,  f are the mean for- 
ward amplitudes for n an ri; b) the probability that an- 
tineutrons, eventually produced by n ~ ~i transitions, an- 
nihilate before reaching the target be less than 1%. Dur- 
ing the experiment two turbomolecular pumps main- 
tained pres-----2.10 -4 Pa in the whole drift vessel. 

The oscillation region moreover had to be shielded 
against the Earth's magnetic field as well as from any 
other stray field. The Earth's magnetic field in Grenoble 
was measured to be B =  5.10 -5 T, in which case the quasi 
free condition required a suppression of B of the order 
of 10-3. A MC calculation, taking into account the neu- 
tron energy distribution, had shown that a residual 
B =  10nT along the neutron beam oscillation region 
satisfied the quasi free condition at the 99% level. A re- 
sidual magnetic field B < 10 nT was obtained by means 
of a passive/t-metal shield plus an active system providing 
field compensating currents. The /t-metal shield, 76 m 
long, 1.1 m diameter and 1 mm thick, installed coaxially 
inside the propagation region, gave an excellent suppres- 
sion of the transverse component by a factor ~ 2000. 
However it was not effective for the axial field, which 
was compensated by a 80 m long solenoid wound around 
the vacuum tube. The residual magnetic field was mea- 
sured to be B < 10 nT everywhere but on the /t-metal 
junctions where it presented a sudden short variation. 

Y 
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Fig. 4. The expected ~i distribution on the target 

This effect was carefully taken into account in the analysis 
[16, 17], where the efficiency for the quasi free condition 
was given by the parameter 

e(~, t ,B)  
,7 - (8) 

P ( ~ , t , B = 0 )  ' 

A probe with a sensitivity at the level of nT was installed 
in a fixed position in the beam tube, monitoring the status 
of the magnetic field continuously. It gave the feedback 
to the active shield and checked for anomalous field con- 
ditions. In addition, twice a day a complete map of the 
magnetic field along the beam was measured. The average 
t /value during the experiment was: 

(~/> = (0.984 _ 0.003). (9) 

A very direct global test of the residual magnetic field 
was also made, using the neutrons themselves, with the 
"neutron spin magnetometry" method described in [18] 
and found in excellent agreement with the other mea- 
surements. 

2.4 The detector 

The g-annihilation detector was a tracking device which 
consisted of limited streamer tube (LST) planes [19] and 
scintillation counter (SC) planes (Fig. 5). Organized in 
four quadrants, it surrounded the target covering a solid 
angle At2/4r~=0.94.  The LST dimensions were 
0.9 • 0.9 • 500 cm3; they were operated with a three com- 
ponent gas mixture (88% CO2, 3% Ar, 9% C4Hlo ) at the 
voltage of 4.6 kV. 

The detector consisted essentially of three parts: a 
vertex detector, a SC hodoscope and a calorimeter. The 
vertex detector embodying the target region was the 
inner part. It was made of 10 LST planes supported by 
A1 honeycomb plates 2 cm thick. The detector average 
density, p = 0.3 g cm -3, together with the high track sam- 
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Counters Detector C a l o r i m e t e r  

Fig. 5. The ~ annihilation detector (cross sectional view) 
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pling made it possible to measure the directions of the 
charged particles produced in the t~-annihilation events. 

The purpose of the SC hodoscope was twofold: to 
provide early and fast signals for the first trigger level via 
a specially designed mean timer [20], and to measure the 
time of flight (TOF) of the partMes. A layer of SC 2 cm 
thick, 21 cm large, equipped with light guides and pho- 
tomultipliers (PMT) at both ends, were placed in front 
and on the back of the vertex detector. The inner SCs 
were 210cm long, the outer ones 300cm long, and 
covered a solid angle A~2/4n =0.8 around the annihi- 
lation target. TOF was designed primarily to discriminate 
particles generated by ti-annihilation events in the target 
and travelling from the inner to the outer part against 
particles produced by neutral cosmic rays in the detector 
and travelling towards the target from the outer to the 
inner SC. MC simulations of ti-annihilation events (see 
below) showed that with TOF resolution aTo F = 700 ps 
only 0.2% of the events would have had a particle with 
a measured TOF of the wrong sign. During the experi- 
ment the TOF resolution was measured regularly by se- 
lecting cosmic ray (CR) muons crossing the outer and 
inner SC planes and found aTO F,,~ 600 ps. To monitor the 
time accuracy during the runs, very short pulses 
(A t = 200 ps) of laser light illuminated the middle of each 
counter through a system of optical fibers. Every day the 
relative timing of all counters was measured and re- 
corded; moreover these timings were also compared with 
those obtained triggering on CR muons immediately be- 
fore and after the beam-on periods (,-~44 days long). Both 
the day by day check and the comparison between laser 
and CR timings allowed the timing stability at the 150 ps 
level during the whole experiment [21] to be maintained. 

The third part of the detector was a calorimeter. It 
was placed behind the external scintillator layer and con- 
sisted of 12 LST planes alternated with planes made of 
Pb plates (0.1 cm thick the first six, and 0.2 cm the others) 
sandwiched between 0.25 cm thick A1 plates. 

The streamer signals on LST were collected by x and 
y pickup strips and read out by 32 channels digital cards. 
More than 60 000 electronic channels were implemented. 
The read-out control and data compression were carried 
out by a specially designed CAMAC module (STROC) 
[22]. The LST system was continuously monitored and 
the percentage of disconnected streamer tubes never ex- 
ceeded the 2% level. 

An active veto shielding against charged cosmic rays 
completely overlayed the detector. The CR veto was made 
of 235 plastic SC covering a total area of 95 m 2. To im- 
prove the geometrical veto efficiency as well as to reject 
CR induced high energy showers produced in the detec- 
tor, a part of the SC, covering an additional area of 
5 • 4 m 2, was placed below the 80 cm concrete platform 
supporting the detector. Each veto counter was equipped 
with two light guides and two PMTs, whose signals, in 
order to reduce the dead time of the experiment, were 
processed by mean timers of the type mentioned above. 
The veto system was continuously monitored and the 
dead time measured by a dedicated processor [23]. 

Moreover, to shield the apparatus against neutral CR, 
a passive veto was placed between the calorimeter and 

the veto counters, which was also designed to prevent 
possible autovetoing of t7 annihilation event. It consisted 
of planes of lead, 10 cm thick, canned into boxes of stain- 
less steel chosen to avoid magnetic field distortions. 

3 Trigger and data acquisition 

A trigger made of a coincidence of an inner and an outer 
SC on the same detector quadrant, in anticoincidence 
with the CR veto counters, was expected to have an ef- 
ficiency et~ig = 0.8 for t~-annihilation events in the target. 
However neutron captures in the annihilation target pro- 
duced an inconveniently high noise in the detector 
[13]: about 1 MHz of counters in the SC inner shell and 
,~ 2000 Hz coincidences between the inner and outer SC 
in the same quadrant. The trigger [24] was then also 
required to satisfy the following additional conditions: 

a) At least one charged track crossing the same vertex 
detector quadrant in which the SC coincidence occurred. 
A charged track was defined by a coincidence of signals 
from at least 4 out of 10 LST planes. This requirement 
reduced the trigger rate to ~-800 Hz. 
b) At least one SC firing in another quadrant, and in 
addition at least a second track in the detector, either in 
the vertex detector or in the calorimeter, reducing the 
trigger rate to ~-6 Hz. 
c) A total number of hits Nh>= 120 recorded in the full 
LST detector. This requirement was introduced in order 
to eliminate spurious triggers due to random superposi- 
tions of beam associated noise in the detector. For this 
purpose a hardware adder was properly designed and 
constructed [25]. 

The trigger rate was 4 Hz. A sizeable fraction, ~-32%, 
was found to be due to spurious triggers, originated by 
the high level of the radiation associated with the beam, 
and were discarded. Of the remaining 2.7 Hz, 2.4 were 
due to CR muons traversing the apparatus which did not 
trigger the veto. The CR veto inefficiency was measured 
to be lower than ,-~ 5.10-3. Finally ~ 0.3 Hz were due to 
cosmic neutral particle interactions in the detector. 

In order to determine •trig,  a sample of 104 tT-annihi- 
lation events were generated in the target through a MC. 
It was found et r ig  = 77%. 

The trigger status was continuously monitored and the 
counting rates were recorded during every experimental 
run, 

The data acquisition system [26] was based on a DEC 
MicroVax II computer inserted in a local area Vax cluster 
environment together with 4 workstations to execute on- 
line monitor, event display and off-line analysis. 

The dead time fraction for the trigger system was 1.2% 
due to the trigger and data acquisition system and 5% 
due to the veto system. 

4 Data analysis 

The experiment was taking data from August 1989 to 
April 1991 when the data taking was ended by the ILL 
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reactor breakdown. The effective running time was 
T =  2.4.107 S, the number of  useful events was 6.8.107. 

The upper limit for the total number of the expected 
~-annihilation events, iV_< 300, was set by making use of 
the preliminary result vna > 107 S [2]. These events had to 
be selected from several millions of  CR neutral interac- 
tions. The two types of events were expected however to 
behave at odds, so to allow very effective selection cri- 
teria. 

In order to study the CR event frequency and con- 
figuration, data were taken during ,-~ 106 s with the neu- 
tron beam off, obtaining a trigger rate for neutral inter- 
action events of  0.3 HZ, in excellent agreement with the 
trigger rate obtained during the n ~ r~ runs. In addition, 
the comparison of  the CR events produced during beam 
on and beam off  periods provided a detailed analysis of  
the beam associated noise. The cosmic ray interaction 
vertices were distributed over the full detector, according 
to the local matter density. Their energy spectrum was 
very widespread, peaking at energies lower than 1 GeV 
and their momenta pointed downward in the apparatus. 
The candidate tT-annihilation vertices instead were ex- 
pected in the annihilation target, their energies about 
2 GeV and their momenta about zero, the pions going 
from the inner to the outer SC. Therefore candidate events 
were required to have 

i) vertex inside the annihilation target, 
ii) visible energy between 1 and 2 GeV, 

iii) energy and momentum isotropically distributed. 

These selection criteria were implemented in the analysis 
in two subsequent phases: software filter and final 
analysis. 

4.1 Simulation of the annihilation event 

A special MC program was developed for the analysis 
(MCA) [27]. In this program ~-annihilation events were 
generated in the target, according to the characteristics 
of the ~7 annihilation in carbon. The tracks of  the pro- 
duced particles were simulated inside the detector, taking 
into account the particle and the detector properties. 

A simple model of  internuclear cascade based on ex- 
perimental data on n interactions in nuclei [28], was able 
to reproduce the experimental n multiplicity in p anni- 
hilation in carbon nuclei: 4.5 pions, 2.7 of which charged 
[29]. Moreover the results of an experimental test, with 
/~ annihilation at rest in a C target were used. This test 
was performed at the CERN PS (K23 beam line) [30], 
with a detector composed of the same elements as those 
used in this experiment: charged and neutral pion pro- 
duction multiplicity and subsequent interaction proba- 
bility were measured. 

The geometry, the structure and the measured char- 
acteristics of  the detector were implemented in the MCA 
through the GEANT code. The streamer tube response to 
charged tracks was modelled using the measured hit mul- 
tiplictiy distributions on LST planes, measured with at- 
mospheric muons crossing the apparatus at different in- 
cidence angles. In addition the vertex detector as well as 
the calorimeter detector response to electromagnetic 
showers, determined by measuring a sample of rc ~ pro- 

duced in the detector, was used in the MCA event simu- 
lations [32]. The SC energy threshold and time resolution, 
experimentally measured, were also included in the MCA. 

A sample of 10 000 events simulated by the MCA were 
translated to a format identical to the experimental one. 
Moreover randomly distributed hits on LSTs and on SCs, 
due to the beam associated noise as measured in the ex- 
perimental events, were properly associated to each MCA 
event. The MCA events were finally processed through 
all the filters and analysis programs used for the experi- 
mental events. 

4.2 Software filter 

The 6.8.10 7 triggers went through a software filter [33], 
where the selection criteria were applied in the sequence 
described below. This sequence was chosen to minimize 
the global computer time needed for event selection. 

a) The event visible energy. This criterion was chosen 
with the twofold purpose of  discarding most of the CR 
events: neutral interactions as well as muons passing 
through the apparatus. In both cases the average energy 
deposition in the detector was smaller than 1 GeV. 

A careful experimental analysis was performed in or- 
der to estimate the event visible energy by means of the 
measurement o f N  h : the event number of  hits on the LST. 
Tracks with known deposited energy, as for example 
throughgoing CR muons or pions stopping in the ap- 
paratus having traversed two SC layers, were selected and 
their N h was correlated with the corresponding energy. 
Furthermore, Nh of ~,'s from rc ~ were measured and cor- 
related to their evaluated energy. To this purpose the 
isolated hits, randomly generated by neutron beam noise, 
were identified and subtracted. The experimental corre- 
lation between N h and energy was then compared and 
found to be in very good agreement with the correlation 
Nh-energy of  the pions produced in MCA generated 
events. Subsequently a relation between Evi s and N h 
for the events was determined by averaging over the 
MCA generated events. As a result the relation Evi s = 
(185 + 2 . 2 N  h)MeV was determined within a 20% accu- 
racy. On this basis, it was decided to select events with 
Nh > 300 namely Evi s > (850 __ 170) MeV. 

Furthermore, the barycenter of hits was determined 
for each event and events were accepted if they were inside 
a circle of  radius r = 80 cm, centered in the center of  tar- 
get, in accordance with the fact that for the a-annihilation 
events the hit barycenter practically coincided with the 
event vertex. In addition, events consistent with a single 
straight track traversing the detector downwards, were 
identified as crossing muons and discarded. It turned out 
that 90% of the 6.8.10 7 collected events did not satisfy 
these requirements. On the contrary, 85% of the MCA 
generated events had N h > 300 and the hit barycenter in 
the region chosen, and only 0.7% of  them satisfied the 
single straight track hypothesis. 

b) Time of flight. For  each particle of each event the 
times measured in the SCs were considered. SCs signals 
not associated with charged tracks were disregarded as 
due to radiation beam associated background. The av- 
erage value of the inner SCs, <Tsc>in, as well as the aver- 



age value of  the outer SCs, ( I S C ) o u t  , w e r e  computed. 
Events were rejected when at least one SC time was 2.5 ns 
away from the average. 

The MCA generated events which satisfied the pre- 
vious selection criterium were analyzed in the same way 
and the value of D = ( ( T s c ) o u t  - -  (Tsc)i~) was calculated 
for each event. It was then determined that value D was 
well inside the region 0 < D < 5 ns for all but a 4%. With 
this requirement 16.4% of  the events were retained, with 
an efficiency for a-annihilation event detection of 96%. 

c) Events vertices. A pattern recognition routine was used 
to identify the particle tracks of  each event and to deter- 
mine the coordinates of their vertex. Events were retained 
if they had at least three tracks and vertex inside the 
region defined by the coordinates R = ( x 2 + y : )  1/2 
< 60 cm, and I z I < 32 cm (x = y = z = 0 were the coor- 

dinates of  the target center). 
A subsample of  the measured event vertices is shown 

in Fig. 6. 
In order to test the quality of  this procedure as well 

as the efficiency for a-annihilation detection, the vertices 
of  several thousand experimental and MCA generated 
events were measured by a physicist with an interactive 
program and then compared wit]~ those provided by the 
pattern recognition routine. The agreement was good with 
the exception of a small fraction of events, about 10%, 
which had one or more particles interacting in the detec- 
tor or which were incorrectly associated with a crossing 
particle. 

In addition, since the event tracks were expected to 
be isotropically distributed, events were accepted if their 
tracks projected in the cross sectional plane orthogonal 
to the beam axis were contained inside an angle larger 
than 170 ~ . The event vertex requirements were satisfied 
by 1.2% of the experimental events, and by 90% of  the 
MCA events. 

At the end of the software filter analysis, 1.2.104 events 
were left, corresponding to 1.8.10 -4 of  the original sam- 
ple. The efficiency of  this procedure was easter = 0.72. 
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of a subsample of reconstructed events 
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Table 1. Percentages of experimental and simulated events selected 
by the filter criteria sequentially applied 

Filter % of accepted % of accepted 
requirements events Monte Carlo 

Energy I0.0 85.0 
TOF 16.4 96.0 
Vertex 1.2 89.0 

Total 0.018 72.0 

Table 1 displays the effects of the various criteria on the 
experimental and on the MCA events. 

4.3 Final analysis 

The events surviving the filter chain were visually in- 
spected in two independent scannings. 100 MCA gener- 
ated events were mixed with the 1.2- 1 0  4 events in order 
to estimate the scanning efficiency for fi annihilations, 
which resulted to be e . . . .  = 98%. 

Most of  surviving events were CR muons crossing the 
apparatus, with an associated electromagnetic activity, or 
events in which the vertex was incorrectly reconstructed. 
The scanners were instructed to recognize and reject these 
events. 

After the visual inspection 403 events were left. These 
events were accurately examined by physicists: particle 
tracks were reconstructed and the times recorded by 
PMTs were considered: 68 events, clearly induced by in- 
coming charged CR were disregarded. 

The vertices of  the 335 remaining events were then 
reconstructed with an interactive program. 

To evaluate the quality of  the measurement, a sample 
of 250 experimental events was measured, chosen in the 
vicinity of the target, with the vertices on the beam tube, 
in the region where the tube was isolated from the SC 
planes. It turned out that the resolution on R, measured 
in the detector plane orthogonal to the beam axis was 
+ 3.8 cm. The same type of measurement was performed 
on a sample of 200 MCA events, which had been accepted 
by the previous selection critieria. They provided a reso- 
lution on R of 4.5 cm, in very good agreement with the 
resolution of  the experimental events; furthermore the z 
coordinate of  the 200 MCA events was measured with a 
resolution of 4.2 cm. 

According to these results it was then required that a- 
annihilation candidate event vertices satisfy the condi- 
tions R < 5 5  cm and Izi < 15 cm. 

Only 5, out of the 335 remaining events, satisfied these 
conditions. 

The visible energies of the 5 remaining events were 
measured directly. The track lengths were measured, n ~ 
were reconstructed and then the event energies were prop- 
erly evaluated. Three events, which turned out to have a 
visible energy Evi S < 800 MeV, were disregarded. The re- 
maining 2 events were rejected on the basis of  the isotropy 
requirements. The barycenter of  their hits lay far below 
their vertices, a characteristic of the CR interactions. The 
MCA a-annihilation event sample, satisfying the previous 
requirements, showed that the distribution of  the dif- 
ference Y~b between the vertical position of vertex and 
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Fig. 7. Distribution of the difference between the vertical coordi- 
nates of vertices and the barycenter of the hits for MCA events 
(histogram) and the two experimental events (black squares) 

hi t  ba rycen te r  was peak ing  at  0 and  greater  than  - 60 cm, 
see Fig.  7. The  Yvb values  o f  the  two remain ing  events 
f rom the f inal  sample  were measu red  and  found  
Yvb < -- 60 cm. The  events were then d i scarded  as due to 
C R  interact ions .  

250 M C A  genera ted  events, surviving the previously  
def ined filter, were processed toge ther  wi th  the 335 ex- 
per imenta l  events in o rde r  to  de te rmine  the efficiency 
of  this p rocedure  for  the de tec t ion  o f  r i -annihi la t ion 
events,  which resul ted to be 97%. 

Thus  the overal l  efficiency e for  fi ann ih i la t ion  detec- 
t ion was:  

= C t r i g  " ~ f i l t e r  " ~ a n a l y s i s  

= 0 .770 .0 .72 .0 .95  = 0.52 +__ 0.02.  

5 The limit on r.~ 

Table  2 summar izes  the  exper imenta l  data .  
N o  cand ida te  r i -annihi la t ion was found  in 2.4. 107s 

runn ing  t ime,  and  the lower  l imit  for  Zna 

( IT(1-d)_~(#11)e  (t=) )1/2>__ 0.86. 108s (10) 
Tnff= 

was set a t  90% C .L . .  
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Table 2. Experimental data 

I, neutron intensity 
(tz> 1/2, neutron "quasi free" 

propagation time 
T, effective running time 
d, experimental dead time 
Q1), "quasi free" condition efficiency 
~trig, trigger efficiency 
enlter, filter efficiency 
~analysis, analysis efficiency 
e, fi detection efficiency 
N, number of candidate events 

(1.25 __0.06). 1011 n s -1 
0.109 • s 

2.40.107 s 
6.2% 
0.984 • 0.003 
0.77 
0.72 
0.95 
0.52 • 0.02 
0 (_< 2.3 at 90% C.L.) 
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