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We present in this paper the characteristics, trigger system and performance of the NUSEX detector, designed to study nucleon

stability, running in the Mt. Blanc laboratory.

1. Introduction

In recent years theoretical predictions on baryon
number nonconservation and proton or bound neutron
lifetime in the range 10%°-103? y [1] have raised interest
in building detectors dedicated to the study of nucleon
decay.

The main characteristics of a detector capable of
reaching significant results can be briefly summarized
as: (a) large number of nucleons (= 102) under ob-
servation; (b) high rejection capability against back-
ground events, i.e. events due to cosmic muons, neu-
trons, or atmospheric neutrinos.

In order to fulfil these requirements massive ap-
parata acting both as possible source and as detector of
nucleon decay have been built {2]). The detectors are
placed deep underground in order to reduce to a negli-
gible level cosmic rays and neutron background, and in
many cases an outer shell of the detector itself acts as
an anticoincidence against incoming particles.

This is not the case for the background of atmo-
spheric neutrinos which produce events originating in-
side the detector with no detectable correlations with
anything external; they can thus fake nucleon decay
events. The estimated [3], and now measured [4] neu-
trino interaction rate is about 150 events/(kt y), above
a threshold of about 250 MeV of visible energy. The
nucleon lifetime limit achievable by an experiment with
no neutrino rejection capability would thus be of the
order of 4 X 103 y.
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Neutrino background rejection can be achieved with
energy and topology cuts on the events. An unambigu-
ous interpretation of the events is required in order to
prove the nucleon decay. Both good energy resolution
and event reconstruction capability are therefore neces-
sary for a nucleon decay experiment. In order to reach
these goals we have built a fine grain calorimeter.

The NUSEX detector, running since June 1982, was
intended to be sensitive to a nucleon lifetime =103y,
designed to be installed inside an existing underground
laboratory. In this paper we present its characteristics
and discuss its performance.

2. The laboratory

The detector is installed in the Garage 17 in the road
tunnel under the Mount Blanc at 45.8°N latitude and
6.9°E longitude, 42.7° geomagnetic latitude. The shape
of the rock overburden, as a function of the azimuthal
angle ¢ and of the zenith angle 8 referred to the
detector vertical, is shown in fig. 1.

It can be seen that the rock thickness exceeds 4800
m.w.e. (meters of water equivalent) in every direction.
Fig. 2 shows the general layout of the laboratory. It is
divided into two rooms. An air conditioning system, gas
system and power backup system are placed in the front
room. The detector, readout and trigger electronics, low
voltage and high voltage supplies, and the computer are
placed in the next room. Free space is left beside the
detector for assembly purposes.
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Fig. 1. Slant depth in hg cm~2 (meters of water equivalent) as a function of 8 and ¢ at the Mont Blanc Laboratory.
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Fig. 3. (a) Sketch of the NUSEX detector. (b) A detector plane:
(1) iron plate; (2) iron spacer; (3) streamer tube; (4) X-strips;
(5) Y-strips.
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3. The detector
3.1. General description

The detector is a digital tracking calorimeter, consist-
ing of a sandwich of 134 horizontal iron plates 3.5
m X 3.5 m X 1 cm thick, interleaved with plastic streamer
tubes 3.5 m long and 9 X 9 mm? in cross section. One
detector plane contains 320 such tubes. The gap be-
tween two iron plates is 1.7 cm. The detector height is
368 cm, and the total mass is 150 t, with an average
density of 3.5 g/cm’. A sketch of the detector is shown
in fig. 3. Detector size and its location inside the labora-
tory were chosen in order to allow easy mounting and
possible replacement of modules.

Iron was chosen for its low cost, good mechanical
characteristics and principally because maximum detec-
tor density can be reached while conserving a good
sampling for shower energy measurement and track
reconstruction. A detector of the same average density
built with Pb plates would have a sampling of 1.2.X|
instead of 0.57X,, for Fe, while a low density detector
not only implies a lower mass when room is limited but
also a lower fiducial volume for equal masses.

3.2. The streamer tubes

The tubes have a modular structure consisting of
chambers containing 16 individual tubes. A tube cham-
ber, 3.5 m long, is composed of two constructive units,
each containing 8 wires. Details of a tube chamber are
shown in fig. 4. The basic element is an open 8-tube
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Fig. 4. Details of the streamer tubes.

PVC CONTAINER

Fig. 5. Pickup strips and readout card for the streamer tubes:
X-strips are 4 mm wide with 1 cm pitch, Y-strips are 10 mm
wide with 1.2 cm pitch.

profile, extruded in PVC. The single cell is 9 X 9 mm?,
and the wire diameter is 100 pm. The tube walls are
coated with graphite (R = 50 k2/square) to perform

& PVC SUPPORT
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the cathode function. Plastic holders support the wire
every 50 c¢m, thus avoiding electromechanical instabil-
ities and handling problems. The wires of each unit are
soldered at both ends on printed circuit boards, where
they are connected to a common high voltage. This
8-tube profile is closed by a PVC top cover, 0.5 mm
thick, also coated with graphite (R = 100 k£ /square).
Two of such 8-tube units are inserted into a PVC
extruded envelope, which acts as gas container. The hv
connection and the ground connection to the graphite
are located on one of the two end caps which close the
16-tube module. Gas distribution is through connectors
on the same end cap.

Each plane of the apparatus consists of 20 contigu-
ous 16-tube chambers. The total number of tubes is
42 880.

As shown in fig. 5, the tube planes are equipped with
X and Y pickup strips for two-dimensional localization.
Both sets of strips are made of 40 pm thick aluminium
strips on one side of a PVC sheet. A 40 pm aluminium
sheet is attached to the other side of the PVC sheet, and
serves as the ground electrode and shield. The pickup
strips behave as transmission lines [5] with characteristic
propagation time ~ 6 ns/m, and characteristic imped-
ance ~ 50 @ for the X strips and ~25 £ for the ¥
strips. The total number of strips (X + Y) is 81472.

The hv is distributed to the tube modules by means
of one bus every two planes. A 50 M2 limiting resistor
is used for each 8-tube unit.

The gas mixture is Ar + CO, + n-pentane (1 + 2 + 1),
obtained by flowing an Ar + CO, mixture in liquid
n-pentane kept at 10°C. The gas is distributed by means
of 134 flow lines (one for each tube plane); the tube
modules of one plane are connected in series. The flow
rate is ~ 0.3 detector volumes per day.

Fig. 6 shows the singles counting rate as a function
of high voltage, for a B source, as measured on a tube
module. The plateau of this curve corresponds to the
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Fig. 6. Singles rate counts as a function of high voltage.
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Fig. 7. Strip and wire pulses at 3.9 kV.

full efficiency region [6]. The working point has been
chosen just above the knee of the plateau (3.9 kV). Fig.
7 shows the wire and strip pulses at the operation
voltage.

3.3. The readout chain

Signals from strips are fed into a monolithic dual
channel comparator-one-shot circuit (Le Croy MIL200,
threshold ~ 2 mV /50 £). The output pulses are shaped
to 7 us in order to allow delayed readout. Outputs from
8 contiguous channels are then fed into an 8-bit paral-
lel-in serial-out shift register. The strips are directly
connected to the readout cards, each containing 32
channels (LeCroy 4200). A single bus allows serial read-
out of all the shift registers of one plane (both X and Y
strips). A single CAMAC processor reads out 8 buses.
Seventeen processors are then required to operate the
whole detector. A trigger to the processor loads the
signals to the shift registers and starts the serial shift of
data from the cards to the controller which encodes in
16-bit words the position and size of clusters (up to
eight contiguous channels hit) and loads the data into a
FIFO memory 40 words deep. A “clear” to the processor
can be sent to stop the conversion and clear its con-
tents. Fast-OR signals are provided for each plane, and
are fed to a group of single-in—fan-out units which
provide NIM and TTL outputs shaped to 2 ps both for
individual planes and for groups of 8 contiguous planes
OR-ed together. The ORs from individual planes, de-
layed by 1 us, are used as stop signals for a set of 134
TDCs which record the arrival time of the OR of each
plane with 100 ns time resolution. The ORs from groups
of 8 planes are used to load FIFO memories of a set of
16 TDCs with 1 us resolution, used, as will be described
in sect. 3.4.2, to record information on “monopole
triggers”. The scheme of the time recording logic is
shown in fig. 8.

When the trigger system detects a good event a
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Fig. 8. Time recording logic.

trigger is sent to the processors, after which standard
CAMAC readout and clear of processors and TDCs is
started. A clock providing absolute time information
with an error of ~ 1 ms is also read out at each trigger.

The length of an event due to a single u crossing the
whole detector is typically 500-600 16-bit words. Data
acquisition is controlled by a PDP 11/60 computer
CAMAC interfaced to the system. Dead time after a
trigger is ~ 10 ms. Event information ‘is stored on
magnetic tape and disk.

3.4. The trigger system

Two independent logic chains are used to trigger the
NUSEX detector. Both are built starting from the fast-
ORs of planes. The first trigger chain operates on
prompt coincidences between planes (hereafter it will be
called the “main trigger”); the second logic chain, de-
signed to be sensitive to slowly moving penetrating
particles (e.g. magnetic monopoles), operates on delayed
coincidences between groups of planes (we shall call it
the “monopole trigger”).

The OR rates of planes range from 2.5 kHz on the
topmost plane (plane 1) down to = 300 Hz on the inner
planes (planes 20-128), rising again to 800 Hz on plane
136. Counts on the inner planes are mainly due to
radioactivity of %Co contained in the iron, while counts
on outer planes are due to radioactivity of rock and
concrete. The higher radioactivity of the rock of the
ceiling with respect to the concrete of the floor accounts
for the up—down asymmetry.

3.4.1. The main trigger
The requirements which are to be fulfilled by the
main trigger are a high detection efficiency for cosmic

least count

LOAD
FIFO memory

TOC
1 us

muons, atmospheric neutrinos and nucleon decay events,
together with a reasonable low counting rate. Its logic
has been designed in such a way as to generate a trigger
whenever one of the following patterns is found in the
detector:
a) at least 4 contiguous planes hit, or
b) 3 contiguous planes plus at least 2 contiguous planes,
or
¢) at least 3 separated pairs of contiguous planes.
The resulting frequency is 7 triggers/h. Trigger per-
formance will be discussed later.
The “main trigger” logic is shown in fig. 9; details of
the logic are explained in appendix A.

3.4.2. The monopole trigger

This trigger system, installed after 10 months of
detector operation and upgraded one year later, has
been designed in order to detect slowly moving, low
ionizing penetrating particles. In designing it we had to
take into account that, in the gas mixture used in
NUSEX, a minimum ionizing particle produces 30-50
primary electrons per cm, which in turn generate a total
of about 150 ion pairs. The detection efficiency for a
single ion pair is = 10% [7], therefore the single tube
detection efficiency is near to 100% for an ionization
121077, (where I, is the ionization produced by
a relativistic muon). The main trigger, as explained
before, requires 4 planes hit within 2.0 us, then it is
sensitive to particles with a velocity 8> 4 x 10~ and
I2107Y,;,. Moreover, the trigger delayed by 5 us with
respect to the triggering pattern allows recording of
space or time information only for hits occurring within
a 5 ps window; therefore it allows recording of space or
time information for all hits produced by a particle
crossing the whole detector only if 8> 2 x 1073,
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Fig. 9. Sketch of the main trigger.

In recent years many calculations have been done
concerning the ionization of slowly moving magnetic
monopoles [8]. While everybody agrees that for 8>
1073, I is greater than I, the situation is not clear
for 107 < 8 < 107>, In this range in fact the ionization
rapidly falls below 7, , but the excitation of atomic

levels of noble gases followed by the Penning effect
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Fig. 11. Clear logic for processors.

could become a relevant process. Therefore it seemed
reasonable to design a trigger system with a 8 threshold
near to 1074 (escape velocity from the solar system)
and sensitive to ionizations I 1072I ;.

In order to obtain a reasonably high detection ef-
ficiency, even at low ionizations, for each element enter-
ing in the logic, planes were then ORed together in 16
groups of eight (we use planes 1-128 only). Two con-
secutive groups, except 1 and 2, are in turn ORed
together to form the elements of a 9-fold delayed coinci-
dence used to trigger the data acquisition. The arrival
time of hits on each group of eight planes is recorded by
a 1 ps resolution TDC with FIFO memory. The basic
scheme of the trigger for downward going monopoles is
shown in fig. 10. A similar logic is used for an upward
going monopole; details of the logic are explained in
appendix B.

This trigger system is sensitive to particles crossing
the detector in a time ¢ < 120 ps, corresponding to a
velocity 8 > 10 4. However, the digital readout memory
is ~ 7 us, therefore this system does not allow all hits

GATES TO

PROCESSORS

MAIN
TRIGGER

COMPUTER
BUSY

Fig. 10. Monopole trigger and visualization logic.

DELAY

GATE TO PROCESSORS
AND READ OUT TRIGGER
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involved in a trigger to be visualized. A monopole
candidate is then obtained when the vertical coordinates
(Z) of hits, known by means of TDCs with an incer-
tainty of 8 planes, plotted versus times (known with an
error of +0.5 ps) fit a straight line.

In order to obtain a more restrictive condition on
monopole candidates, in April ’84 the visualization of
hits (i.e. recording of full space information) has been
introduced. This is obtained by using, after a 5 ps delay,
the same signal which is input to a TDC as a trigger to
the processor controlling the corresponding 8 planes. In
this way space information concerning hits involved in
a potential trigger is transferred to the processor mem-
ory and saved for subsequent readout. In order to reset
the processors when a potential trigger does not reach
the end of the logic chain, gates to processors also start
a 20 ps “updating” one-shot. The trailing edge of this
one-shot, if in anticoincidence with the readout “busy”
(which is immediately set by a trigger), generates a
“clear” to processors (see fig. 11).

The monopole trigger frequency, under normal oper-
ating conditions, when triggers due to cosmic muons are
subtracted, is about 3 X 10™° Hz.

4. Detector performance
4.1. Introduction

Fig. 12 shows a typical contained event, as repre-
sented by the event display computer program. All the
basic information is displayed: the two views are pre-
sented together with the timing from the OR signals
from the tube planes (100 ns resolution). It can be
noticed that, due to the different characteristics of indi-
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Fig. 13. Average detection efficiency of a tube plane as a
function of zenith angle; (a) X-view, (b) Y-view.

vidual tracks, such as penetration, multiple hits, etc., an
unambiguous reconstruction in space is generally possi-
ble. The two-dimensional readout for each tube plane is
essential in this respect.

In the following sections we shall discuss space and
time resolution -for charged particle tracks, detection
and triggering efficiency, capability of recognizing track
flight direction, energy resolution, /e rejection, and
directionality for e.m. showers.

4.2. Detection efficiency
Fig. 13 shows the average detection efficiency for a

single tube plane, as measured for through-going muons,
as a function of the angle of incidence. No corrections

Fig. 12. A two-prong contained event.
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Fig. 14. Detector acceptance for slow particles as a function of
B and ionization. I, is the ionization of a classical minimum
ionizing particle.

have been introduced to take into account the dead
zones such as the separation of the tube modulus, iron
spacers, wire supports, disconnected wires, etc. The
geometrical efficiency for orthogonal incidence is ~
84%. The obtained result is in good agreement with the
expectation, thus confirming that detection efficiency
for the active cell of a single tube is practically 100%.

4.3. Trigger and selection efficiency

The trigger rate is ~ 170 d~! (2 X 1073 Hz). About 26
triggers per day are due to cosmic muons, the rest is due
to rock and iron radioactivity. Atmospheric neutrinos
produce about 1 trigger per month. The detector accep-
tance for slowly moving penetrating particles (magnetic
monopoles) depends simultaneously on 8 and on the
ionization; as shown in fig. 14 it has a threshold at
B=0.95x 104, and saturates with a value of ~ 19 m?
strforf>2x10"%and I>3x107% .

Trigger efficiencies for »,, 3,, », 7, interactions
inside the detector are shown in figs. 15a—d. Efficiencies
reported in fig. 15 are due to trigger only. In the data
analysis the detection efficiency is further reduced by
cuts. For example, in order to reject incoming particles
interacting and stopping in the detector, the “full con-
tainment” of the event is usually requested. This request
has a relevant effect on high energy », events: the
trigger and containment efficiency is in fact ~ 58% for
a 1 GeV inelastic », interaction, and falls to ~ 26% for
a 2 GeV inelastic »,. The trigger efficiency for nucleon
decay is in the range 65-75% (decreasing to 55-65%)
for trigger and containment) for decay channels with no
energetic neutrino in the final state. It has to be stressed
that trigger inefficiencies are due to events hitting very
few planes. In these cases, however, energy resolution
and tracking capability would be completely lost and
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Fig. 15. Trigger efficiencies for neutrino interactions averaged over neutrino direction, as a function of neutrino energy.
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the event would be discarded. Trigger is then fully
efficient on ““useful” events.

4.4. Space resolution for charged tracks

Space accuracy on both views has been evaluated by
fitting to a straight line the high energy cosmic muon
tracks. By taking the geometrical center of the cluster of
hit strips, the single track point resolution turns out to
be ~3 mm on X view and ~ 3.7 mm on Y view. The
average hit multiplicity is different in the two views, and
depends on the track angle with respect to the wires, as
shown in figs. 16a and b. The reason of the angular
dependence comes from the production of multi-
streamer pulses by inclined tracks [9]. The multiplicity
in the Y view is higher than for the X view, at fixed
angle [5].

The angular resolution for crossing muons is
dominated by multiple scattering in the rock and geo-
magnetic deflection. Such effects have been evaluated
by measuring the parallellism of muon pairs in multiple
muon events [10]; the rms angular deflection is ~ 0.5°.
Systematic uncertainties due to possible distortion of
the apparatus are negligible.

Two parallel tracks are distinguished if their sep-
aration is > 1.5 cm for orthogonal incidence.

Size

Average Cluster

0 20 40 60 80

Angle of incidence (degrees)

Fig. 16. Average multiplicity for a minimum ionizing particle as
a function of zenith angle; (a) X-view, (b) Y-view.

4.5. Timing resolution

Track AB in fig. 12 shows a delay of ~ 300 ns in the
last plane hit, with respect to the rest of the event. This
delay can be considered significant at 96% c.l. This is
deduced from the time distribution of the OR signals
from the tube planes, shown in fig. 17, as measured for
through-going muons.

The probability of detecting p-decay is ~ 35% as
estimated by Monte Carlo calculations. We can identify
only the electrons emitted in the forward direction.
Since p~ have about 90% average probability to un-
dergo nuclear capture in the detector material, the de-
cay signature enables us to identify p* at 95% c.l., for
an equal charge flux.

The resolution of the TDCs designed to identify slow
particles is monitored by means of the through-going
muons; it turns out to be = 500 ns.

4.6. Track shower separation

We have developed an algorithm to discriminate
shower patterns from tracks, on the basis of the results
of a beam test with electrons and pions, at the CERN
PS [11]. The separation criterion is based on two param-
eters. The first measures the hit concentration along a
path centered on the development axis of the prong.
This parameter is defined as the ratio of the number of
hits inside the path with respect to those outside. The
analysis is stopped at the first visible interaction.

The second parameter is simply the sum of the
number of clusters with multiplicity greater than a given
threshold, each weighted with its multiplicity. Both the
road width (2 cm) and the multiplicity threshold (4)
have been chosen by optimizing the efficiency of the
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Fig. 17. Distribution of the arrival time of the OR from planes
(first hit for each plane) for a crossing muon.
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method together with the rejection capability. Figs. 18a
and b show the fraction of events for which this method
gives an ambiguous response, and, on the remaining
sample, the fraction of events correctly identified, as a
function of the energy, for an equal abundance of
particles of the different kinds. The confidence level on
the information about the nature of a single event is a
function of the value of the two parameters. The un-
certainty is determined by the statistical fluctuation of
the analyzed sample. Results are summarized in table 1.

We would like to point out that the detector struc-
ture is not optimized for e /7 separation. A Pb absorber

Table 1
Confidence level and efficiency to discriminate electrons and
pions

Energy Angle of incidence c.l.{%] cl.[%] Efficiency

[MeV] [degrees] e 7 %)
300-700 0O 89 86 89
300-700 40 90 92 84

1000 0 92 90 92

1000 40 94 90 89
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Fig. 19. Flight direction recognition efficiency for p-like par-
ticles as a function of particle penetration.

would have produced event topologies easier to discri-
minate, but it would have not fitted the general require-
ments for a proton decay experiment.

4.7. Track flight direction recognition

The possible methods of identifying flight direction
of tracks in our apparatus are the following:

1) p*-decay detection, discussed in the above section.
2) Analysis of the progressive multiple scattering angle
along the track.

The method adopted to analyze multiple scattering is
described in ref. [12] and is based on the progressive
increase of the scattering angle for decelerating par-
ticles. For every track, two fits are performed according
to the two flight directions. Energy losses, Moliére dis-
tribution and detector geometry have to be taken into
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Fig. 20. Monte Carlo evaluation of flight direction recognition
efficiency as a function of muon momentum.
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account. The difference:

_ 2 2
D= Xcorrect XWrong

is sensitive to the flight direction. Fig. 19 shows the
efficiency for identifying the correct flight direction as a
function of the particle penetration in the apparatus
(normal incidence). Data have been taken from the
beam test with 7~. We have chosen “muon-like” events,
i.e. pions stopping at the end of their range, without any
appreciable nuclear interaction. Monte Carlo simulation
is also shown. The agreement between data and Monte
Carlo simulation is good and allows us to extrapolate to
muons. The result is shown in fig. 20.

4.8. Angular resolution and direction recognition for e.m.
showers

Fig. 21 shows the distribution of the reconstructed
angle of incidence for a sample of 500 MeV /c electrons.
The axis of the shower is determined by a linear fit,
using the centroids of the cluster of the hit strips. A
selection is applied in order not to include the hits due
to the conversion of soft photons, i.e. those appearing
far from the event axis. The obtained angular resolution
varies between 4° and 6° according to the angle of
incidence.

The parameters to be used in the determination of
the shower direction are:

1) the shape of the shower pattern, whose width in-
creases with penetration;

2) the presence of gaps in the pattern, which are gener-
ally concentrated at the end of the shower, due to
low energy photons, produced at the end of the e.m.
cascade.
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Fig. 21. Distribution of reconstructed angle of incidence for
500 MeV electrons at normal incidence.

Table 2
Confidence level and efficiency to identify the direction of
showers

Energy Angle of incidence Efficiency Confidence level

[MeV] [degrees] [%] [%]
300 0 9112 8712
300 40 85+2 80+2
500 ] 93+2 9242
500 40 8612 89+2
700 40 8913 92+3

1000 0 9342 9243

1000 40 8742 84+2

The second parameter is significant owing to the full
efficiency of single tubes.

Table 2 summarizes the results concerning the ef-
ficiency and the confidence level in the recognition of
the direction of showers.

4.9. Energy resolution
In a digital calorimeter, at low energy, the number of

hit tubes is proportional to the energy released in the
shower. The main results have already been discussed in
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Fig. 22. Hit response (a) and energy resolution (b) as a function
of electron energy at normal incidence.
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Fig. 23. Measured range distribution for (a) 300 MeV /¢ and
(b) 500 MeV /¢ 7™,

ref. [11]. Fig. 22 shows the measured response and
energy resolution as a function of the electron energy.
The overall energy resolution for a proton decay event
intoe*n®is ~15%.

The energy of =’s and p’s is obtained by the mea-
sured range of the particles. The error for p’s comes
from the straggling and from the discrete sampling of
the track. For 500 MeV /c u’s, the sampling error be-
comes comparable to that due to the straggling, i.e.
~ 3% of the total range.

The situation is different for pions, which in a large
fraction of cases undergo interactions with no visible
energy release. This allows to give a lower limit for their
energy, if only the range is considered. Fig. 23 shows the
measured range distribution for 300 and 500 MeV /¢
7. At 500 MeV/c~25% of the pions are absorbed
after 20% of the e.m. range.

As a consequence, for two body N-decay candidate
events (of the kind ew, pum, etc.) we require that the
possible pion should have a range greater or equal to
one half of the expected maximum range.

5. Detector monitoring

The average live to total time ratio is ~ 85%. The
main monitoring control to check detector operation
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Fig. 24. Total absorbed current as a function of time for
NUSEX streamer tubes.

concerns the stability of the gas mixture. This is achieved
by means of a test tube module inserted in one of the
gas flow lines. The singles rate plateau is measured
periodically, using an uncollimated 8 source in a fixed
position (see fig. 6). Possible drifts in the relative frac-
tions of gas components reflect in the position of the
knee of the plateau. Fluctuations within +50 V are
tolerated.

Tube operation is also monitored by the singles
counting rate of the OR signals of the tube planes, and
by the total drawn current. Fig. 24 shows the total
detector current as a function of time for an observation
period of two months; the average current is ~ 6 pA.
The drawn current is due to air humidity flowing through
small gas leakages on some plane, whose effect con-
centrate at the end of the gas flow series. Recently, by
increasing the gas flow rate on a few planes, the total
average current has been brought down to 2-3 pA.

Further off-line tube and readout monitoring is ob-
tained by hit mapping. Fig. 25 shows the hit maps in the
two views of one internal detector plane. The rising
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Fig. 25. Hit map for X and Y strips for an internal detector
plane.
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counts at the edges are due to the rock radioactivity.

Overall detection and triggering efficiency is moni-
tored by the rate of the minimum trigger events.

Off-line monitoring of the detection efficiency is
obtained by the analysis of the cosmic muons.

The reliability of streamer tubes has turned out to be
very high. In three years of operation, only 20 wires
went out of operation, most of them in the first two
months of operation. Due to their low number
(20/5000), the bad tube modules have not been sub-
stituted but simply disconnected from the high voltage.
Moreover, tube performance has shown good stability:
no appreciable sign of ageing has been found. In par-
ticular, the measured average efficiency has remained at
the expected level for the whole observation period.

Appendix A
The main trigger logic

The ORs from planes are fed into a multiplexer; a
multiplexer controller analyzes the resulting string of
bits corresponding to planes and output information
concerning occurring patterns. However, the time
required for the analysis ranges from 0.5 to 2.5 ps
according to the string complexity. This requires a first
level reduction of the global singles rate from the planes
(= 5x10* Hz) in order to keep the trigger dead time at
a negligible level. This reduction is obtained by means
of a group of programmable logic units (CAEN model
C85), CAMAC interfaced to the computer, which re-
ceive as inputs the ORs of individual planes and output
a signal whenever a coincidence, within 2 ps, occurs
between two contiguous planes. This signal (“OR of
doubles”, 180 Hz frequency) starts the 100 ns resolution
TDCs and, delayed by 200 ns to account for the jitter of
streamers, starts the multiplexer controller. The multi-
plexer controller outputs ten NIM signals. Outputs 1-9
make 3-bit, 2-bit, 1-bit words counting the occurrences
of two and only two, three, four, five, > 5 contiguous
planes hit. Output 10 is a NIM level indicating the end
of the analysis. Outputs 1-9 are sent to a programmable
logic unit which generates an output when at least one
of the trigger patterns occur. The coincidence between
the stretched output of this logic unit, the OR of
doubles delayed by 5 us and the readout anti-BUSY
generates a trigger to the processors and triggers the
readout. In this way space and time information of hits
occurring within 5 ps from the triggering pattern is
recorded.

Appendix B

The monopole trigger logic

We used as logic elements for the whole chain four
dual 4-in 4-out programmable logic units (CAEN model

N&81). Taking as an example a downward going mono-
pole, the trigger develops as follows: if a hit is recorded
in the first group of eight planes a gate G, is opened for
a duration of 10 ps and the hit time is recorded by TDC
T,; a signal coming from the second group of eight
planes during the open time of G, causes the opening of
a 10 ps gate G,, the time of this signal and of all the
subsequent hits within G, is recorded by TDC T,. Then
a signal coming from the next block, now of 16 planes,
during G, causes the opening of a gate G, for the
duration of 15 us. Again the arrival time of every hit,
within the opening of G, is recorded by TDCs T, and
T, corresponding to the two groups of eight planes
making up the block. This sequence is repeated through
the next 6 blocks of 16 planes. An output from the last
block constitutes a monopole trigger. A similar logic is
used for an upward going monopole.
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