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Abstract

We present a proposal for a combined ICARUS & NOE general purpose
detector, to be installed in Hall B of the Gran Sasso Laboratory.

The main scienti�c goal is the one of elucidating in a comprehensive
way the pattern of neutrino masses and mixings, following both (1) the S-
KAM results and (2) the predictions on atmospheric neutrinos of the large
solution of the Solar Neutrinos de�cit.

To achieve these goals, the experimental method is based upon the
complementary and simultaneous detection of CERN beam (CNGS) and
cosmic ray (CR) events. This is made possible because of the complete
isotropy of the detection technique. For the currently allowed values of
the S-KAM results, both CNGS and cosmic ray data will give independent
measurements and provide a precise (sin2 2�;�m2) determination rather
than a wide band of allowed values. Since we can observe and
unambiguously identify �e, �� and �� components, the full (3 x 3) mixing
matrix can be explored, reaching an ultimate sensitivity for CR neutrinos
as low as �m2

� 10�5 eV2, well above the value observed by the Solar
neutrino de�cit. All separate processes, electron-CC, muon-CC and NC are
equally well observed in all detail with imaging and calorimetric methods,
without detector biases and down to kinematical threshold.

The detector fruitfully merges the superior imaging quality of the
ICARUS with the high resolution full calorimetric containment of NOE,
suitably upgraded to provide also magnetic analysis of muons. It has a
modular structure of independent supermodules and is expandable by the
addition of such supermodules, each consisting of a low density 1.6 kton
liquid target and of a high density 0.7 kton active solid target.

While the basic concepts of the detector appear well established, this
present conceptual design does not represent the �nal optimization of the
complete detector. We plan to continue this process in the following
months, in view of the response of scienti�c committees and of the possible
interest of new collaborators.

Our present timescale foresees the operation of a �rst supermodule
in 2003 for atmospheric neutrino and nucleon decay physics. Additional
modules will be added in the following years and a 4 supermodules 9 Kton
con�guration will be ready for the start of the CERN-NGS beam in 2005.
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Chapter 1

INTRODUCTION

In Genesi 6:5 leggiamo:
\Il Signore vide che la malvagita' degli uomini

era grande sulla terra e che ogni disegno concepito
dal loro cuore non era altro che male."

1.1 Merging two technologies

In this document, we propose the results of a common e�ort of the ICARUS and NOE
collaborations towards a design of new enhanced \general-purpose" underground detector
to be installed at the Laboratori Nazionali at the GranSasso (LNGS). An appropriate
combination of the ICARUS liquid argon imaging detector (liquid target) and of the
�ne grain calorimeter, suitably upgraded to provide also magnetic analysis of muons,
developed by NOE (solid target) has been settled in order to obtain ICANOE. This new
detector would address the detection of neutrinos coming from CERN beam (CNGS), of
atmospheric neutrinos, and searches for nucleon decays. Because of the combination of low
and high density targets, ICANOE has unique capabilities to identify and measure �nal
state e='s, �'s and h�;0's. We consider this a very important advantage over previously
existing or planned detectors, which had to or must sacri�ce one of these capabilities in
their design. In particular, events will be reconstructed with the quality of a \bubble-
chamber" in the liquid target and complemented by an external identi�er.

The ICARUS technology is a new detector technique, outcome of many years of a
graded and careful R&D program developed to provide the \bubble-chamber" quality
events. It is now a mature technology and a 600 ton module (T600) is under construction,
in order to study atmospheric and solar neutrinos, and nucleon decay at the LNGS. The
T600 experiment will stand as a demonstrator that a large scale liquid argon detector can
be built and operated. The possibility of a long-baseline experiment from CERN to the
GranSasso Laboratory has been already discussed in the former ICARUS proposals and
in recent documents[1]. So far, the ICARUS technology is the only new proposal that
can claim large sensitivities to study signals from neutrinos of both natural (atmospheric)
and arti�cial (beam from CERN) neutrino sources. All these features of the ICARUS
technology are maintained and here reformulated in the context of the ICANOE design.

The NOE Collaboration has in parallel developed a modular approach based on
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2 CHAPTER 1. INTRODUCTION

a sequence of active transition radiation target modules (TRD) and �ne grain high
resolution calorimetric containment modules for the detection of interaction of CNGS
neutrinos. Large scale prototypes of both the TRD and iron-scintillating �bers e.m
and hadronic calorimeter have been built and successfully operated in test beams[2].
Recently the containment units have been redesigned in the ICANOE context, such that,
by magnetization of the iron layers and introduction of muon tracking planes, magnetic
analysis of muons becomes possible.

Recent studies have shown that the two techniques can be merged fruitfully. The
superior imaging quality of the liquid argon welcomes the complement of the magnetic
and calorimetric capabilities of the NOE containment modules, as bubble chambers did
in the past with external identi�ers. While the NOE conceptual design gets greatly
enhanced by the replacement of the TRD with the much higher quality LAr active target.

It is thus possible to realize an underground detector capable to achieve the full
reconstruction of neutrino (and antineutrino) events of any avor, and with an energy
ranging from the tens of MeV to the tens of GeV, for the relevant physics analyses. No
other combinations can provide such a rich spectrum of physical observations, including
the systematic, on-line monitoring of the CNGS �-beam at the LNGS site. The unique
lepton capabilities of ICANOE are really fundamental in tagging the neutrino avor.
In general, the oscillation pattern of the neutrinos may be complicated and involve a
combination of �� ! �� , �� ! �e and �� ! �sterile transitions. In order to fully sort out the
mixing matrix, unambiguous neutrino avor identi�cation is mandatory to distinguish � 's
from �� 's and electrons from �e's interactions. In other words, we stress the importance of
constraining the oscillation scenarios by coupling appearance in several di�erent channels
and disappearance signatures.

The ICANOE layout is similar to that of a \classical" neutrino detector, segmented
into almost independent supermodules. This con�guration is generally preferred with
respect to a `single-station' solution, in order to have a good acceptance for the most
penetrating component of the events (mainly muons and hadron showers).

The layout of the apparatus can be summarized as follows:

� the liquid target, with extremely high resolution, dedicated to tracking, dE=dx
measurements, full e.m. calorimetry and hadronic calorimetry, where electrons and
photons are identi�ed and measured with extremely good precision and �=�, K and
p separation is possible at low momenta;

� the solid target, with good e.m. and hadronic resolution, dedicated to calorimetry
of the jet and a magnetic �eld for measurement of the muon features (sign and
momentum); The supermodule, obtained joining a liquid and solid module, which
constitutes the basic module of an expandable apparatus. A supermodule behaves as
a complete building block, capable of identifying and measuring electrons, photons,
muons and hadrons produced in the events. The solid, high density sector reduces
the transverse and longitudinal size of hadron shower, con�ning the event (apart
from the muon) within the supermodule. The liquid-to-solid transition frequency
mainly depends on the required muon acceptance.

Interactions will occur in both liquid and solid active targets. We naturally distinguish
three classes of events, depending on the relative amount of deposited energy in the low
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and high density targets:

� Liquid - Events fully contained in the liquid target measured with the highest
resolution: most of atmospheric neutrino events and nucleon decays; CNGS beam
events starting early in the liquid target, with the exception of possible high energy
penetrating muons.

� Liquid-solid - Events depositing energy in the liquid and solid targets (events in
the \transition" region): mostly CNGS beam events. The liquid target is dedicated
to tracking, dE=dx measurements and e.m. calorimetry; the solid target measures
the escaping hadronic energy ow and the features of muons (sign and momentum).

� Solid - Events fully or partially contained in the solid target; atmospheric neutrinos
and CNGS beam events.

Because of the features outlined above, the physics program of the ICANOE detector
is very rich, as discussed shortly below and more in detail in the physics goals chapter
(see Chapter 2).

The basic principles of the detector proposed here are \frozen", namely the combined
solution of liquid and solid targets with imaging and magnetized calorimetric properties.
A sort of \reference design" has been used for physics calculations and performance
simulations purposes. However, either the mass ratio amongst the solid and the liquid
targets in the supermodule or the actual design of both subdetectors may be further
optimized, upgraded and possibly improved with intervention of new ideas and solutions
from new Collaborators and Institutions, which are considered highly welcome.

1.2 Physics aims and strategy to achieve them

The main scienti�c goal of the present ICANOE proposal is the one of elucidating in
a comprehensive way the pattern of neutrino masses and mixings, following (1) the S-
KAM results and (2) the predictions on atmospheric neutrinos of the large solution of
the Solar Neutrinos de�cit. It has an e�ective �ducial mass comparable to the one of S-
Kam, since it has a more eÆcient use of the collected events through a huge enhancement
of the quantity and quality of information for each event (Figure 1.1) and a complete
kinematical reconstruction, including the sign of the charge of muon, for which purpose,
�ne grained, magnetised calorimeter units have been added to the liquid Argon target.
In addition, we believe that the early operation of a general purpose detector, which can
measure all the features (spectrum, composition, contaminations etc.) of the CNGS, is
an essential pre-requisite to the whole scienti�c programme of the long baseline facility.
The solid detector would permit to do this with well proven methods and detecting deep
inelastic events inclusively, in analogy to what currently done for conventional accelerator
neutrino experiments. In a few months we can provide, in real time, all the basic features
of the CNGS, a necessary pre-requisite to the commissioning of the facility.

The experimental method to achieve these goals is based upon the idea of detecting
in the same data taking process both beam and cosmic ray (CR) associated events. This
is made possible because of the complete isotropy of the detection technique. A short
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beam gate is used to separate the occurrence of beam and CR associated events. The
sensitivity in the classic (sin2 2�;�m2) plot is evidenced in Figure 1.2, for a data taking
time of 4 years, with 4:5� 1019 pot at each year. We remark:

1. At high masses of cosmological relevance, the sensitivity of the experiment
(determined mostly by the CNGS beam observations) is better or equal to the
one of the best experiments at accelerators at CERN and Fermilab, both for �e and
�� channels.

2. In the mass range of LSND, the sensitivity is suÆcient in order to solve de�nitely
the puzzle.

3. The recent result of S-KAM on atmospheric neutrinos (\A" and \B" of Figure 1.2)
can be thoroughly explored by appearance and disappearance experiments. In view
of the wide allowed range of �m2, both CNGS and cosmic ray data are necessary.
For the current central value, both CNGS and cosmic ray data will give independent
and complementary measurements and they will provide a precise (sin2 2�;�m2)
determination rather than wide bands of allowed values.

4. Since we can observe and unambiguously identify both �e and �� components, the
full (3 x 3) mixing matrix can be explored. By itself, this is one of the main
justi�cations for the choice of the detector's mass. In particular simply observing
the ratio e=� in the atmospheric neutrino events, one can reach a level of sensitivity
suÆcient to detect also the e�ect until now observed in Solar neutrinos (\Solar,
MSW-LMA", Figure 1.2). This purely terrestrial detection of the Solar neutrino
solution is performed using neutrino in the GeV range, much higher than the one of
solar neutrinos. The lower part of the allowed band in the LMAMSW corresponds to
large night-day variations in solar signal, while the upper part, most easily accessible
with our method gives small variations. Hence there is complementarity between
the two methods. We remark also that matter oscillations may occur in the Earth
traversal, since its density is enhanced by the higher neutrino energy. This point
will be further explored by the Collaboration in the near future.

5. In the cosmic ray channel, all speci�c modes (electron, muon, NC) are equally well
observed without detector biases and down to kinematical threshold. The CR-
spectrum being rather poorly known, a con�rmation of the S-Kam result requires
detecting both (1) the modulation in the muon channel and (2) the lack of e�ect of
the electron channel. The consistency of the simultaneous observation of the L=E
phenomenon in as many modes as they are available is a powerful tool in separating
genuine avour oscillations from exotic scenarios.

6. In some favourable conditions, the direct appearance of the oscillated tau neutrino
may be directly identi�ed in the upgoing events, since even a few events will be
highly signi�cant.

7. While in CR, the knowledge of the sign of the muon is of little relevance, in the case
of the CNGS is a powerful tool to verify the neutrino nature after oscillation path,
excluding for instance oscillation channels into anti-neutrinos.
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The detector is modular and therefore its ultimate longitudinal dimensions are to be
set on the basis of a compromise between goals to be achieved and available space. In our
view the minimum, incompressible size is the one of a mere two modules, which should
roughly occupy the space and provide the �ducial mass of the previous planned ICARUS
2.4 kton deployment. However the present proposal gives strong physical arguments for
an extension of the detector to four modules, implying a total detector mass (both Argon
and solid target) in the vicinity of the 10 kton. In our view, with such a mass an optimal
compromise is reached between cost and performance in the achievement of the indicated
goals. Since detector installation is staged in time, the decision on how many super-
modules will be ultimately installed could be taken at a later date. Notwithstanding, the
engineering design of both the solid and liquid targets must be started as soon as possible,
followed by the realisation of the �rst super-module, which we believe could be ready by
2003.

In view of the strict connection between the ICARUS test module T600 and the present
programme, if approved, we suggest that the installation of the T600 foreseen for the end
of 2000 should be quickly complemented with the �rst of the solid target elements. The
initial equipment could be installed either in Hall C, as originally foreseen, or in Hall B.

In Figure 1.3, we visualise a tentative time scale for the implementation of the ICANOE
programme.
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Figure 1.2: Overview of the status of the neutrino oscillations searches, displayed assuming
two neutrino mixing schemes in the (sin2 2�;�m2) plane. The 90%C.L. allowed regions
obtained from the Kamiokande (resp. Superkamiokande) FC and PC samples are shown
as A) (resp. B)). The 90% (resp. 99%C.L.) regions consistent with the LSND excess are
shown as dark (resp. light) shaded areas in the upper region of the plane. The shaded
area in the region �m2 � 10�5 eV2 represents the large angle MSW solution of the solar
neutrino de�cit. CHORUS and NOMAD 90%C.L. limits on �� ! �� oscillations are
visible in the upper �m2 region. The ICANOE sensitivities at 90%C.L. are indicated
by three curves: the limit by direct observation of the atmospheric neutrinos (\ICANOE
atm"); the direct tau appearance search at the CNGS (\ICANOE �� ! ��"); the direct
electron appearance search at the CNGS (\ICANOE �� ! �e").
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The installation process may be stopped by lack of available space, depending on the
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Chapter 2

PHYSICS GOALS

In Genesi 6 leggiamo:
\Questa e` la storia di No�e. No�e era uomo giusto e

integro tra i suoi contemporanei e camminava con Dio.
No�e genera` tre �gli: Sem, Cam e Iafet.

Ma la terra era corrotta davanti a Dio e piena di violenza.

Since the ICARUS and NOE proposals, many important developments took place in
the area of the neutrino oscillation physics and proton decay searches that strengthen the
need for new experiment and have led us to the design of ICANOE. We summarize below
the most important of these developments.

2.1 Neutrino oscillations

The most important physics issue of the ICANOE experiment is addressed to the question
of neutrino masses and oscillations. Only new generation experiments with enhanced
experimental capabilities may provide direct answers to this question. Within this context,
ICANOE provides, through a large variety of measurements, new information on the
nature of the neutrino.

The \atmospheric neutrino anomaly", �rst published by Kamiokande in 1988 [95] and,
at the time, quite controversial, has been strongly con�rmed by the latest measurements
from Super-Kamiokande [13], Soudan-2 [14] and MACRO [18].

The atmospheric anomaly, observed by various experiments employing di�erent
techniques, stands today as a clear and convincing evidence that muon neutrinos are
\disappearing". The statistically strongest result is obtained by SuperKamiokande, as
shown in Figure 2.1(right).

The CHOOZ[19] experiment, that has not seen any anomalous e�ect, tells us that the
electron-neutrino �e does not signi�cantly disappear in the atmospheric neutrino region.
SuperKamiokande also shows no evidence for large �e disappearance (see Figure 2.1(left)).

The most natural explanation to this disappearance is �� $ �� oscillation. The �m
2

parameter characterizing this oscillation seems to be lower than initially suggested by
Kamiokande. While the Kamiokande data seemed to favour �m2 values in the region
of 10�2 eV2, the new Superkamiokande results are centered around 3:5 � 10�3 eV2

9
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Figure 2.1: Angular distributions for e-like (left) and �-like (right) multi-GeV events
(FC+PC), divided into 10 angular bins. (from ref. [3]).

(see Figure 2.2(left)). The oscillation parameters have been further constrained by
Superkamiokande with a combined �t of their neutrino sample and their upward going
muon samples. This �t is currently indicating a range within 10�3 < �m2 < 7�10�3 eV2

at the 99%C.L., as shown in Figure 2.2(right).

The atmospheric � data from Kamiokande, Superkamiokande, Soudan and MACRO
are all consistent with a maximal mixing between �� $ �� and hence provide a very
strong constraint on the mixing angle. The �m2 parameter is less well determined and
is a priori more sensitive to systematic e�ects. However, all experiments give range of
values that are consistent with each other. This is indicated in Table 2.1, where the
various experimental results and their best �t values for the oscillation parameter �m2

are listed. The combined result from various experiments under the hypothesis of �� ! ��
oscillations �ts therefore to the oscillation parameters with a mixing angle sin2 2� ' 1 and
a parameter around �m2 = 3:5� 10�3 eV2.

At the same time, CHORUS[7] and NOMAD[8] did not �nd any evidence for �� ! ��
oscillations in the region �m2 > 1 eV2, presumably ending the era of short-baseline
experiments. The chances to �nd oscillations in the \high" �m2 region have therefore
diminished. This reinforces the scenarios where �� ! �� oscillations are taking place at
the �m2 indicated by atmospheric neutrinos.

Could the muon neutrinos be oscillating into a non-weakly interacting sterile neutrino
�� ! �s? With the Superkamiokande data alone, it is hard to discriminate this hypothesis
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Figure 2.2: (left) 90 % C.L. allowed regions compared with the June 1999 Super-K result
and the Kamiokande result (right) Allowed regions using combined information from FC,
PC and upward-going muons at the 68%, 90% and 99% C.L. (both Figures from ref. [3]).

apart from the �� ! �� hypothesis. But there are currently two indirect pieces of
evidence which favor the �� ! �� oscillation hypothesis over more exotic oscillations
involving sterile �s states: The former involves the angular distribution of the muon
neutrino events: Due to the fact that sterile neutrinos do not exchange Z bosons with
nucleons in the earth, the angular distribution for �� ! �s will be distorted with respect
to the �� ! �� oscillation case. Combining shape and up/down asymmetries of the events
currently disfavors �� ! �s at the 2� level [4]. The latter method to distinguish the tau
and sterile oscillation cases makes use of NC neutrino interactions in the detector which
produce single neutral pions. Sterile neutrinos have no NC interactions; therefore, fewer
�0 events than expected for the �� ! �� case would be a signature of oscillation into a
sterile neutrino. The background-subtracted result [3] from Superkamiokande is:

(�0=e)DATA
(�0=e)MC

= 1:11� 0:06(data stat)� 0:02(MC stat)� 0:26(sys); (2.1)

again favoring the �� ! �� oscillation hypothesis. Notice that the systematic contribution
to the uncertainty exceeds the statistical contribution by a large factor. The systematic
uncertainty is in fact dominated by uncertainties in the �0 production cross-section in
water.

Clearly, direct tau appearance would constitute the ultimate proof of our
understanding of the mechanism underlying the disappearance of the atmospheric muon
neutrinos.

The present scenario from the neutrino oscillation studies is completed by the
steady results from SuperKamiokande and from Gallex in the solar neutrino low energy
interaction range. All solar �e observations, including also the results from Homestake,
SAGE and Kamiokande experiments, have reported signi�cantly lower uxes compared
to the expectations based on the standard solar models.
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Experiment Analysis �m2 is ... �m2(eV)2 Ref.
Kamiokande R best �t 1:6� 10�2

Kamiokande up-going � best �t 3:2� 10�2

Super K R best �t 3:5� 10�3

Super K up-going � best �t 3:2� 10�3

Soudan II R consistent with > 10�3

MACRO up-going � consistent with 2:5� 10�3 [17]
MACRO up-going � consistent with 2:5� 10�3 [18]

Table 2.1: �m2 from zenith angle, cos �z, dependence of atmospheric neutrino experiments
using the �� ! �� oscillation hypothesis. Results that do not have a \best �t" quoted by
the experiment are listed with the �m2 which is described as \consistent with" the data.

The preferred solution to the \solar � problem", is electron neutrino oscillation,
boosted by matter enhanced oscillation in the Sun. A combined rate analysis, from all the
experiment listed above, in comparison with the commonly used model BP98, indicates
two possible solutions in the �e ! �� (or �e ! �� ) parameter space: a small mixing angle
solution with 4� 10�6 � �m2 � 10�5 eV2 and 10�3 � sin2(2�) � 10�2 at 90% C.L. and a
large mixing angle solution with 10�5 � �m2 � 2� 10�4 eV2 and sin2(2�) � 0:5 at 90%
C.L.

Finally, the LSND experiment has observed an apparent excess of �e events in a ��
beam consistent with neutrino oscillations with �m2 � 1 eV 2 [5]. This result has been
persistent for 5 years, but it is based on a single experiment. The mass-angle parameters
are con�ned to a small remnant space not excluded by other experiments, in particular,
by the recent KARMEN-II results [6].

While a unique picture able to clarify all observations has not emerged yet, the
most logical and attractive way to explain the atmospheric and solar neutrino results
is by invoking three generation neutrino avor oscillations. Under this assumption, there
appear some issues that can only be answered by a new generation experiment:

1. The ultimate proof for the �� ! �� avor oscillation phenomenon can only be
obtained with direct � appearance experiments: until now, no experiment has
been capable of demonstrating in a direct way that �� disappearance turns into
�� appearance.

2. The low energy long baseline program K2K [9] | presently taking data | will check
the �� disappearance hypothesis and that no large �e appearance is taking place.
But it will not have suÆcient energy to produce � leptons. The MINOS project [10]
at Fermilab will check the �� disappearance e�ect as well. Its sensitivity to ��
appearance will be very limited due to its coarse segmentation.

3. The LSND experiment has taken additional data using a new target con�guration.
These new data, though not as convincing as the early data, are consistent with
previously reported evidence from LSND using neutrinos from pion decays at rest
and in ight. The KARMEN-II data do not show any evidence for oscillation. This
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result is incompatible with a large fraction of the allowed region for LSND, but does
not have the sensitivity to satisfactorily exclude the LSND claim.

The present complicated scenario supports the compelling need for further
experimental e�orts with upgraded experimental techniques.

2.2 Search for oscillations at the CERN-NGS

Even though the neutrino ux will be highly reduced due to the long baseline between
CERN and Gran Sasso, the large mass of the ICANOE detector will allow to accumulate
large statistics of neutrino interactions: after about 4 years of running, about 80000
charged current �� events and about 30000 neutral current events. These events will
allow to explore neutrino oscillations in a number of di�erent channels. We stress here
the complementarity of the events that will be occurring in the liquid and solid targets.

2.2.1 Search for direct �� appearance

The goal of ICANOE is to answer the fundamental question of whether the disappearance
of �� atmospheric neutrinos is due to neutrino \avor" oscillation involving �� neutrinos.
The key issue is therefore the search for direct tau appearance.

For the preferred �m2 value of 3:5� 10�3 eV2 about 600 �� CC interactions would be
produced in the liquid target. In addition, about 300 �� CC will occur in the solid target.

These rates will allow the exploration of the full region of oscillation parameter space
(sin2 2�;�m2) indicated by the latest atmospheric neutrino results. For example, using
the events in the liquid target, we expect a tau signal with a statistical signi�cance of
about 8�'s for �m2 = 3:5�10�3 eV2. For �m2 = 2:5�10�3 eV2, the excess will be about
5�'s. For �m2 = 1:5�10�3 eV2, about 2�'s. We stress here for the lower �m2 values, the
complementarity of the beam and atmospheric neutrino measurements (see section 2.3)
both performed within the same experiment, as already indicated in Figure 1.2.

For 4 years running at the CNGS, the 90% C.L. exclusion region extends down to
�m2 ' 1:3� 10�3 eV2 for maximal mixing and to sin2 2� < 1:2� 10�2 for large �m2.

2.2.2 Search for electron appearance

Excellent electron identi�cation capabilities allow to test whether there is a conversion
from �� ! �e. This e�ect would appear as an excess of �e CC events and distortion of
their visible energy spectrum.

For 4 years running at the CNGS, the 90% C.L. exclusion region extends down to
�m2 ' 4� 10�4 eV2 for maximal mixing and to sin2 2� < 1:5� 10�3 for large �m2.

2.2.3 Search for muon disappearance

For a restricted range of the �m2 parameter, the disappearance will be directly observed
in the spectrum of the �� CC events.
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2.2.4 Determination of the �m2 parameter at the CERN-NGS

If the mechanism responsible for the disappearance of muon neutrinos in atmospheric
neutrinos is the avor oscillations �� ! �� , then the direct tau appearance searches will
�nd an excess of tau-like events.

This sort of \excess" measurement has been criticized in the literature for not being
able to directly provide the parameters of the oscillations. Indeed, for the neutrino energies
required to produce the tau lepton eÆciently, the energy modulation of the oscillation
is not easily visible. For the most favored values of the �m2 parameter indicated by
the atmospheric neutrinos and given the distance between CERN and Gran Sasso, the
maximum of the oscillation will occur below the tau production threshold.

In the region of higher energies, the oscillation probability can be factorized using the
so called small L=E approximation. In this case, the neutrino tau ux will be proportional
to the mixing angle sin2 2� and to (�m2)2 independently.

It should be stressed however that atmospheric measurement, while not very precise
in determining the �m2 parameter, strongly constrain the mixing angle to be nearly
maximal. This statement is very general and does not rely on MonteCarlo prediction.
A simple observable, like the up/down asymmetry, is suÆcient to constrain the mixing
angle.

Given that the mixing is �xed to be nearly maximal, the number of observed tau will
yield new information on the �m2 parameter. The precision of this measurement will be
comparable to that obtained by �ts of the �� disappearance curves in low energy beams
like that envisaged by the MINOS experiment.

2.3 New observations of atmospheric neutrinos

ICANOE can give fundamental contributions to the study of atmospheric neutrinos in
di�erent aspects, thanks to its unique performances in terms of resolution and precision.
In order to achieve a better understanding of neutrino phenomenology, it is fundamental
to have coherent results from di�erent kind of measurements, showing that all of them
can be interpreted within a unique model.

Therefore, the possibility of measuring atmospheric neutrinos with the same detector
operating in the long{baseline beam is considered a fundamental feature of our
experimental programme in order to establish a robust con�dence on the results.

The perspective, as far as atmospheric neutrinos are concerned, is to provide
redundant, high precision measurement and minimize as much as possible the systematics
uncertainties of experimental origin which a�ect the results of existing experiments.

2.3.1 Neutrino event selection

Super-Kamiokande limits in great part the analysis to \single{ring" events, since in multi{
ring patterns they cannot always identify the muon from other charged particles. They
strongly rely on visual scanning of the �nal sample of events surviving the software cuts.
Furthermore, the most relevant analysis is limited to contained events. The minimum
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threshold for track and shower identi�cation with full eÆciency is around 200 MeV/c of
momentum.

ICANOE is instead able to make use of multi-track events, relying on a high resolution
pattern recognition, on a solid particle identi�cation and on the capability of measuring
muon momenta even for non{contained events. Event recognition will be performed
through a fully automated system. Moreover, in ICANOE, partially contained events
(mostly from ��'s) can be added to the fully contained sample, thanks to the possibility of
measuring the muon energy, mostly by means of the analysis of the evolution of multiple
scattering along the tracks, and, when possible, by direct muon measurement in the
magnetized calorimeter.

The liquid Argon detector of ICANOE can detect events with full eÆciency at low
momenta. In particular CC interactions of �e's can be detected down to threshold.

The angular resolution at sub{GeV energies is in any case better than that of Super-
Kamiokande, and this is fundamental to improve the measurement of the up-down
asymmetry.

2.3.2 The identi�cation of �� and �e events

As stated in ref. [22], in both the Super-Kamiokande and Soudan-2, the measured (�=e)
ratio implies an integration over a �nite interval of energy and the convolution of the �
spectra with detection eÆciency curves, including containment, that are avor dependent.
Therefore an important source of uncertainty comes from the knowledge of the shape
of the energy spectrum, and the energy dependence of the � cross section. For this
reason the uncertainty on the MC calculated ratio (�=e)MC is larger than 5% and was
estimated by Super-Kamiokande as 8% and 12% for the sub{GeV and multi{GeV sample
respectively. The features of ICANOE allow, in principle to obtain a signi�cant reduction
of these systematic errors and it can be envisaged that the error on the e=� ratio can
be practically reduced at the statistical contribution only. This is important in order
to clarify the question of the normalization and of the possible excess of electrons with
respect to the expectations. In the analysis of their data, both the Super-Kamiokande
and Soudan-2 collaborations consider the absolute normalization of the calculated �
uxes as a free parameter. In the latest analyses, the Super-Kamiokande collaboration
estimates a normalization factor with respect to the theoretical prediction � = 1:084
and the ratios edata=eMC take the values 1:06 � 0:03 and 1:08 � 0:05 for sub{GeV and
multi{GeV respectively. These values are somewhat di�erent from the �rst results, where
� = +1:158 and the ratios edata=eMC for the sub{GeV and multi{GeV samples had the
values 1:18� 0:03 and 1:23� 0:07 (statistical errors only). The di�erence in the estimates
of the rate of sub{GeV e{like events in the progress of the analysis in part are due to
MonteCarlo re�nements, but also to small modi�cations of the pattern reconstruction
program that a�ect the entire integrated data sample. On the other hand, the result of
the Soudan-2 experiment [14] for the \shower" events is edata=eMC = 0:81� 0:09, for all
contained events, (0:86� 0:11 for the \high resolution sample"[21] 1). That is an e�ect of
opposite sign with respect to Super-Kamiokande. (however in this case the reference MC

1This is a selected sample in which either the �nal state proton is detected, or the selection in lepton

momentum is larger than for the standard sample
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calculation is di�erent). The di�erence in edata=eMC between these two experiments is a
hint of a possible problem of experimental or theoretical nature, and must be carefully
investigated.

Furthermore, if electron neutrinos participate in the oscillations, considering of course
the residual possibility left by the CHOOZ result[19], then, electrons events must be
somewhat enhanced and muon should be further depressed with respect to the case of
2{avor oscillation. Other interesting phenomena are connected to the question of matter
e�ects and 3-avor oscillation. For instance, in ref. [24] it has been shown how, in case the
large angle MSW solution of the solar neutrino de�cit is really e�ective, then there can be
a detectable excess of sub{GeV electron events with a weak zenith angle dependence. This
is another reason to consider the aforementioned excess of sub{GeV electron neutrinos in
Super-Kamiokande as an intriguing experimental result which deserves an independent
con�rmation at a higher level of precision.

2.3.3 Identi�cation of lepton charge

As far as the detection of atmospheric quasi{elastic events is concerned, the observation
of a proton of at least 250 MeV in the �nal state allows the �=� separation even for non
contained events. In the case of �� and �� contained events, a redundancy is provided
by the detection of muon decay. This allows on one hand to put better constraints on
the calculation models, and on the other hand it is a tool to have an insight on subtle
e�ects due to propagation in matters connected with 3-avor oscillation. In the general
case, in which all three neutrino families mix to some extent, the probabilities for �'s
and �'s oscillations will de�nitively di�er because of matter e�ects. This study is already
considered in the activity with the long{baseline neutrino beam. The di�erent behaviour
of ��s and ��s as a function of path length (zenith angle) through the Earth could give
additional information about the neutrino mass matrix and in particular on the sign of
�m2 [23].

2.3.4 Neutral currents

The detection of neutral current events in the atmospheric neutrinos sample is important
for search for oscillations into sterile neutrino. Due to the diÆculty in pattern recognition,
Super-Kamiokande is limited to the identi�cation of �0 events. In ICANOE, also neutral
current events with charged pions can be detected and reconstructed. Moreover, the �0=e
identi�cation capability should be much better than in Super-Kamiokande.

2.3.5 Upward{going muons

Finally, ICANOE can also measure upward{going muons from neutrinos interacting in
the surrounding rock. In fact, the design and size of ICANOE are such to make it also
a large area detector. As discussed in section 6.9, the detection features of ICANOE
can provide the direction recognition power with enough rejection power to discriminate
upward{going muons from the overwhelming background of downward{going events. The
analysis of upward{going muon events is limited by large systematics at theoretical level,
since there is no way to make direct up/down comparison of data. However it is an
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important cross{check of the analyses performed on the other event categories, which
belong to di�erent regions of neutrino spectrum and are a�ected by di�erent systematics
at theoretical level.

In addition, ICANOE can add some speci�c contribution to this kind of measurement.
For example, the muon energy can be measured in a signi�cant fraction of events, and
also the charge for stopping muons and those muons which pass through the magnetized
calorimeter.

The detection of upward{going muons allows also to continue the research in the �eld
of neutrino astronomy. In fact it is not yet excluded that high energy neutrinos can be
produced by astrophysical point sources [27]. These events can be also used in the search
for the decay of weakly interacting particles captured in the sun or in the Earth core [28].
A large area detector like ICANOE allows then to continue these programmes after the
decommissioning of MACRO.

2.3.6 Progress in theoretical predictions

An improvement in the experimental accuracy must be accompanied by progresses in the
understanding of the theoretical uncertainties which a�ect all the analyses quoted here.
These are mainly associated to two aspects: i) the knowledge of neutrino spectrum (both
in normalization and shape), which depends on primary spectrum, hadron production,
geometry, geomagnetic e�ects; ii) the knowledge of neutrino cross sections, especially
in the nuclear environment. These uncertainties a�ect mostly the low energy (sub{
GeV) region. The ICANOE collaboration is already involved in new calculations and
in the development of more precise simulation tools. For this reason it is also worthwhile
mentioning that a new precision measurement of atmospheric neutrinos at Gran Sasso,
which has a di�erent geomagnetic cuto� with respect to Kamioka and Soudan, can be
important in the checks of old and new ux calculations [25].

2.4 Search for nucleon decay

Nucleon decay is likely to occur at some level; if experimentally observed it can be used to
determine fundamental properties of the nature and the structure of the Unifying Gauge
Theory at a scale of 10�32 cm. From the experimental point of view, the challenge matches
the importance of the issue.
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Chapter 3

DETECTOR OVERVIEW

In Genesi 6:15 leggiamo:
\Ecco come devi farla: l'arca avra` trecento cubiti

di lunghezza, cinquanta di larghezza e trenta di altezza."

This chapter presents an overview of the ICANOE detector and of the event detection
principles. A more detailed discussion of the performance of the ICANOE detector, based
on full MC simulations, is postponed to chapter 4. In chapters 8 to 11 a complete report
on both the ICARUS and NOE technological aspects is given for sake of completeness.

3.1 The need for a new technology in underground

experiments

As stated in the previous chapters, new generation underground experiments are now
facing new challenges, for which novel and more powerful technologies are required, with
respect to the existing detectors:

� The long baseline accelerator neutrino oscillation experiments require, with respect
to existing short baseline detectors (like NOMAD and CHORUS), a powerful
increase of the detector �ducial mass (about 1 ton in NOMAD), in order to cope
with the ux attenuation due to the distance. In order to perform a comprehensive
programme on neutrino oscillations the �ducial mass of our detector must be
increased to several ktons.

� Likewise, (simultaneous and) comprehensive investigation of atmospheric neutrinos
events, in order to reach the level of at least one thousand events/year, also requires
a �ducial mass of several ktons.

� Nucleon decay: because of the already very high limit on the nucleon lifetime (� 1032

years in most of the decay channels), a modern proton decay detector should have
an adequately large sensitive mass.

The reference detector mass is now set by the operating SuperKamiokande detector,
which is of the order of 30 ktons. However the rather coarse nature of the Cherenkov ring

19
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detection is capable to reconstruct only part of the features of the events. In the ICANOE
design a fully sensitive, bubble chamber-like detector will permit discovery limits at the
few events level and a much more powerful background rejection. As discussed later on,
we believe that a detector of this kind, already at the level of a few ktons of mass will be
fully competitive with the potentialities of SUPER-K and in several domains will permit
to extend much further the investigations.

In order to perform simultaneously LBL and atmospheric neutrino analysis and
nucleon decay search, separating eÆciently signal to background, this detector has to be
operated underground and to have sophisticated imaging, calorimetric and �-momentum
capabilities.

Imaging should be provided by a modern bubble chamber-like technology since:

� it has to be able to provide high resolution, unbiased, three dimensional images of
ionising events;

� it has to provide an accurate measurement of the basic kinematical properties of
the particles of the event, including particle identi�cation.

� it has to accomplish simultaneously the two basic functions of target and detector.

Unlike traditional bubble chambers, limited by a short window of sensitivity after
expansion and not self-triggerable, the detector should remain fully and continuously
sensitive, self-triggering and readout without dead time. In addition, operating
underground introduces severe safety requirements which exclude traditional ammable
and/or pressurized liquids. Finally the mass of the largest bubble chambers ever
constructed is about two orders of magnitude smaller than the one required here.

We consider the ICARUS technology as the ideal detector choice for rare event search
such as proton decay and neutrino interactions.

The following main features of the liquid Argon detector technology have been carefully
investigated and constitute the basis for the present proposal:

� The accuracy of localization of a single \bubble" is about 150 �m r.m.s., determined
by the ampli�er noise. Di�usion e�ects are small even for the longest drift lengths.

� The bubble diameter is about 3 mm, similar to the one of the famous
GARGAMELLE bubble chamber.

� Unlike bubble chambers, the ionisation measurement along the track is excellent
and it can be used to determine the momentum(speed) of non relativistic particles
with a good accuracy.

� The pure Argon is also an excellent calorimeter medium with very good energy
resolutions. Moreover, the calorimetric determination of highly ionising tracks can
be improved by doping.

� For long tracks in the liquid, like the case of the leading muon from �� interactions,
an excellent accuracy (� 20% for a 5 meter long track) of the muon momentum can
be obtained by multiple scattering measurements. For short, stopping tracks the
energy can be accurately measured from the range and the nature of the particle
identi�ed by the ionisation as a function of the range.
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� Liquid Argon is also an excellent scintillator. Scintillation light has an attenuation
path of about 1.8 meters and it can be used for triggering purposes.

The superior quality of the event vertex inspection and reconstruction of the liquid
Argon volumes would be ideally complemented by the addition of an external module
capable of magnetic analysis of the muons escaping the chamber. Bubble chambers have
in fact often been very similarly complemented in the past by external identi�ers. An iron
muon tracking spectrometer would ful�ll this job, but it would also introduce in between
adjacent liquid argon volumes a blind region incapable of giving information on the energy
and on the nature of the escaping particles. A sensitive magnetized calorimeter appears
therefore as an ideal containment module to be interleaved between adjacent liquid Argon
volumes.

The challenge of building a large neutrino detector of unprecedented sophisticated
�ducial mass had been tackled in parallel to ICARUS also by NOE with a di�erent and
in many ways complementary approach. NOE solved the problem of designing a very
large mass sensitive neutrino target with �ne grain and state of the art e.m. and hadronic
resolution by instrumenting modules �lled of cheap passive material with scintillating
�bers providing the necessary sampling frequency. Two options of equivalent performance
for the choice of passive material were considered: iron sand or thin iron sheets.

A compensating calorimetric target of several ktons could thus be reasonably proposed.
Prototypes with transverse and longitudinal granularity of 5 cm were built and successfully
proved the validity of the approach. Linear energy responses and hadronic and
electromagnetic resolutions respectively of 43%=

p
E and 20%=

p
E were achieved in test

beams.
The demands of a combined detector with ICARUS have more recently prompted

a �nal choice of the NOE passive materials. The thin iron sheets option, being
magnetizable, was selected and muon tracking planes were inserted between calorimetric
planes. Magnetic analysis of muons becomes thus possible. The present design foresees
toroidal �elds of more than 1 Tesla on average and, equipped with drift tubes trackers,
provides a muon momentum resolution of about 20% with essentially fully eÆcient muon
charge selection.

3.2 Outline of the ICANOE detector

The layout of a new detector, as it is the case for the ICANOE experiment, can be
�nalized only when all possible constraints are �xed and taken into due account. At this
stage for ICANOE only part of these are clear and most can be just preliminary outlined.
Therefore, the present proposed solution represents a still exible design, which will be
progressively updated as soon as the constraints will show up in a de�nitive shape.

The leading constraints we bared in mind at the initial phase of ICANOE designing
were essentially three:

� Retaining of the basic features of the ICARUS and NOE technologies.

� Availability of underground space at LNGS.

� Time schedule.
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A fundamental constraint from the availability of the necessary funds, was not
explicitly considered at this stage. However preliminary, rough evaluation of the overall
cost breakdown is at the level of other detectors of comparable size.

We decided to maintain the basic properties of both the ICARUS and NOE detectors
unchanged in order to bene�t of the already acquired experience and of available design
and technical tools.

We assume as baseline option to host the experiment in the LNGS Hall B. The
availability of space at LNGS is then related to the decommissioning of the MACRO
experiment, expected to start by May 2000.

We plan to extend the transverse dimension of ICANOE (11.3�11.3 m2, the external
dimension of the liquid target) up to a full occupancy of the Hall cross-section (see
Figure 3.2), leaving only the minimum space all around for the external services of the
experiment and for the safety devices and way out.

The longitudinal extension is, of course, more critical. The longest possible extension,
up to about 100 m (corresponding to 5 ICANOE supermodules), would guarantee the
maximum sensitivity reach in terms of physics issues, from the largest possible active
detector mass.

The combination of all these constraints led us to the de�nition of the basic element
of the ICANOE detector: the ICANOE SuperModule, see Figure 3.1.

It guarantees the \modularity" requirements necessary to cope with the space and
time limitations and preserves an internal exibility, open to future technological re�ning
and upgrades.

The ICANOE SuperModule is, according to the present design, composed by a liquid
Argon module \�a la ICARUS ", with 18.0� (11.3)2 m3 of external dimensions and 1.4 kton
(1.9 kton) of active (total) mass, and a magnetized calorimeter module \�a la NOE ", with
2.6� 92 m3 of external dimensions and 0.8 kton of mass. The depth consists of 2 m for
the calorimetric unit, corresponding to 7:4 �int and 59 X0 and 0:6 m for the tracking units
(the interleaved planes of tracking chambers) (see Figures 3.2 and 3.3).

At this stage we propose the construction of four SuperModules with a total length of
the experiment of 82:5 m and a total active mass of 9.3 kton fully instrumented, as shown
in Figures 3.1, 3.3 and 3.4.

In the following sections a detailed description of both the liquid and solid components
of the ICANOE supermodule is provided, including the main technological aspects and
achievements that form the base of the ICANOE proposal.

3.3 Solutions for the new liquid argon modules

The design of new ICARUS-type modules in view of the hybridization with the NOE
calorimeter is clearly a major topic of the present discussion. It is obvious that the
detailed engineering design of new modules will greatly bene�t from the experience of the
T600 module, presently under construction. The layout described in the following has to
be taken as a preliminary scheme to be further �nalized during the full engineering phase.

We have chosen here to consider, as a conservative approach, a solution in which the
new modules are made of an array of T600-like sub-modules. In our design we have tried
to maximize the occupancy of the Hall B cross-sectional area taking into account the
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Figure 3.1: Perspective view of the baseline detector with 4 supermodules.
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Figure 3.2: Front view of the baseline detector.
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Figure 3.3: Side view of the baseline detector.
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Figure 3.4: Plane view of the baseline detector.
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existing facilities (crane) and the necessary technical volumes (for services, passageways
for trucks, etc.).

We only made few modi�cations of the present T600 basic structure:

� the LAr containers have been moved close to each other, reducing dead zones; the
walls are reinforced in order to be able to support the weight of an additional module
lying on the top wall;

� the maximum drift is 4 m in place of the present 1.5 m;

� calorimetric readout of the LAr non-imaging regions has been added to recover the
energy deposition in the LAr volumes outside the main drift volume.

For what concerns the modules length, we �xed, for the moment, a sensitive volume
length of 16 m, which is compatible with the transportability requirement (up to 20 m
for the full length). There are obvious arguments in favor of a smaller number of longer
detectors (see Table 3.1):

� Easier handling (fewer units);

� Lower construction and running costs:

{ Fewer, non scalable, auxiliary units (pumps, recirculators, controls, etc.);

{ Fewer electronics channels;

{ Better sensitive to total volume ratio;

{ Lower heat transmission through the insulation (LN2 consumption);

{ Lower total length and better occupation of the Hall B volume.

LSENS Units MSENS MTOT LTOT # wires LN2 cons.
(m) (ton) (ton) (m) (lt / hr)
8 8 5688 7898 80.4 276480 2607
10 6 5333 7301 72.3 236544 2107
12 5 5333 7233 70.25 220160 1883
16 4 5688 7617 72.2 212992 1709

Table 3.1: Comparison of various detector parameters (liquid target only) for di�erent
choices of the sub-modules length and similar sensitive masses (other parameters are
identical: cross-section, insulation thickness, etc.).

The modules dimensions, in particular the length, can be still re�ned; they will be
�xed by the results of the Montecarlo calculations when we will know the length of the
Hall B that will be available for the experiment. We recall that the present T600 design
is modular along the longitudinal direction by sections of 2 m.

We can foresee a number of other possible modi�cations and simpli�cations of
the present structure of the detector, which, we recall, was designed assuming very
conservative parameters in order to have the better chance of having it working. The
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nature of these modi�cations will be apparent after the assembly and full test of the T600
and we don't want to anticipate now speci�c solutions as they will probably change and
re�ne during the next few months.

The major advantage of our approach is that the original construction strategy of the
T600 is preserved:

� each module can be built and tested outside the underground lab;

� more modules can be built in parallel if di�erent working groups can be formed and
then transported and installed independently in Hall B.

Also, the serialization of the present T600 design o�ers a number of obvious
advantages:

� the time and e�orts required for the design are minimized;

� testing of all the solutions will be achieved directly through the �rst T600;

� the experience acquired during the T600 construction and run will be fully exploited
by the Collaboration and by the industries as well;

� the tooling and the auxiliary plants used for the T600 construction, test and run
will be preserved.

We �nally recall that the installation of an array of T600 modules in Hall B was part of
the original program of the ICARUS Collaboration [11, 12] and a study for the installation
of 8 T600-like modules is integral part of the basic engineering design of the single T600
made by Air Liquide at the beginning of 1997.

The construction of four T600-like modules (T2400) for the CNGS is included in the
next 5 years INFN �nancial plan.

3.3.1 Cryogenics & puri�cation

In order to better exploit the Hall B volume and to minimize the dead regions, the original
Air Liquide scheme needs to be slightly re-scaled and optimized. In this case we have to
discard the requirement that each sub-module could be operated independently from the
others and we consider the scheme shown in Figure 3.5. We can minimize the forward
and backward non-imaging regions (700 mm for the T600) by moving the manhole from
the top the containers to the vertical forward and backward walls. In this case, the non-
imaging region can be considered as a uniform layer 300 mm thick all around the internal
detector.

With respect to the original design, the present layout also reduces the thermally
exchanging surface and therefore the heat input from the walls. For the same insulation
thickness we have a reduction of about 30% in the heat exchange between the LAr
containers and the external world. We increased the insulation thickness from 400 mm
to 750 mm and removed the intermediate cold screen (for simplicity) in order to have
approximately the same heat consumption of the T600 module for the 4 sub-modules
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Figure 3.5: Layout scheme of the new modules composed by 4 sub-modules.

assembly. We kept 400 mm of insulation only on the wall facing downstream the solid
target. We are also considering other solutions for the insulation (evacuated honeycomb
panels) with a heat transmission coeÆcient which can be in principle much lower of the
present one; the new solution has however to be tested.

The basic geometrical parameters of this solution are reported in Table 3.2.
With the present design, the internal volume of the single sub-module (for a 16 m long

sensitive volume) is approximately equal to the one of a T600 half-module. Therefore,
the same LAr puri�cation and recirculation units designed for the T600 (and also the
vacuum pumps) can be used with the same working parameters. Having halved the
number of readout wires, the outgassing surfaces (dominated by the signal cables and by
feedthroughs) are also approximately halved and we expect, for the same recirculation
speed, a substantial increase of the electrons lifetime at equilibrium.

Having maintained the same heat consumption of the T600, also the cooling circuit
and the LN2 circulation pumps for the new module will be identical to those of the T600
with same performances (temperature gradients, LN2 consumption payload, etc.). All the
equipment of the T600 can therefore be eÆciently re-employed (or kept as spare parts).

Due to the relatively large LN2 consumption for a 4 modules (� 5 kton) assembly,
we foresee to use LN2 recondensers as a primary supply and leave transportation with
trucks as the backup solution (during the recondensers maintenance or substitution).
This will also minimize the amount of GN2 to be evacuated from the Hall. Use of the
recondensers also makes the intermediate thermal shield cooled by the evaporated N2

much less convenient (as the total energetic balance will be basically unchanged) and so
we decided to remove it. This clearly simpli�es the cooling circuit and insulation panels
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Number of independent containers 4
Single container internal dimensions:

length 16.6 m
width 4.6 m
height 4.6 m
internal volume 351 m3

Single container external dimensions:
length 16.9 m
width 4.9 m
height 4.9 m

Container material (honeycomb structure) aluminum
Walls thickness �150 mm
External insulation thickness 750 mm
Single container own weight �23.0 ton
Total external dimensions:

length 18.05 m
width 11.3 m
height (not including supports) 11.3 m

Total (cold) internal volume 1381 m3

Total LAr mass 1904 ton

Table 3.2: Basic geometrical characteristics of the new modules for a sensitive volume
length of 16 m.

layout.
The basic parameters of the cryogenics and puri�cation systems are summarized in

Table 3.3.

3.3.2 Internal detector

Also for the basic structure of the internal detector we keep the present design of the
T600. Each new sub-module will contain a mechanical structure independent of the
container that supports a single wires chamber with three readout planes, the �eld shaping
electrodes and one cathode (see Figure 3.6). Apart a small scaling factor, required for
the adaptation to the new sub-module dimensions, the present mechanical and electrical
solutions for the T600 are fully preserved:

� Same wire chambers structure with variable geometry, three wires planes (all
readout) at 00 and �600 from horizontal and 3 mm pitch;

� Same choice of the geometry of the �eld shaping electrodes made of 35 mm diameter
pipes with 50 mm pitch;

� Same cathode structure.

Most of the components presently used for the T600 wire chambers (wires holders,
combs, spacers, shock absorbers, PCB connecting boards, etc.) and for the drift HV
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Design LAr pressure Min.: 0 bar abs
Max.: 1.5 bar abs

Working LAr pressure 1.25 bar abs
Cooling Liquid LN2 2.7 bar abs

LN2 circulation speed 18 m3 / hr
Maximum temperature gradient on the cryostat walls 1 0C
Nominal heat losses through the insulation (750 mm) 10.4 W / m2

LN2 consumption (for the whole module):
Heat losses through the insulation 250 lt / hr
Heat losses through cables & anges 40 lt / hr
Consumption due to the pumps, transfer lines, valves 140 lt / hr

Total LN2 consumption 430 lt / hr
LAr �lling / puri�cation speed 2 m3 / hr
LAr �lling time / sub-module 175 hr
LAr fast recirculation units per sub-module 1
LAr forced recirculation speed 2 m3 / hr
Factor 10 gain time for purity 17 days
GAr recirculation units per sub-module 2
GAr maximum recirculation speed 100 m3 / hr
Target LAr purity (concentration of electronegative impurities) 0.05 ppb O2 equiv.

lifetime � 5 ms

Table 3.3: Working parameters of the cryogenics and puri�cation systems. Filling and
recirculation speeds are for one sub-module.

system (voltage dividers, feedthroughs, etc.) can be used with no modi�cations. Also
the tooling already developed for the assembly (wiring table, assembly island) can be
re-employed with minimal changes.

To reduce the number of readout channels and therefore the costs, we assumed that
only one wire chamber is needed to readout a sub-module and therefore that the maximum
drift can be increased from the present 1.5 m to 4 m. This will not change the basic
mechanical structure of the internal detector (which can be eventually simpli�ed).

We already veri�ed that the drift can be, in principle, expanded to more than 3 m:

� during our last tests with the 10 m3 prototype we achieved LAr purities
corresponding to free electrons lifetimes exceeding 2.5 ms (the corresponding drift
is 3.75 m at 500 V/cm); in smaller prototypes, where outgassing surface to volume
ratio is much larger, (24 cm, 50 lt) even longer lifetimes have been measured (> 7
ms);

� in our lab tests, the HV feedthroughs and the divider chain have been tested
up to 150 kV with stable conditions and negligible leakage currents. Therefore
the operation with 4 m drift at 400 V/cm seems envisageable within the present
technology.
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Number of readout chambers 4
Number of wires planes per chamber 3 (all readout)
Wires orientation respect to horizontal 00; �600
Wires pitch (normal to the wires direction) 3 mm
Wires length:

horizontal wires 8.10 m
wires @� 600 4.73 m
wires at the borders (�600) 0.5 m � 4.73 m

Wires diameter 150 �m
Wires nominal tension 12 N
Number of wires / construction module 32
Number of modules / chamber:

Horizontal wires 84
Wires @� 600 2� 124
wires at the borders (�600) 2� 42

Number of wires / chamber:
horizontal 2688
@� 600 2� 3968
at the borders (�600) 2� 1344
Total 13312

Total number of wires 53248
Maximum drift length 4 m
Maximum drift time @500 V / cm 2.7 ms
Distance between race tracks 50 mm
Number of race tracks / sensitive volume 79
Sensitive volume / submodule: 256 m3

length 16 m
width 4 m
height 4 m

Total sensitive volume / new module 1016 m3

Total sensitive LAr mass 1422 ton

Table 3.4: Main parameters of the internal detector mechanics for a sensitive volume
length of 16 m.
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Figure 3.6: Cross-sectional view of the internal detector layout.

Therefore, the 4 m drift is already achievable with the presently used solutions. For
the T600, as the construction phase is quite advanced, we decided to keep the original
1.5 m maximum drift, at least for the �rst half-module. We are still considering the
possibility of having the second half-module with 3 m maximum drift.

3.3.3 Calorimetric readout of the non-imaging regions

Presence of a relatively thick (30 cm) LAr layer outside the main drift volume (imaging
region) may degrade the energy information for those events from the neutrino beam that
are produced in the imaging region and develop in the solid target. We decided therefore
to instrument the non imaging LAr in such a way to provide a calorimetric readout also
for this region in order to have a continuous connection (from the calorimetric point of
view) between the liquid and the solid targets.

The basic idea is that ionisation charges are produced everywhere in the LAr, also
outside the main drift volume. Here we naturally have an electric �eld, in most
zones rather high, produced by the �eld shaping electrodes and by the cathode (see
Figures 3.8 to 3.12). Hence, ionisation electrons produced in the non-active region are
transported to the detector walls. Readout of these charges can be obtained simply by a
set of readout electrodes (strips) placed in front of the walls (Figure 3.7).

From charge collection we can obtain a rather accurate energy measurement by o�-
line cross calibration, including compensation for the hadronic component based on the
combined information coming from the imaging region and from the solid calorimeter.

The behaviour of the equipotential lines is shown in Figure 3.8, for the back region
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Figure 3.7: Layout of the calorimetric readout in the non imaging regions of each LAr
submodule.
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outside the �eld electrodes (the front region is symmetrical). Figures 3.9 through 3.12
show in detail the �eld and the potential near the cathode and near the wire chambers.

In details, the calorimeter is based on a set of 5 mm thick plane electrodes distributed
along the inner walls, except the one facing the wire chambers, and segmented into strips
each connected to an ampli�er. Due to the very di�erent �elds in the various regions, the
ampli�ers, with a charge integration con�guration, have a decay constant suÆciently long
to measure with equal eÆciency signals due to charges drifting with di�erent velocities.
The strip electrodes have width and spacing from the walls adjusted in order to keep their
capacitance of the order of 500 pF. They are positively biased (�400 V) to collect also
the charges in the gaps between them and the walls.

Strip parameters for the di�erent walls are listed in Table 3.5 for LAr sensitive volume
16 m long.

Wall Width Length Pitch Gap Capacitance Number
[cm] [cm] [cm] [cm] [pF]

Front 9.5 430 10 1 543 43
Back 9.5 430 10 1 543 43
Top 9.5 460 10 1 581 166
Bottom 9.5 460 10 1 581 166
Cathode 4.5 430 5 0.5 514 332
Chambers 9.5 430 10 1 543 6
Total 756

Table 3.5: Strip number and parameters for a 16 m long LAr sensitive volume.

3.3.4 Electronics

Having maintained all the detector parameters (wires length, pitch, cabling etc.) similar
to those of the T600 no modi�cations are needed, in principle, for the present electronics
layout (see section 9.2).

The only argument to discuss, about electronics for the new modules, is relative to
the number of channels. At an extrapolated cost of about 60 euro/chann. and a total
number of wires exceeding 200000, the cost of electronics will be one of the dominant
contributes to our expenses. It is clear however that, due to the rapid evolution of
electronics industry, especially for digital components, we expect that, for the time in
which we will be placing the orders, the cost per channel will drop signi�cantly. Also
performance will increase and considering the fact that a signi�cant fraction of the present
electronics cost is concentrated on the digital part, there will be a big tradeo� increasing
the present analog multiplexing factor.

There are di�erent ways in which the number of digital units can be substantially
reduced. The most straightforward solution is to increase the current clock speed from
40 MHz to 80 MHz and concurrently increase the multiplexing factor from x8 to x16.
In this way the number of digital units will be automatically halved and no additional
modi�cations will be needed on the present layout. For the time at which this electronics



36 CHAPTER 3. DETECTOR OVERVIEW

V(V)

Cryostat Inner Wall

Calorimetric Read-out Electrodes

Main Drift Field Electrodes

Wire Chamber Plane Cathode

Figure 3.8: Equipotential lines in the back region of a LAr submodule (top view). For
the front region, equal pattern, but mirrored along the median horizontal line.

Figure 3.9: Equipotential lines in the back region of a LAr submodule. Magni�cation
around the wire chamber end.
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Figure 3.10: Electric �eld streamlines in the back region of a LAr submodule.
Magni�cation around the wire chamber end.

Figure 3.11: Equipotential lines in the back region of a LAr submodule. Magni�cation
around the cathode end.
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Figure 3.12: Electric �eld streamlines in the back region of a LAr submodule.
Magni�cation around the cathode end.

will be acquired we expect that 80 MHz components will be available on the market at
reasonable prices.

An alternative solution (\Physical multiplexing"), which can also be combined with
the previous one, is based on the consideration that di�erent sub-modules (also portions
of them) are almost completely independent from the point of view of the physical events.
The (pre-ampli�ed) output of di�erent sub-modules can be fed into the same digitizers
units (Figure 3.13). Event location into the proper sub-modules is reconstructed by
means of few channels (for ex. one out of 16) that are digitized separately. We can easily
concentrate the output of two (one on top of the other) or four sub-modules into the same
digital boards. With this solution the present readout boards have to be redesigned as the
analog and digital parts have to be physically separated. The single boards layout will
be however simpli�ed (fewer layers and less requirements on the analog part shielding).
Also this solution is presently being evaluated in details.

Other modi�cations of the present electronics architecture are under consideration,
especially for what concerns the data reduction (automatic analog zero-skipping by means
of a cuto� diode in the feedback loop of the pre-ampli�ers/receivers) and event building
(distributed CPU and networking). As for other detector components, also the electronics
have been dimensioned with large margin with respect to the theoretical requirements
based on background measurements and signals expectations. Running of the T600 (and
of the 10 m3 over the next few months), will allow us to further simplify the present
layout. Based on the above considerations we can safely assume that the actual cost per
channel of the electronics can be reduced by at least 40% in the new modules.
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Figure 3.13: Layout scheme of the \Physical multiplexing" for the grouping of two sub-
modules.

# of analog channels (pre-ampli�ers) 212992
# of analog boards 6656
# of analog MUX (x8) 26624
# of FADC 13312
# of FADC boards 1664
# of DAEDALUS chips 6656
# of digital boards 3328
# of analog crates 370
# of FADC crates 93
# of digital crates 185
# of CPUs 185

Table 3.6: Number of channels for the whole detector assuming a \Physical multiplexing"
x2 only.

3.3.5 T0 system based on scintillation light detection

Knowledge of the absolute position of the events along the drift co-ordinate is useful for
a number of applications both for the event analysis and for the data acquisition system.

� Energy corrections for �nite electron lifetimes;

� Low energy background space distributions;

� Conventional fast triggering system.

Among the various technical solutions that can provide the T0 information we consider
the detection of LAr scintillation light as the best choice. LAr is in fact a very abundant
light emitter with a proper wavelength of 128 nm that can be easily shifted to 175 nm
by doping of few ppm of Xenon (Table 3.7). We already successfully tested in a small
prototype TPC (30 liters chambers) the detection of scintillation light in coincidence with
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ionising tracks both in pure and in Xenon doped LAr (see section 8.8). We also measured
the light attenuation length, which results to be about 1 m in pure LAr and 1.8 m with
Xenon doping.

Yield (at a �eld of 500 V/cm) 25000 photons/MeV
Wavelength

Pure LAr 128 nm
Xenon doped (< 50 ppm) 175 nm

Decay constant
Fast 6 ns
Slow 1 � s

Attenuation length
At 128 nm wavelength 0.9 m
At 175 nm wavelength 1.8 m

Table 3.7: Basic characteristics of the LAr scintillation light.

A T0 system based on an array of PMTs immersed in the LAr is also foreseen for
the T600 module. We already tested successfully the hardness of large sized (5 inches
diameter) PMTs immersed in LAr and we are presently re�ning the procedure for the
deposition of the wavelength shifter on the PMT window.

The system described here is a scaled up version of the one already designed for the
T600. The PMTs are placed in the 30 cm free layer behind the wire chamber, which is
practically transparent to light. PMTs will work with reverse polarity in order to minimize
interference with the �eld arrangement of the chamber.

We foresee to install a total of 85 5 inches PMTs arranged on a square mesh with 1 m
spacing. Sodium salicilate will be deposited on the PMTs windows to shift the scintillation
light wavelength from 175 nm to 380 nm (which almost coincides with the peak in the
quantum eÆciency curve).

The minimum signal is the one given by an energy deposition equal to the minimum
energy threshold (50 MeV) occurring near to the cathode in correspondence to one corner
of the drift volume. This signal can be easily computed through the formula:

Npe = N0
 �




4�
� e�l=� �Weff (3.1)

where N0
 is the number of produced photons (� 25000/MeV), 
 is the solid angle

subtended by the PMT, � is the light attenuation length andWeff is the photon conversion
eÆciency (the quantum eÆciency times the WLS eÆciency).

Inserting the numbers we obtain, for 50 MeV, a good signal of about 8 photoelectrons
integrated over the nearest 4 PMTs and 14 photoelectrons on the nearest 9 PMTs.

3.4 Solutions for the new calorimeter modules

Hadronic and muon energy measurements are devoted to the reconstruction of the energy
spectrum of the neutrino beam, to analyse atmospheric and beam events with muons in
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Figure 3.14: Schematic view of the PMT arrangement.

PMT type EMI D727KFLB
PMT active diameter � = 20 cm
Quantum eÆciency at 390 nm �30%
Wavelength shifter Sodium salicilate
WLS eÆciency (geometry included) �50%
Nominal gain (1600 V bias) >107

PMT spacing 1 m
Number of PMTS / sub-module 85
Total number of PMTs 1360

Table 3.8: Main parameters of the T0 system.

the �nal state and to tag �� and ��� interactions. Therefore, both a muon spectrometer
and a hadron calorimeter with good energy resolution, are required in order to measure
part of the hadronic component of the neutrino interactions. The total thickness in terms
of interaction lengths of both the liquid argon and calorimeter modules con�nes the event
in a single supermodule and allows to operate each of them independently.

One of two options of equivalent performance discussed in ref. [138] lends itself
naturally for the ICANOE magnetic calorimeter. This is the CFP option of the NOE
calorimeter, that can be magnetized and equipped with a tracking system of drift tube
planes. Calorimetric performances are essentially unchanged in the new setup. The
muon momentum resolution is of the order of 20% and the percentage of wrong charge
assignements is comfortably low.

The calorimeter for the ICANOE detector is designed to ful�ll the following
requirements:

� the thickness has to be dimensioned to absorb the hadronic part of the events
interacting in the second part of the liquid Argon target;

� a �ne intrinsic sampling is required to achieve a good energy resolution;

� the read out sampling has to be taken close to 1-1.5 radiation lengths to ensure
good shower reconstruction;
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Figure 3.15: Self-supporting �bers housing.

� the module must be as short as possible in order to gain acceptance and save
experimental hall space;

� a proven technique is preferable.

3.4.1 Calorimeter Layout

The ICANOE calorimeter consists of planes of calorimetric units. Each plane is 9 m long
and 9 m wide and is made of 180 units each with 5 times 5 cm cross section. The units
have alternating orientation (horizontal and vertical) with respect to the beam direction.
Each calorimeter plane contains 5 thin sheets of absorber and 5 planes of �bers. The
�bers contained in these 5 planes are grouped to make 180 parallel calorimetric units.
The planes of �bers are obtained by placing side by side extruded slabs of grooved plastic
with scintillating �bers in the grooves. The 5 mm thick, 50 cm wide and 9 m long slab
would be made of two identical pro�les which provide housing to the �bers (Figure 3.15).
The �bers are 2 mm in diameter, are glued to the slab and run parallel to each other with
a pitch of 7 mm. The absorber is a 5 mm thick iron sheet. The �bers of two successive
slabs are shifted by half a pitch. Five consecutive planes have �bers oriented along the
horizontal direction and the following �ve in the vertical one. A plane of tracking chambers
follows each pair of planes of horizontal and vertical calorimetric units. Fig. 3.16 shows
the detail of a pair of units of alternating orientation followed by a tracking plane. It also
shows that a complete containment module repeats this structure 20 times The resulting
depth consist of 2.0 m of calorimetric units and 60 cm of tracker planes for a total of 2.6 m
that corresponds to 7.4 �int and 59 X0. The mean density is 4.5 g=cm

3. The volume ratio
between �bers and absorber (iron and plastic) is about 5%. The total weight of a module
is about 720 tons.

The �bers included in a square of 5 � 5 cm2 are grouped at each side and coupled
directly to a photomultiplier. This con�guration correspond to a sampling of about 1.5
X0 and to a density of about 1.9 �bers/cm2.

A more sophisticated option for the calorimeter could be realized alternating planes
with �bers oriented in orthogonal directions one by one, instead of �ve by �ve. Such a
layout would allow to see each pattern element at same time in the two projections. With
respect to the previous option, the number of �bers per unit thickness is unchanged, but
with the same cell size, the number of read out channels would double. The main features
of the calorimeter are reported in table 3.9.
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Figure 3.16: CALSPEC details.

Weight Fe-Plastic # Fe Total # �I X0=cell # elec.
(tons) thickness planes �I X0 chan.

720 0:5 0:5 200 7:4 58:9 0:18 1:47 14400

Table 3.9: Main parameters of a (9� 9� 2:6) m3 Magnetized calorimeter module
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3.4.2 Magnetized steel plates

Muons produced by neutrino interactions inside the liquid argon detector are identi�ed
and momentum-charge analysed by the magnetized iron calorimeter plates. In order
to wind the magnetising coils around the plates, a square hole of 20 cm side is drilled
through each layer all along the calorimeter-spectrometer axis. The plate material will
be steel of 1006 type or equivalent in order to reach the saturation �eld (2.2 T) with
a reduced magnetising �eld. According to standard calculations it has been estimated
that about 10.000 Amp/turns are adequate to reach this �eld. That means that a unique
coil of 160 turns will be wound and a 60 Amp current will circulate. The electric power
calculated taking into account the technical features of typical water cooled copper coils
((12� 12) mm2 with a 7 mm hole) is about 1.5 KW for each spectrometer module.

Depending on the �nal design choice on the magnet geometry - between a square and
an octagonal cross section - two di�erent coil wound on opposite sides can be used in
order to get a more uniform �eld distribution around the spectrometer axis. According
to a Monte Carlo calculation, this solution could be mandatory if the layers are obtained
connecting more than one piece together. Access to the experimental hall and simplicity of
mounting suggests to use two layers of 4.5�9m2 to be welded along the longer (horizontal)
side directly on the experimental oor. In this case the two coils must be positioned along
the spectrometer vertical axis.

The two options, respectively square and octagonal, for the spectrometer cross section
are shown in Figures 3.17 and 3.18 Aiming at minimising the costs and simplifying the
mechanics of the support and the tracking chambers both solutions are being studied.
The magnetic �eld was calculated by means of MAGSOLVE code using \electrical steel
DIN V400".

The magnetic �eld decreases as expected from 2 T (near the centre hole) to about
1 T (near the external boundary). The octagonal shape exhibits a better azimuthal
behaviour but is steeper along the radial directions: nevertheless the square shape, which
shows rather poor symmetry properties exhibits a quite regular �eld that in the vicinity
of the corners is still not too much lower than 1 T.

3.4.3 Spectrometer tracker

The design of the tracker chambers is based on proportional drift tubes. Since the
spectrometer has 9 m long sides, the use of 3 � 3 cm2 square tubes of 9 m length
is a quite safe solution from the mechanical point of view. These tubes can be either
mounted individually side by side or multiple extruded structures can be built like the
8-fold tube chambers in MACRO. We have gained quite some deep experience on these
solutions, even for longer tube lengths. The total number of tubes per layer is 300 (6000
tubes for a spectrometer module). Adjacent planes must be staggered by 1.5 cm to solve
the left-right ambiguity. The simplest and safest material to use is aluminium of 1 mm
thickness. For mechanical reasons anode wires should be not thinner than 100 microns
and must be supported by at least two spacers (at the 3rd and 6th meter along the wire)

The gas mixture that has been tested is based on argon and carbon dioxide for safety
reasons: this means that to run at saturated drift velocity with 100 microns wires, low
percentages (<15%) of carbon-dioxide should be used. Since the electric �eld geometry
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Figure 3.17: Square cross section option.
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Figure 3.18: Octagonal cross section option.
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inside a square tube may pose problems of incorrect drift length measurements, the
correspondence between the drift times and the minimum approach distances around
the wire for di�erent gas mixtures and wire thickness at a �xed gas gain of 7 x 104 (�gs
3.19,3.20) has been tested.

Figure 3.19: Drift time versus minimum approach distances from the wire.

The solution using the 150 �m wire seems to be acceptable with 10% carbon-dioxide,
since the spread in drift path at 300 ns drift time (1.5 cm distance from the wire) is
compatible with the space resolution of 1mm required to the tracker. These calculation
were performed with the GARFIELD code, and intensive tests are being performed with
radioactive sources and cosmic rays to validate these predictions. The amplifying card
used is the same as the one developed for NOE test proportional tubes (1). For a 5.9
x-ray photon, it produces a signal of 1.5V, 20 ns wide (f.w.h.m.) at a gas gain of 7�104.
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Figure 3.20: Drift time versus minimum approach distances from the wire.



Chapter 4

DETECTOR PERFORMANCE

In Genesi 6 leggiamo:
\Ecco io mandero' il diluvio (...) per distruggere sotto

il cielo ogni carne, in cui e` alito di vita;
Ma con te io stabilisco la mia alleanza."

This chapter describes the simulation and reconstruction of events in ICANOE. Results
presented here are based on full simulations of the detector in its baseline version.

4.1 Full detector simulations

The detector response has been investigated by means of two independent MonteCarlo
simulations.

The �rst is based on GEANT [41] version 3.21 interfaced with FLUKA92 [43] and
GHEISHA [42] to simulate all physical processes occuring in the detector. In this version,
FLUKA92 is used to simulate all hadronic processes except in the solid target where the
GHEISHA package is used. The GEANT based version includes a detailed description of
the detector geometry, dead zones of the liquid target, the precise material of the cryostat
and the insulation panels and a detailed description of the solid target.

There are several inaccuracies in the physical model embedded inside GEANT3.21
(see [30] for details) which could result in biases particularly at medium/low energies.
These limitations should not a�ect too much the simulation of the events in the solid
target where the features of individual interactions are not critical.

On the contrary, an accurate description of individual events and topologies is of
great importance for the liquid target where we aim at reconstructing and identifying
individual particles as much as possible. This apply even more to atmospheric events
which involve mostly sub-GeV hadrons, just the energy range where the interaction models
embedded into GEANT are the least accurate. Therefore the second simulation is entirely
based on FLUKA[31], which contains a better description of the physics processes. The
standalone FLUKA performances for calorimetry have been thoroughly benchmarked
and are usually in good agreement with experimental data [32, 33, 34].

For the moment, only the liquid target has been set up inside the FLUKA geometry
description.

49
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4.1.1 Simulation in the liquid target

At each tracking step, the charge in the active volume of the liquid target was computed
from the deposited ionization energy using the semiphenomenological Birks formula:

dQ =
dE

1 + �1 � dE
dx

+ �2 �
�
dE
dx

�2 (4.1)

where �1 and �2 are computed �tting data obtained in the ICARUS prototype chambers
(see Figure 4.1). The Birks formula takes into account the charge saturation e�ects due to
the recombination increase with the ionization density. These e�ects depend on the drift
�eld applied and can be reduced by the addition of TMG: for pure argon at E = 500 V=cm
�1 = 0:1075 g MeV�1cm�2 and �2 � 0, while for TMG doped argon the constants become
�1 = 0:051 g MeV�1cm�2 and �2 = �0:00095 g2 MeV�2cm�4. We recall that doping
with TMG is incompatible with T0 measurement through scintillation light detection as
explained in section 8.3. Therefore resolution numbers are quoted in the following both
for TMG doped and pure Argon.
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Figure 4.1: Relation between the charge yield and the energy loss by ionization with and
without TMG doping, for an electric �eld of 500 V/cm.

The e�ect of the recombination is important and it is not negligible also for minimum
ionizing particles. We will show in the next section how it can be mostly recovered with
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simple o�ine corrections, exploiting the �ne granularity and imaging capabilities of the
detectors.

4.1.2 Simulation in the solid target

Calorimeter simulation takes into account detector thresholds, non linearities of readout
electronics, Birks saturation in the scintillator and gaussian uctuations of about 15%
around the estimated �ber attenuation length. According to the measured light yield for
mimimum ionizing particles, a mean value of 20 p.e./MeV on each PMT is assumed. The
gain of the PMTs is assumed equal to 1:5 � 107, with uctuations of the order of 30%,
coming from both quantum conversion eÆciency and electron multiplication.

The excellent agreement that was obtained between simulations and test beam data
of the NOE calorimeter described in section 11.3.2 makes us con�dent that the present
MonteCarlo is well tailored to describe satisfactorily the new proposed set up of the
calorimeter.

4.2 Calorimetry in liquid Argon

In this section, we report on the response of the detector to electromagnetic and hadronic
showers.

Liquid argon is a non-compensating medium. However, in our con�guration, it appears
as a completely homogeneous volume with very high readout granularity. From the event
visualisation and from the local charge deposition density, it is possible both to distinguish
between electromagnetic and hadronic components of a shower and to approximately
correct for the recombination e�ects. Both corrections can be introduced at the analysis
level.

The deposited signal has been discretized in elementary \cells" which correspond to
the readout granularity.

4.2.1 Quenching correction

Under the assumption that each elementary cell contains only one crossing track, the
recombination e�ect can be unfolded using the collected charge and cell width to construct
the observed dQ/dx and solving the recombination expression for the \actual" dE/dx. Of
course this simple procedure cannot correctly determine the deposited energy close to
interaction verteces or when a track is stopping. Despite its simplicity, the procedure is
very e�ective in recovering most of the recombination, particularly when the Argon is
doped with TMG, as shown in the following.

4.2.2 Compensation correction

When reconstructing the energy, assuming that electromagnetic energy deposition can be
distinguished from hadronic one, the total energy of a shower is obtained as the sum of
two terms E = w� (Qem+��Qhad), where � is the compensation factor. In practice the
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discrimination between hadronic and electromagnetic energy depositions will have some
ineÆciency, mostly close to interaction points and when signi�cant overlap occurs.

For pure argon, � is about 1:5 (2:8) with and without quenching corrections
respectively. The same �gures for TMG-doped argon are 1:5 and 2:0.

Hadronic resolution

Medium Compensation Quench corr. Resolution

Pure argon no no 27%=
p
E � 8%

yes no 24%=
p
E � 4%

no yes 18%=
p
E � 6%

yes yes 16%=
p
E � 1%

TMG doped argon no no 20%=
p
E � 6%

yes no 16%=
p
E � 2%

no yes 15%=
p
E � 5%

yes yes 12%=
p
E � 0:2%

No quenching no { 15%=
p
E � 5%

yes { 12%=
p
E � 0:1%

Table 4.1: Expected resolution in the liquid target for pions with and without TMG
doping, showing the e�ect of the o�ine compensation and quench correction. For
reference, the resolution that would be obtained with no recombination e�ects is also
listed.

Events have been simulated with FLUKA in di�erent con�gurations (see Figure 4.2).
From these simulations, we �nd the results shown in Table 4.1. The computed fractional
resolution as a function of the pion energy is presented in Figure 4.3 for one of the
presented reconstruction scenarios.

For the response to hadronic showers, assuming that o�ine compensation can be fully
performed, we conclude that:

� the liquid argon calorimeter is linear up to energies higher than 30 GeV

� a resolution of the order of �(E)=E � 15%
p
E � 4% for TMG doping and

�(E)=E � 20%
p
E � 4% for pure argon seems achievable

� simple o�ine quenching corrections help keeping the e/h ratio below 1.5 and
reducing the constant term

� the calorimetric performances using TMG are somewhat superior than those for
pure LAr
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Figure 4.2: Evolution of the visible energy distribution for 4 GeV positive pions for
various quenching and corrections. Going from the widest to the narrowest distribution,
a) pure LAr, no compensation, no quenching correction, b) LAr doped with TMG, no
compensation, no quenching correction, c) LAr doped with TMG, no compensation,
quenching correction, and d) LAr doped with TMG, both compensation and quenching
correction

Electromagnetic resolution

For fully contained electromagnetic showers, the intrinsic resolution of liquid Argon is
negligibly small. The resolution of actual detectors is a�ected by instrumental e�ects.
For our detector the most obvious sources will be:

� Wire miscalibrations

� Electronic noise

� Pedestal o�set

� Zero skipping (see 9.2)

MonteCarlo simulations of em showers have shown that a wire miscalibration of 4%
(rms) corresponds to a constant term of � 1% growing approximately linearly with
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16.1 %/ √ E ⊕ 1.7 %

Pion+: TMG, no quench recovery, compensation

Figure 4.3: Energy resolution for positive pions for LAr doped with TMG, with \o�ine"
compensation and no quenching correction

the calibration rms. The electronic noise contribution is expected to be small for the
energies of interest, given the large number of hits and the individual noise (60 keV rms)
associated with each reconstructed signal. An additional contribution to the sampling
term of energy resolution can come from low energy hits discarded by the zero skipping
logic of the readout system. Using a simple threshold of � 200 keV the e�ect is found to
be around 0:5=

p
(E)% and therefore very small.

Physical uctuations due to photonuclear reactions and quenching uctuations for
di�erent showers can also contribute. Their e�ect is expected to be negligible, with
the possible exceptions of low energy tails due to rare photonuclear interactions with
sizeable hadronic energy. The latter events can be easily rejected due to the presence of a
signi�cant hadronic component. Further uctuations can be introduced by the quenching
recovery algorithm in those situations (i.e. close to verteces) where track density is too
high. These e�ects are accounted for in the present simulation of the detector.

Our present estimate of the overall contribution of these e�ects on the electromagnetic
energy resolution is of the order of 3%=

p
(E) � 1%. Similar performances have been



4.3. CALORIMETRY IN THE SOLID TARGET 55

Figure 4.4: Shower development for a 10 GeV pion fully contained in the argon.

already achieved in liquid Argon calorimeters [139].
Examples of hadronic and eletromagnetic showers in the liquid target can se seen in

Figures 4.4, and 4.5 respectively.

4.3 Calorimetry in the solid target

Single electrons and pions have been simulated in the central part of the calorimeter,
yielding a �tted energy resolution of

�(E)e:m:

E
=

22%p
(E)

� 1%

and

�(E)hadr
E

=
48%p
(E)

� 3%

respectively (see Figure 4.6).
The �ne sampling of the scintillating �ber calorimeter appears essential for high

resolution energy measurements, as previously extensively proven (see section 11.3.2).
Compensation between electromagnetic and hadronic showers, is also achieved up to a
30% level.

The calorimeter is a projective device. Therefore the event Pt has to be reconstructed
from the two longitudinal views. The two projections of the momentum vector are
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Figure 4.5: Shower development for a 10 GeV electron fully contained in the argon.

obtained from the knowledge of the position of the interaction vertex and of the center
of gravity of the shower. The �nal momentum vector is obtained in three dimensions
combining the two views.

Figure 4.7 shows the missing transverse momentum distribution on one of the two
projections for 3 GeV contained pions.

4.4 Detector performances for events in the

\transition" region

Events will occur in supermodules made of liquid and solid target. The last three meters
of the liquid target are de�ned as \transition" region, since the beam events occurring in
this region are most likely to deposit energy in both targets (see next sub-section).

To study the behaviour of the transition events for hadronic and electromagnetic
showers, we have simulated single pions and single electrons, as well as charged current
electron neutrino interactions. The events have been generated in the central region of
the detector, uniformily distributed along the beam axis.

Geometrical details of the subdetectors (LAr and calorimeter) have been taken into
account in the simulation program, according to the design described in chapter 3. The
reference frame has the x axis de�ned along the beam direction, with coordinate x = 0
corresponding to the end of the liquid argon volume closer to the calorimeter, and the
direction is chosen in such a way that the liquid argon detector is placed along the negative
x.

4.4.1 Single particle studies

In Figure 4.8 a typical 5 GeV pion generated inside the liquid argon volume with part
of the shower in the calorimeter is shown, in the xy and xz projections. Also the energy
distribution around the hadronic shower prongs in the calorimeter is shown in the picture.
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Figure 4.6: Simulated energy resolutions for electromagnetic and hadronic showers for
single particles in the calorimeter.

Figure 4.7: Distribution of projected transverse momentum for 3 GeV pions in the
calorimeter.



58 CHAPTER 4. DETECTOR PERFORMANCE

Figure 4.8: A typical 5 GeV pion interacting in the argon target and releasing part of its
shower in the calorimeter. The pion interacts in the Argon volume close to the cryostat
wall, leaving the �rst part of the shower in the Argon, and the tail in the calorimeter (on
the right of the picture). Energy deposits in the calorimeter are also shown as histograms.
Upper view: xy projection, lower view: xz projection
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Figure 4.9: Energy fraction in the two parts of the detector as a function of the vertex
position for two di�erent particle energies. Full line refers to liquid Argon, dashed line to
the calorimeter. Full dots: 2 GeV particles; empty dots: 10 GeV particles.

The ratio between the energy deposited by hadronic and electromagnetic showers in
the liquid and in the solid parts is shown in Figure 4.9 as a function of the particle
generation point for two di�erent energies. The fraction of energy deposit in liquid Argon
is shown in Figure 4.10 for di�erent interaction x positions, and as a function of the
hadronic shower energy,

The total energy for each event is obtained summing up the energy reconstructed in
the two parts of the detector with proper weights. As an example of combined energy
reconstruction, Figure 4.11 shows the distributions of the energies measured in the liquid
Argon and in the calorimeter as well as the total energy released in both sub-detectors
for 3 GeV pions generated 0.5 m before the liquid volume end-wall.

Figure 4.12 shows the energy resolution for pions with di�erent interaction vertex
position after the reconstruction in the liquid part described in 4.2. Fitting these curves
with the usual relation �(E)=E = a�b=pE, we found out that the �t to the constant term
yields values around 5%. To show the calorimeter behaviour, we present the stochastical
term, keeping the constant term independent on the vertex position.

Figures 4.13 and 4.14 show the stochastical term of the energy resolution as a function
of interaction vertex, for pions and electrons, respectively. The behaviour of the resolution
curves exhibits three di�erent regions: a �rst plateau for events fully contained in the
Argon, a rise corresponding to events depositing energy in both parts of the detector, and
a second plateau for events fully contained in the calorimeter.

As a �rst approach for the transverse momentum reconstruction, a direct extension
of the center of gravity method used in NOE has been implemented. As an example,
a distribution of the reconstructed missing momentum for 3 GeV pions generated at
x = �0:5 m is shown in Figure 4.15. Studies are in progress for a more sophisticated
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Figure 4.10: Energy fraction in Argon for pions at di�erent x vertex positions as a function
of the particle energy.

Figure 4.11: Distribution of the reconstructed energy for 3 GeV pions in the ICANOE
detector. Upper plot: reconstructed energy in Argon; middle plot: reconstructed energy
in the calorimeter; lower plot: combined energy.
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Figure 4.13: Energy resolution as a function of x vertex position for pions.
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Figure 4.14: Energy resolution as a function of x vertex position for electrons.

approach, exploiting the 3-dimensional imaging capability of the liquid target.

4.4.2 Neutrino event studies

The performances of the combined detector have also been tested on simulated neutrino
events. We consider charged current �e interactions, with the energy spectrum of the
latest NGS beam (see chapter 5). The energy fractions in the two parts of the detector
are shown in the upper part of Figure 4.16 as a function of the interaction vertex. The
lower part of this �gure shows the sum of the two energies, indicating that the average
reconstructed energy does not depend on the vertex position, and is equal to the mean
beam energy.

The energy resolution for charged current electron neutrino events is shown in
Figure 4.17, exhibiting the same features as the resolution for single particles.

4.5 Muon momentum measurement and charge

identi�cation

The determination of the muon momentum is of fundamental importance in the
reconstruction of neutrino interactions.

In ICANOE the muon momentum measurement can be performed using three di�erent
methods:

� In the magnetic-calorimetric sections distributed along the whole detector. This
method is primarily intended for the muons originating from beam interactions. The
expected performances of the magnetic-calorimetric spectrometer are described in
the following paragraph.
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Figure 4.15: Missing momentum distribution for 3 GeV pions generated at X = �0:5m.
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Figure 4.16: Charged current electron neutrino events (E� <50 GeV). Upper plot: energy
fraction in the two subdetectors. Full line refers to liquid Argon, dashed line to the
calorimeter. Lower plot: average visible energy.
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Figure 4.17: Energy resolution of charged current electron neutrino events as a function
of the interaction vertex.

� Through a measurement of the muon multiple scattering in the liquid target, as
explained in detail in paragraph 4.5.2. This is the most powerful method for
partially contained atmospheric neutrino events originating in the liquid target,
given the limited acceptance of the magnetic spectrometer, and can be used as a
complementary measurement for beam events too.

� Through a range measurement for those muons stopping inside the detector. Such a
measurement will be possible for most of the Sub-GeV atmospheric neutrino events.

In ICANOE, for beam induced events and for a fraction of the atmospheric neutrino
events the magnetic-calorimetric sections will provide also the muon charge identi�cation.

4.5.1 Muon momentum in the magnetic section

The possibility to magnetize the C.F.P. option (see chapter 10) of the NOE calorimeter
and its good energy resolution, are the main features that make this device the best
candidate for the solid target of the ICANOE detector. In order to obtain the required
tracking accuracy, muon tracking chambers are inserted between the calorimetric planes.

The momentum resolution which can be achieved for muons ranging from 1 to
30 GeV/c has been calculated for di�erent �eld strengths. It turns out that because of the
multiple scattering in the steel plates and given the muon path-length in the spectrometer
(about 3 m), spatial resolutions better than 1 mm in the tracking chambers are not
required. The dependence of the muon momentum resolution on the muon momentum
is presented in Figure 4.18 plotted for di�erent intensities of the magnetic �eld and for
a tracking resolution of 1 mm. We assumed 20 measuring chamber planes along the
muon trajectory (10 X and 10 Y coordinates). These curves have been computed using
standard parameterisation for the track curvature resolution in magnetic �elds taking into
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account multiple scattering. The number of measurement points in each view has been
optimised taking into account ineÆciencies and dead regions in the chambers and loss of
muons escaping the module from the sides. The typical momentum resolution is 20-30%
(at average B �eld).
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Figure 4.18: Momentum resolution curves at di�erent B values.

In Figure 4.19 the \wrong charge contamination" of the spectrometer is plotted at
di�erent B values. This contamination is de�ned as the probability to accept a wrong sign
charge while measuring a given sign charge at 90% eÆciency: it is calculated, assuming
that the trajectory curvatures are normally distributed, evaluating the fraction of the
opposite charge distribution satisfying the cut that selects 90% of the distribution of the
correct charge sign.

For magnetic �eld strengths in excess of > 0:8 T, this contamination is well below
0.1%. At the lowest B values (�0.4 T), found in the spectrometer at the steel plates
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corners, it is about 20%. This means that even at the square plate corners the wrong
charge sign rejection power is 5 to 1.
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Figure 4.19: Wrong curvature contamination at 90% eÆciency for di�erent B values.

4.5.2 Muon momentum by multiple scattering

While low or medium energy muons may indeed stop inside the liquid Argon, a substantial
fraction of the muons of energy larger than a few GeV generally escape the volume.

The possibility of surrounding the LAr volume with a magnetized iron external
spectrometer is very costly in view of the large dimensions of the detector, and it
can generally cover only partially the solid angle. As customary some time ago with
emulsions, the liquid target can provide signi�cant momentum information from the
multiple scattering if extended over a relatively long (few meters) non interacting track.
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Additional information may also be read-out from delta-rays, even if at low energy the
e�ect may not be appreciable, but it will not be considered at the present stage. This
method, unlike a magnetic �eld, gives only the magnitude and not the sign of the muon
momentum.

The measurement of the multiple scattering is performed most simply looking at the
projected scattering angle in the direction of the drift time, since it is simply related with
the measurement of the drift time [94].

With the help of FLUKA, and in order to evaluate the method, 5 meters long muon
tracks have been simulated with di�erent momenta in the interval p 2 [3:0; 30:0] GeV. The
track is divided in N segments of equal projected length in the direction of the drift (i.e.
equal number of co-ordinate points). The relative angle between subsequent segments is
called the (projected) scattering angle �i. In a good approximation, the central part of
the distribution (98%) is represented by a gaussian with RMS given by:

h�ii = 13:6MeVp
3�cp

r
x

X0

�
1 + 0:038 ln

�
x

X0

��
(4.2)

where x is the track length and X0 = 14 cm is the radiation length in the LAr. Therefore
the particle momentum, neglecting ionization losses, is proportional to the inverse of the
average value of the scattering angles.

The timing accuracy is important for the track reconstruction and depends mainly on
the signal/noise ratio and on the electrons di�usion in LAr.
In order to introduce this e�ect we assumed a gaussian timing accuracy of �(z) = 300�m
in each of the three measurements (from the three wire planes) and therefore a resultant
�(z) = 300=

p
3 = 170 �m for the three measurement combined.

The multiple scattering distribution in the variable �i is characterized by a long-Moli�ere
tail of single Rutherford scattering which extends to very large values of the scattering
angle. As well known, the variance of this distribution is not �nite and therefore taking
directly the average of the scattering angles is not a good method to determine the particle
momentum from expression (4.2). To �x such problem it has been chosen the so-called
truncated mean method, which consists of disregarding the L largest values, taking the
average of the remaining, �scatt = 1=(N � L � 1)

Pi=N�1
i=L+1 �i. This value is proportional,

not equal, to the average scattering angle in each segment.
The method has been empirically optimized by varying the track length (and the

consequent number of segments N) and the number L of segments which are discarded.
In the presence of measuring errors, these parameters depend on the track length and the
muon momentum. The length of each segment must be long enough as to permit to the
multiple scattering, inversely proportional to the momentum, to emerge above measuring
errors. On the other hand, the accuracy in the determination of value of pscatt / 1=�scatt
is proportional to the square root of the number of angle values on which the average
is performed, and which should be as large as possible and therefore the length of the
segments should be as short as possible. The contribution to the (truncated) average
scattering angle due to measuring error alone, �meas adds in quadrature to the true �scatt,
giving the actually measured angle � =

p
�2meas + �2scatt. Therefore there is an optimal

segmentation for each track (momentum and length).
We remark that the measuring error angle �meas is a strong function of the segment

length l / 1=N , �meas / l�1 � l�1=2 = l�3=2, where the �rst is due to the fact that the
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Figure 4.20: Optimized segment length as a function of muon momentum for truncated
mean method preserving 60% of the segments. As expected the points are well �tted by
an expression l / ppscatt

angular accuracy depends linearly on the track length and the second term takes into
account the increase of the number of points. Likewise the multiple scattering e�ect is
growing as �scatt / l1=2=pscatt. Therefore the relative contribution of the two terms is a
very fast varying function of the track length (square) and it depends also on the actual
muon momentum: �meas=�scatt / pscatt=l

2. In order to ensure a constant contribution of
the scattering errors, the length of the segment has to grow like l / p

pscatt.
This behaviour has been veri�ed with the simulation.We generated 500 muon tracks for
di�erent energies and we studied the distribution of the mean scattering angle varing the
segment length.
The optimized segment length as a function of the muon momentum, is plotted in
Figure 4.20, together with a �t by the expression l = 4:56

p
pscatt.

The dependence of momentum resolution from the track direction as been also studied.
In fact, the reconstruction of projected track segments and angles requires the time co-
ordinate and at least one space co-ordinate, given by one of the three wire planes. If
the muon is directed perpendicular to the wire planes (thus parallel to the drift time
co-ordinate) the projected track length vanishes and the scattering angles cannot be
calculated.
We called � the polar angle between the track direction and the wire planes and we studied
the resolution for 0Æ < � < 90Æ.
The results are shown in Figure 4.25 for 10 GeV muons.
As can be seen, the relative error on the mean scattering angle slowly increases with �
and becomes very large when the track is almost perpendicular to the wire planes. The
error on momentum determination is anyway contained within the 30% for 0Æ < � < 70Æ.

The dependence of mean projected scattering angle for 5 m tracks from muon
momentum is plotted in Figure 4.21

As expected the points are well �tted by an expression RMSp
x

= 0:190 � 10�2(1
p
).
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Figure 4.21: Mean scattering angle, normalized to unit segment length, as a function
of muon momentum for 5 m tracks. The points are well �tted by an expression
RMSp

x
= 0:190 � 10�2(1

p
)

The proportionality constant is indeed slightly reduced by the process of truncated mean
which removes the largest scattering angles.
In Figure 4.22 the extent of the correction due to the measuring errors is also shown. In
Figure 4.23 we give the momentum reconstruction for 500 tracks of di�erent momenta,
using the truncated mean method preserving 60% of the segments. A �t on the momentum
resolution achieved by means of this technique has been performed using 5 meters length
tracks. The optimized momentum resolution requires using 60% of the segments, and is
well described by � = 0:109 + 0:0433� ln(p(GeV)), as can be seen in Figure 4.24. For a
given momentum, the segments length is �xed (l / ppscatt). The number of segments (i.e.
the number of angles we measure) will vary with the total length of the track. Therefore,
for any muon track length, x, the resolution is given by:

� =

r
5

x
(0:109 + 0:0433 ln(p(GeV))) (4.3)

This scaling factor is shown in Figure 4.25 for 10 GeV muons and di�erent track
directions (� angle). Additional informations may also be obtained using all the three
wire planes, since the multiple coulomb scattering is independent from the plane in which
we project the tracks. The e�ectiveness of the described method can be compared with
the one using magnetic �elds. The resulting accuracy, in absence of measuring errors, is
comparable with the resolution achieved for 5 times longer tracks in a magnetized iron
and a �eld of 1.5 Tesla.

In conclusion, the measurement of the high energy muons with multiple coulomb
scattering, already with the simple measuring procedure discussed, looks entirely feasible
and it complements very well the good calorimetric energy resolution for the hadronic jet.
In this way, the deep inelastic parameters of the neutrino interactions can be completely
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Figure 4.22: Scattering angle, normalised to unit segment length as a function of muon
momentum. The extent of the correction due to measuring errors is shown.

determined from the LAr measurements. The precision seems to be entirely adequate to
match the requirements both for cosmic ray neutrino events and the planned long baseline
neutrino beam from CERN.

4.6 Ionization measurement

At the time of bubble chambers, ionization measurements were widely used to determine
particle speeds and therefore momenta. This allowed the reconstruction of events with
an accurate knowledge of the kinematical quantities.

Like a bubble chamber, the liquid target provides a measurement of the total ionization
loss of a track with very high sampling. In a single ionization \sample", which we take
as reference to be a bubble of 3 � 0:6 mm2 of liquid argon, the most probable energy
deposited by a minimum-ionizing particle is about 0.5 MeV. This corresponds to about
20 000 readout electrons (with the addition of TMG - see next section). The noise of
the electronics which should be added, is primarily a \white" Gaussian noise of about
500� 1000 electrons. The intrinsic resolution is therefore expected to be at the level of a
few percent. In this case, the ionization sample is dominated by Landau uctuations in
the total collision losses of the particle. This is well reproduced by the output of a GEANT
MonteCarlo simulation [41] of 5 GeV muons in liquid argon, as shown in Figure 4.26. In
the simulation, a cuto� has been placed at 1 MeV above which the program produces
secondary delta rays in order to generate the soft electron tracks which accompany the
muon. The FWHM of the distribution produced by GEANT (Valivov's theory is used)
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Figure 4.23: Momentum reconstruction for di�erent muon energy, preserving 60% of
segments

is about 150 keV (12% resolution) and is matched to what is expected from the Landau
theory for argon (�Ar = 97keV=cm).

Known methods (see [127]) based on multiple determinations of the ionization can be
applied to remove these uctuations. While for most types of probability distributions,
the best value of a set of N similar measurements of the same physical quantity is given
by the arithmetic mean of the result, in our case, the collision loss is characterized by
a long tail towards high energies. One can show that compared to the error in a single
measurement, the error in the arithmetic mean of N measurements distributed as the
Landau-Symon-Valilov distribution is only 1� ln(N=10) times smaller [128]. Indeed, solid
materials have widths at half maximum which are only two or three times smaller than
the one for gas at STP, in spite of the several orders of magnitude in the total energy loss.

In order to ensure the convergence of the N ionization measurements, one introduces
some kind of cut-o� to remove the high-energy tail of the Landau distribution. Two
methods appear to be particularly simple and e�ective: the \logarithmic mean" and the
\truncated mean" methods. The \truncated mean" method consists in removing from
the N measured ionizations values, the (1 � �)N largest values, and the most probable
ionization is determined from the mean of the remaining values. The error found in this
way is approximately �=

p
�N where � is the half-width of the Gaussian-like distribution

obtained by removing the long Landau tail. The � parameter is chosen such that the
centre of gravity of the retained measurement coincides with the position of the most
probable value. This corresponds to rejecting 35% of the largest ionization values.
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Figure 4.24: Optimized Momentum Resolution as a function ot muon momentum for
truncated mean method preserving 60% of all segments

The \logarithmic mean" method consists in sampling the higher ionization
measurements by taking the logarithmic mean rather than the arithmetic mean of all
measurements. Only for large N does the accuracy of the logarithmic mean tend to
become equal to the one of the truncated mean.

In the liquid target, it is straightforward to follow a particle along its track and combine
the deposited energies. The electronic noise is reduced as 1=

p
N but the possible presence

of \coherent" noise, due for instance to \pick-up" of signals of external origin, would
be enhanced. All channels can move coherently and a�ect the mean in full size. It is
however possible to control these e�ects by looking at the pedestal immediately before
and after the ionizing pulse. Therefore, the e�ective variance of the single ionization
measurement is expected to be of the order of 12 � 15%, in reasonable agreement with
results of several experimental tests. If this is the case, then using N = 20 points,
corresponding to a track length of about 6 cm, and the truncated mean method should
give a measurement of the primary ionization which is close to Gaussian with a variance
given by �I=I � 0:12=

p
0:65� 20 � 3:5%. This result is also con�rmed in the GEANT

MonteCarlo simulation as shown in Figure 4.27. Of course, longer tracks will allow a better
measurement, in principle improving as 1=

p
N and eventually limited by systematic errors

and coherent noise e�ects.
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with respect to the wire planes.

4.7 Identi�cation and momentum measurement at

low energy

The remarkable linear response of ionization to dE=dx in LAr has been extensively studied
on tracks from atmospheric particles (muons and protons) stopping in the three-ton
prototype; the addition of TMG [91] has proved to be essential because it converts all of
the energy lost by scintillation into ionization electrons (see Figure 4.1).

This feature can be exploited to determine very precisely the kinetic energy of all
charged particles stopping in the detector: it coincides with the total energy deposited.
In addition the accurate range determination of the LAr TPC (of bubble chamber quality)
enables particle identi�cation by dE=dx vs. range. These characteristics are of paramount
importance to extract proton decay signals from the atmospheric neutrino background.
The excellent particle separation is presented in Figure 8.10, chapter 8.

In the study of neutrino oscillations with arti�cial beams, the dE=dx measurement is
very important especially in the case of quasi-elastic (QE) events. Knowledge of the proton
momentum (together with its direction) is necessary to verify the kinematic relations of
the quasi-elastic interactions and separate tau neutrino events (where a tau decay into an
electron and two neutrinos) from electron neutrino background events.

The kinetic energy distribution of protons from QE neutrino interaction has a mean of
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Figure 4.26: Full MonteCarlo simulation of the ionization measurement for 5 GeV muons.

330 MeV and decreases sharply up to a few GeV. In this energy range a large fraction of
protons will stop in the detector, allowing for a complete reconstruction of the direction
and the energy deposited by ionization. Hence the proton momentum resolution is
dominated by the electronic noise level and has been estimated to be 8%=

p
E(GeV ).

The remaining small fraction of protons will either interact or exit the active volume
before stopping. In both cases the initial direction of the outgoing proton is still
measurable using the hits on the �rst few wires. The momentum can instead be recovered
by evaluating the energy loss variation along the track on all the available hits.

In fact the low momentum approximation of the Bethe-Block formula tells us that for
proton kinetic energy T less then 1 GeV ( < 2) the dE=dx is roughly proportional to
T�1, while the at minimum is reached for T � 2 GeV ( � 3). It is evident that for a
very large percentage of quasi-elastic neutrino events the low energy decrease of ionization
could be very valuable to determine the proton momentum.

In order to measure the energy loss by ionization we applied precisely the method of
truncated mean described in Section 4.6 and in [127]. Then the Bethe-Block relation was
used to evaluate the momentum resolution as a function of the proton kinetic energy in
the range of interest for neutrino quasi-elastic interactions. Figure 4.28 illustrates the
results; a momentum resolution below 10% is expected for most of the outgoing protons
from quasi- elastic neutrino events.
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Figure 4.27: Full MonteCarlo simulation of the ionization measurement obtained by
combining 20 consecutive measurements using the arithmetic mean (dashed line), the
logarithmic mean (dotted line) and the truncated mean (solid line).

4.8 Dalitz pair and conversions rejection

The identi�cation and subsequent rejection of Dalitz decays of neutral mesons (i.e.
�0 ! e+e�) and photon conversion ( ! e+e�) is necessary in order to reduce the
background to neutrino oscillation searches arising from neutral current interactions.
Typically, when the electron-positron pair is very collimated and, in the case of Dalitz
pairs, the accompaning photon is not well associated, it can be mistaken for a single
electron shower. This usually happens when the pair is asymmetric and the soft electron
or positron is lost in the electromagnetic shower.

Most \confused" pairs produced can be separated from genuine electron coming from
a tau decay or from prompt �e CC interactions by means of \kinematical criteria" at the
level of selection of good electron candidates (energy, transverse momentum with respect
to jet axis, Albright angles, etc.). This, however, can only be achieved at a rather large
cost of signal eÆciency. For example, typically 30% or so of the electrons from tau decays
are less isolated than \confused" electrons which come from �0's produced in the jet
fragmentation.

It is more powerful to rely on the possibility to use multiple dE=dx measurements, as
available in the liquid target, in order to separate the minimum ionizing particle signal
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Figure 4.28: Momentum resolution (in percent) for protons, kaons and pions as given
by the ionization measurement. The assumed resolution is obtained combining about 30
measurements along a track (�I=I � 3:5%).

from that of a double minimum ionizing signal produced by collimated electrons.

The electron pair will behave as a double ionizing signal until one of the electrons starts
to shower. After that, the shower development will prevent the ionization measurement.
The radiation length in liquid argon is 14 cm and therefore we expect to be able to
use on average about 32 wires to extract an ionization measurement. As was shown in
the Section 4.6, this is quite suÆcient and provides an excellent ionization measurement
resolution of about 4%.

We therefore anticipate no problems in achieving a reduction of at least a factor 100
on Dalitz pairs and photon conversions, which, as will be shown in chapter 5, is suÆcient
to reduce neutral current backgrounds to a negligible level.

A preliminary study was performed with the help of a MonteCarlo simulation in which
collimated Dalitz pairs were submitted to a full shower development in liquid argon. The
deposited energy was digitized by assuming a triangular-shape time response of the signal
and two perpendicular readout wire views were generated.

A simple algorithm was implemented in order to collect the ionization deposited along
the track into \clusters" of charges. The clusters are scanned in order of increasing wire
numbers until 20 wires have been used or until the clusters become too \large" indicating
that an electron has started a signi�cant shower.

The collected clusters are combined into a single ionization measurement by means of
a \truncated mean" method in order to achieve a good estimate of the ionization loss.
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Figure 4.29 shows the distribution of the result for a sample of single electrons and for the
Dalitz pair sample. A cut at 1 MeV allows to reject more than 99% of the Dalitz pairs
while keeping 91.4% of the single electrons.

It should be stressed that this algorithm can be substantially improved by a re�nement
of the de�nition of the wires to be used along the track for the estimate of the ionization
loss. In particular, a visual inspection of the events shows that the rejected electrons
were due to early showering. We anticipate that the algorithm can be easily improved
to achieve an ever better electron eÆciency especially if a veto on the existence of a
compatible, nearby photon is used.
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Chapter 5

PHYSICS AT THE CNGS

In Genesi 6 leggiamo:
\In quello stesso giorno entro` nell'arca No�e con i �gli Sem, Cam e Iafet (...);

essi e tutti i viventi secondo la loro specie e tutto il bestiame secondo la sua specie (...)"

In the CERN-NGS beam, the expected �e and �� contamination are of the order of
10�2 and 10�7 respectively compared to the dominant �� composition. These properties
allow to search for oscillations by looking at the appearance of �e or �� charged current
events. In this case, the detector must be able to tag eÆciently the interaction of �e's and
�� 's out of the bulk of �� events. This requires a detailed event reconstruction that can
be achieved only by means of a high granularity detector. This requirement is met by the
liquid target.

These appearance searches based on events occurring in the liquid target will then be
described in sections 5.5 and 5.6.

5.1 The CERN-NGS neutrino beam

The design and performance of the CERN neutrino beam to Gran Sasso - the CNGS
facility - are described in a conceptual technical design report [35] and in later addendum
[36]. This section summarizes mostly this second document, i.e. the work done on the
beam after the recommendations from the scienti�c committees to focus on �� appearance
experiments.

The main changes outlined in the Addendum are:

� an increased average proton current during �xed-target operation by a more optimal
use of the SPS. 4.5 1019 pot/year are now expected on the CNGS primary target.
The impact on the number of protons for CNGS due to the parallel running of LHC
and CNGS was evaluated and included.

� an increased rate of � CC events per proton on target

� an improved beam optics providing larger acceptance and a better match to the
spectrum of the interactions of �� originating from oscillations for the �m2 range
indicated by Super-Kamiokande [13];
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� a larger operation current (150 KA) in horn and reector;

� the reduction of the amount of material in the secondary beam.

The result is an increase of about a factor 3 in the number of charged current �� events
per year at the Gran Sasso with respect to the original design [35].

A new updated construction schedule has also been presented. It foresees start of
operation in the �rst half of 2005, provided that the CNGS facility is approved before the
end of 1999.

5.1.1 Proton beam

The SPS proton beam for the CNGS will be accelerated to 400 GeV in a cycle of 6 s,
i.e. the minimum time required to ramp up, perform two 24 � s long fast extractions,
separated by 50 to 100 ms, and ramp down immediately. No more than two PS injections
in the SPS are foreseen for the moment.

Assuming 200 days per year at peak intensity 4.8 1013 per cycle, with 55% overall
eÆciency (i.e. down time and operation below peak intensity all included ) one expects
4.5 1019 pot/year. In dedicated mode, up to 7.6 1019 pot/year could be achieved under
the same assumptios.

5.1.2 The new CNGS reference beam

For �� - �� appearance experiments the number of observable �� charged current (CC)
events is

R� =A
R
���(E)� Posc(E)� �� (E)� �(E)� dE

where A is the number of nucleons in the e�ective detector mass, ���(E) is the ��
uence at Gran Sasso, �(E) represents the detection eÆciency of the �� events, �� (E) is
the �� CC cross section and Posc the oscillation probability.

The neutrino spectrum ���(E) should match the product Posc��� (E). For the values
�m2 ( a few 10�3 eV2 ) suggested by Super-Kamiokande [13], the neutrino energy E at
which this product has a maximum hardly depends on the neutrino mass di�erence. This
best match is thus essentially independent of �m2, although the absolute event rate drops
very rapidly with decreasing �m2 squared.

Optimizing the probability for �� appearance at Gran Sasso implies maximizing the
�� uence in the range of 10 to 30GeV. The horn and the reector were designed to focus
35GeV and 50GeV secondary particles. The position, the shape and the construction
technology were chosen such to maximize the acceptance and minimize the amount of
material.

A schematic overview of the new CNGS reference beam for appearance experiments
is shown in Fig. 5.1.
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Figure 5.1: Schematic overview showing the components of the new CNGS reference
beam. The coordinate origin is the focus of the proton beam.

�� Performance

The CNGS beam performance for the new reference beam are summarized in Table 5.1.
The rms radius of the �� CC event distribution is about 1.37 km at Gran Sasso.

The expected numbers of detectable �� for sin
22�=1 and a few typical values of �m2

are shown in Table 5.2.

Energy region E�� [GeV] 1 - 30 1 - 100
�� [m

�2/pot] 7.1� 10�9 7.45� 10�9

�� CC events/pot/kt 4.70� 10�17 5.44� 10�17

hEi�� fluence [GeV] 17

fraction of other neutrino events:
�e/�� 0.8%
��/�� 2.0%
�e/�� 0.05%

Table 5.1: Predicted performance of the new CNGS reference beam for an isoscalar target.
The statistical accuracy of the Monte-Carlo simulations is 1% for the �� component of
the beam, somewhat larger for the other neutrino species.

The �� uence and expected CC event spectra at Gran Sasso are shown in Fig. 5.2.
Fig. 5.3 shows a comparison with a hypothetical perfect beam of the same nominal
acceptance: no absorption, and parent particles of all energies focused parallel to the
beam axis.

The appropriate matching of the new CNGS reference beam with the function
Posc(E)��� (E) is demonstrated in Fig. 5.4. The fast drop of ux beyond 30GeV has the
merit of suppressing background channels opening up at higher energies and diÆcult to
separate from the �� events.

The fraction of background CC events for the beam contaminations (integrated up to
100GeV/c) are given in Table 5.1.
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Energy region E�� [GeV] 1 - 30 1 - 100
�m2=1� 10�3 eV2 2.34 2.48
�m2=3� 10�3 eV2 20.7 21.4
�m2=5� 10�3 eV2 55.9 57.7
�m2=1� 10�2 eV2 195 202

Table 5.2: Expected number of �� CC events at Gran Sasso per kton per year for an
isoscalar target. Results of simulations for di�erent values of �m2 and for sin2(2�)= 1
are given for 4.5� 1019 pot/year. These event numbers do not take detector eÆciencies
into account.
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Figure 5.2: Energy distribution of the �� uence (left) and of the CC �� interactions
(right) at Gran Sasso.
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Figure 5.4: �� CC cross section times
oscillation probability for small �m2 and
full mixing, compared to the �� uence.

A possible �� beam

A possible antineutrino beams has also been preliminarly studied. The currents in the
CNGS horn and reector can easily be inversed to focus the negatively charged parent
mesons, and defocus the positive, so as to produce an �� beam. The �� ux obtained
is therefore some 75% of that in the �� beam, and the CC event rate is about 35%: in
a preliminary simulation, 200 �� CCevents per kiloton of detector and per 1019 pot have
been obtained in the energy interval 0-100 GeV. Calculated uence and event spectra are
given in Fig. 5.5.

More signi�cantly, the �� and �e backgrounds in the �� beam are a factor of 10 higher
in the anti-neutrino beam than the equivalent backgrounds in the neutrino beam. It
should be possible to reduce these backgrounds by some 30%, at the expense of a small
loss in �� ux, by installing an axial absorber after the target: parameters of such an
absorber are under study.

5.2 MC generators for neutrino interactions

The quality of the events that will be recorded with ICANOE requires that a proper
neutrino interaction model is implemented and benchmarked. This includes the proper
modelling of the cross-section on nuclear targets over a large range of energies. The
exclusive �nal state reconstruction requires in particular that the hadronic part of the
event is properly simulated.

In neutrino interaction on nuclei, nuclear e�ects play an important role in modifying
the kinematics with respect to the free nucleon case. Therefore it is fundamental to
consider properly the neutrino interaction in the nuclear environment.
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Figure 5.5: Energy distribution of the �� uence (left) and of the CC �� interactions
(right) at Gran Sasso (preliminary results).

The Fermi momentum of the struck nucleon adds a smearing to the kinematical
distributions since it is mostly balanced by the momentum carried by the recoiling residual
nucles.

Even without reinteractions of the produced hadrons, their direction and momenta
are further modi�ed by the e�ect of the nuclear mean �eld and of the Coulomb �eld while
crossing the nuclear medium. The e�ect is particularly important for nucleons with kinetic
energies below few hundreds of MeV, and pions close to the resonance energy, where the
nuclear �eld is large and (for pions) changes rapidly with the energy and position of the
particle.

Moreover, the produced hadrons can re{interact in the nuclear medium, undergoing
signi�cant changes in the energy, number and identity of reaction products. For sub-GeV
pions, absorption processes play a major role, removing the pions from the observable
�nal state. The residual nucleus is generally left in an excited state, due to the removal of
deeply bound nucleons and to the di�erences in binding energy: this excitation energy is
dissipated through particle evaporation and gamma ray emission. The overall momentum
and energy are of course exactly conserved, but they can be fully reconstructed only by
detecting all reaction products, including the recoil nucleus, all the low energy evaporation
products (often neutrons) and gamma rays from nuclear de{excitation. Just as an example
an evaporation neutron of 2 MeV, which is likely to go undetected, will carry away a
momentum of � 60 MeV/c.

The inaccuracies in the event reconstruction lead to an additional smearing of the
reconstruction of the event. To evaluate the e�ect under our experimental conditions,
charged current neutrino interactions in Argon for the liquid target have been simulated.

This was done in the FLUKA MC code which now includes a complete description
of neutrino{nucleus interactions [37, 38, 39], fully embedded in the FLUKA nuclear
interaction model. Details of this implementation and of the FLUKA code can be found
elsewhere [37, 38, 31, 40]. We only remind here that it is a sophisticated intranuclear
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cascade plus pre{equilibrium code, which is very successful in reproducing medium-low
energy phenomenology in hadron-nucleus collisions [31].

To illustrate the importance of these corrections, we consider quasi-elastic interactions,
the dominant process in atmospheric neutrino events. Modi�cations of the Q2

distributions are expected due to Pauli blocking and threshold e�ects. In quasi-elastic
scattering, the average Q2 for a 1 GeV �� (��) is about 0:4 (0:2) GeV2/c2; at 300 MeV
these average values drop to � 0:10 (0:06) GeV2/c2. At these energies and above, the
approximation of independent nucleons in a potential well can be used, since Q2=2m >�
0:030 GeV, the typical kinetic energy of a bound nucleon.

The impact on the event reconstruction is not at all negligible and depends on the
detector characteristics and their combined e�ect has been studied by means of full event
simulations, as described in section 5.4.

E�ects on �nal states kinematics of low multiplicity events

The kinematics of the �nal states of the free nucleons and bound nucleons in QE neutrino
interactions have been compared, assuming the neutrino spectrum of the CNGS beam.
The free nucleon interactions of the three neutrino species give a lepton and a proton
(< pp >� 800 MeV) in the �nal state, while the bound nucleons interactions have in the
�nal state a lepton, one (or more) residual nuclei (< pres nucleus >� 250 MeV) and some
protons, neutrons, -rays and charged and neutral pions with the average multiplicities
and momenta given in table 5.3 (values are very similar for �e; ��; �� ).

Table 5.3: Final state in bound nucleon QE interactions

�nal particles < multiplicity > < momentum >
GeV / c

protons 1.45 0.45
neutrons 1.27 0.16

charged pions 0.033 0.36
pizero's 0.015 0.37
-rays 2.37 0.0025

In Figure 5.6(a) the momentum spectra of �nal proton in QE �e-free nucleon
interactions and all �nal protons in QE �e-bound nucleon interactions are compared;
in Figure 5.6(b) the momentum spectra of the leading �nal proton in the two interaction
types are compared. In Figure 5.7(a) the angular spectra of �nal proton in QE �e-
free nucleon interactions and all �nal protons in QE �e-bound nucleon interactions are
compared; in Figure 5.7(b) the angular spectra of the leading �nal proton in the two
interaction types are compared.

The kinematics of the �nal states of the free nucleons and bound nucleons �+ and �++

production neutrino interactions have also been compared. The free nucleon interactions
of the three neutrino species with � resonances production give a lepton, a charged or
neutral pion (< p� >� 400-600 MeV) and a nucleon (proton or a neutron) (< pnucleon >�



86 CHAPTER 5. PHYSICS AT THE CNGS

Figure 5.6: Momentum of �nal protons in QE � interactions (plot (a)); momentum of
leading �nal proton in � interactions (plot (b))
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Figure 5.7: Angular distribution of �nal protons in QE � interactions (plot (a)); angular
distribution of leading �nal proton in � interactions (plot (b))
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800-1000 MeV) in the �nal state, while the bound nucleons interactions have in the �nal
state a lepton, one (or more) residual nucleus (< pres nucleus >� 300 MeV) and charged
and neutral pions and some protons, neutrons, -rays with the average multiplicities and
momenta given in table 5.4 (values are also here very similar for �e; ��; �� ).

Table 5.4: Final state in bound nucleon interactions with � production

�++ ! p�+ �+ ! p�0 �+ ! n�+

�nal particles < multipl: > < p > < multipl: > < p > < multipl: > < p >
GeV GeV GeV

protons 2.7 0.49 2.6 0.43 2.2 0.30
neutrons 3.2 0.17 2.8 0.21 3.5 0.34

charged pions 0.66 0.56 0.22 0.47 0.82 0.80
pizero's 0.1 0.40 0.65 0.78 0.14 0.47
-rays 2.3 0.0028 2.6 0.0031 2.4 0.0032

Table 5.5: Final state in bound nucleon DIS interactions

�nal particles no nuclear int. nuclear int.
< multiplicity > < momentum > < multiplicity > < momentum >

GeV GeV

protons 0.7 2.0 2.1 0.71
neutrons 0.4 2.1 3.1 0.30

charged pions 3.0 2.1 2.9 1.80
pizero's 1.7 2.0 1.7 1.75
-rays 0.2 1.2 2.4 0.0035

5.3 Expected event rates and oscillation searches

Events will occur in the whole ICANOE detector. As reference, we assume an exposure of
20 kton� year for the liquid argon. This corresponds to four years running of the CNGS
beam in shared mode. For the events occuring in the solid detector, given the smaller
mass, the reference exposure is 10 kton� year. The last three meters of the liquid target
are de�ned as a transition region, since beam events occuring in this region are most
likely to deposit energy in both targets. Table 5.6 shows the computed total event rates
for each neutrino species present in the beam for the liquid, solid and in the transition
region. Table 5.6 also shows, for three di�erent values of �m2, the �� CC rates expected
in case oscillations take place.
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Process liquid target transition region solid

�� CC 54300 10200 27150
��� CC 1090 200 545
�e CC 437 80 219
��e CC 29 5 15
� NC 17750 3330 8875
�� NC 410 77 205

�� CC, �m
2 (eV2)

1� 10�3 52 10 26
2� 10�3 208 40 104
3:5� 10�3 620 115 310
5� 10�3 1250 235 625
7:5� 10�3 2850 535 1425
1� 10�2 4330 810 2165

Table 5.6: Expected event rates for an exposure of 20 kton� year for the liquid target
and 10 kton� year for the solid target. All the rates include nuclear corrections and are
computed for the proper target composition. For standard processes, no oscillations is
assumed. For �� CC, we take two neutrino �� ! �� with sin2 2� = 1.

The channel of tau decaying into an electron plus two neutrinos provides the best
sample for �� appearance studies due to the low background level. The intrinsic �e, ��e
contaminations of the beam amount to � 470 events in the liquid target for an exposure
of 20 kton� year and half more in the solid target.

This �gure should be compared to the number of �� CC with subsequent � ! e��
decays. Since the favored region of the parameter space lies below 10�2 eV2, this number
has a strong dependence on the exact value of the �m2 involved in the oscillation. The
�m2 is not well extracted from atmospheric neutrino experiments and therefore the search
of � ! e at the CNGS will have to be optimized a posteriori.

It is clear that for values of the �m2 parameter above 5�10�3 eV2, the electron signal
excess will be visible in both the liquid and solid target without any need for a particular
kinematical selection.

For the lower values of �m2, an improvement in the S=N ratio is needed and can be
achieved with the kinematical methods. In the following sections, we describe how this is
performed on events fully contained in the liquid target.

The events occuring in the transition region and in the solid target are likely to provide
more signal events and are currently under study.

5.4 Event kinematics and tau identi�cation

Kinematical identi�cation of the � decay, which follows the �� CC interaction requires
excellent detector performance: good calorimetric features together with tracking and
event topology reconstruction capabilities. The background from standard processes are,
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Figure 5.8: Shower development of a �eCC event fully contained in the argon.
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Figure 5.9: Shower development of a �eCC event fully contained in the argon.
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depending on the decay mode of the tau lepton considered, the �e CC events and/or the
�� CC and � NC events.

In order to separate separate �� events from the background, two basic criteria, already
adopted by the short baseline NOMAD experiment, can be used:

� an unbalanced total transverse momentum due to neutrinos produced in the � decay,

� a kinematical isolation of hadronic prongs and missing momentum in the transverse
plane.

In addition, given the baseline L between CERN and GranSasso, for the lower �m2 values
of the allowed region indicated by the atmospheric neutrino results, we expect most of
the oscillation to occur at low energy. In this case, a criteria on the visible energy is also
very important to suppress backgrounds.

In order to apply the most eÆcient kinematic selection, it is mandatory to reconstruct
with the best possible resolution the energy and the angle of the hadronic jet, with a
particular attention to the tails of the distributions. Therefore, the energy ow algorithm
should be designed with care taking into account the needs of the tau search analyses.

A straightforward algorithm, using a \calorimetric" approach, can be attempted. In
this case, the volume of the argon is subdivided into \cells" of a chosen size and the total
energy ow vector is computed as the energy-weighted center of gravity of the cells. This
algorithm does not require the actual knowledge of the individual tracks in the event.
It simply uses the argon as a full sampling calorimeter, where the \sampling" is chosen
o�ine. This algorithm performs best in the case of electromagnetic (electron or gamma
induced) showers, is reasonable for medium energy charged hadron interactions, but is
rather poor for the soft component of the jet where most of the energy of the hadrons is
carried by tracks that are typically clearly identi�able by their trajectories.

An improved resolution is obtained using the \tracking approach". The algorithm
�rst attempts to identify all tracks from the primary vertex. If the track ranges out,
then the kinetic energy is found by summing the dE=dx measurements along the track
and the direction is measured in a straightforward way. Kinetic energy and direction
allow the reconstruction of the momentum of the track. In case of secondary interaction,
the secondaries, easily identi�able by imaging, are associated to the primary track.
Compensation is introduced at this level based on the charge deposition density. At
this point, the direction of the particle is given by the primary track, while the total
energy is estimated from the sum of the associated energy deposits, after compensation.
For electromagnetic showers, the \calorimetric" method performs best and is therefore
used. The combination of all the tracks momenta allows the computation of the energy
ow.

This method has been tested on a sample of fully simulated �e CC events, in order to
estimate the resolution of the kinematical reconstruction on realistic events. Only events
with neutrino energy less than 20 GeV have been used, since these are the only relevant
ones for the tau search. Two such events can be seen in Figures 5.8 and 5.9. The electron
shower is nicely visible and well isolated from the hadronic jet. These two events clearly
illustrate the di�erence between the \calorimetric" and \tracking" approaches.

The results based on 4000 �e CC events, corresponding to more than 8 times the
expected statistics for an exposure of 20 kt � year, are summarized in Figure 5.10. The
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momentum b) transverse momentum with �ducial cuts c) transverse momentum versus x
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approach described above yields an average missing PT of 450 MeV=c. This value improves
to an average of 410 MeV=c when the primary vertex is required to lie within a �ducial
volume of transverse dimensions 7:8� 7:8m2. The pro�les of the missing PT as a function
of the vertex positions are also shown in the Figure.

5.4.1 Comparison with NOMAD data

Neutrino interactions on nuclei are simulated taking into account nuclear e�ects(i.e.,
Fermi momentum of the struck nucleon, re-interactions of �nal state hadrons, nuclear
de-excitation). This is done using the FLUKA nuclear interaction model, as described
in the previous section.

We use the neutrino data collected in the NOMAD detector1 to probe the reliability
of the physics simulation. �� CC events have been fully simulated and reconstructed
using NOMAD oÆcial packages. We consider only �� CC events having an identi�ed and
measured muon emerging from the primary interaction vertex.

Figure 5.11 illustrates the agreement found between fully simulated (histograms) and
real data events (dots) in NOMAD. The event total multiplicity is fairly well reproduced.
The primary muon, whose description heavily relies on the beam simulation, is well
reproduced and it will not be further discussed.

The emphasis of the discussion is focused in the description of the hadronic system
which is of the utmost importance in order to reliably estimate backgrounds and selection
eÆciencies. In particular, the � appearance search in ICANOE crucially depends on the
quantities measured in the transverse plane w.r.t the incoming neutrino direction. The
hadronic transverse momentum with respect to the beam direction (PH

T ) and the angular
correlation in the transverse plane between the muon and the jet (��H) are important
variables to separate eÆciently signal and background. As shown in Figure 5.11, the
kinematics in the transverse plane is well reproduced by the Monte-Carlo model. This is
clearly not the case when nuclear corrections are neglected.

We are con�dent therefore that the physics description of the neutrino{nucleus
interactions provided by our MonteCarlo is adequate to estimate the tau search
sensitivities at the CNGS.

5.5 �� ! �� appearance searches

5.5.1 � ! e decay mode

The channel of tau decaying into an electron plus two neutrinos provides the best
sample for �� appearance studies due to the low background level. The intrinsic �e,
��e contaminations of the beam amount to � 470 events for an exposure of 20 kton�year.

The comparison of this �gure with the expected number of �� CC events decaying
into electrons shows that the search of � ! e at the CNGS will have to be optimized a
posteriori. Indeed the �� rate has a strong dependence on the exact value of the �m2

1We acknowledge the NOMAD Collaboration for the use of their data in order to benchmark our

neutrino generator.
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simulated neutrino nucleon interactions(dots).
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Figure 5.12: Visible energy of events (left) and transverse momentum of the electron
(right) for �e CC and �� CC with subsequent � ! e�� decay. Curves are normalized to
20 kton � year. Successive cuts have been applied.

in the parameter region suggested by the Super-Kamiokande data, and the �m2 value is
not well constrained by the atmospheric neutrino experiments.

For \large" values of �m2, i.e. �m2 > 5 � 10�3, the rate of tau is spectacular and
exceeds the number of intrinsic beam �e, ��e CC events, i.e. S=B > 1 even prior to any
kinematical cuts. So the kinematical cuts can be very mild. An excess will be striking.

For our \best" value taken from atmospheric neutrino results, i.e. �m2 = 3:5 �
10�3 eV2, the number of �� CC with � ! e is about 110, or about a signal over background
ratio of 110=470 ' 1=4. Here with modest kinematical cuts, we can extract statistically
signi�cant signals, as shown in the following sections.

The most diÆcult region lies below �m2 � 1:5�10�3 eV2, for which, kinematical cuts
are tuned to suppress backgrounds by a factor more than 200 while keeping about half of
the signal events.

In the following subsection, we discuss background sources and their suppression.

�e CC rejection

The main background from genuine leading electrons comes from the CC interactions of
the �e and ��e components of the beam.

We take advantage of the soft energy spectrum for the oscillated �� induced events
with respect to the visible energy spectrum of �e; ��e CC. The excess of events observed
compared to the expectation in the case of no oscillation is spectacular for reconstructed
energies below 20 GeV, as can be seen in Figure 5.12. For a 90% signal eÆciency, the �e; ��e
background can be reduced by almost one order of magnitude demanding Evisible < 18
GeV.

Prompt electrons emerging from a �e; ��e CC tend to be more isolated (larger transverse
momentum with respect to the neutrino incoming direction, P e

T ) than those resulting from
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Cuts �� E�. �e ��e �� CC �� CC �� CC
(%) CC CC �m2 = �m2 = �m2 =

10�3 eV2 3:5� 10�3 eV2 10�2 eV2

Initial 100 437 29 9.3 111 779
Fiducial volume 88 383 25 8.2 97 686
One candidate with
momentum > 1 GeV 72 365 25 6.7 80 561
Evis < 18 GeV 67 64 5 6.2 75 522
P e
T < 0:9 GeV 54 31 3 5.0 60 421

P lep
T > 0:3 GeV 51 29 2 4.7 56 397

Pmiss
T > 0:6 GeV 33 4 0.4 3.1 37 257

Table 5.7: Rejection of the �e CC background in the � ! e analysis. Figures are
normalized to an exposure of 20 kton � year.

a � decay where the total � energy must be shared with two additional �nal state neutrinos.
As shown in Figure 5.12, oscillated events tend to accumulate at relatively low values of
P e
T , therefore an upper cut on P e

T eÆciently removes background. We de�ne P lep
T as the

transverse momentum of the electron candidate with respect to the jet direction. The
lower cut on P lep

T removes events where the candidate electron is not isolated from the
hadronic jet. Since this cut is suppressing NC backgrounds, it will be discussed in more
detail in the following section.

The �nal discrimination is achieved with a cut on the transverse missing momentum in
the plane perpendicular to the incoming neutrino direction (Pmiss

T ). As Figure 5.13 shows,
�e CC events are well balanced and very few populate the high Pmiss

T region, where the
bulk of the signal is expected. Requiring Pmiss

T > 0:6 GeV, 65% of the remaining signal
events are kept while only 14% of the remnant background survives.

In Table 5.7 we summarize the list of sequential cuts applied to reduce the �e and ��e
CC backgrounds and the expected number of signal events for three di�erent �m2 values.
The most sensitive analysis predicts, for a 20 kton � year exposure, a total background
of 4.4 events for a total � selection eÆciency of 33%.

� NC rejection

Neutral current events contribute to the background from two sources:

1. electrons from Dalitz decays

2. misidenti�ed charged and neutral pions (e=�� and e=�0 discrimination).

To evaluate the kinematical reduction of the background due to neutral pion
misidenti�cation, every photon from �0 decays, converting within 2 cm (corresponding to
6 readout wires) of the primary interaction vertex is considered as a potential electron
candidate. Photons converting beyond 2 cm will be clearly identi�ed by the imaging.

An additional source of background, we denote as � ! e, arises from early interacting
charged pions accompanied by subsequent �0 production. The probability to misidentify
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charged pions as electrons have been obtained through a full simulation of interacting
pions of di�erent energies inside the liquid target. The criteria used to label an interacting
pion as an electron are:

� Pion interaction should take place within a path of 3X0 from the primary neutrino
interaction vertex. Only 5% of the electrons will not shower before this distance,
against a probability of 40% for hadrons not to interact over the same distance.

� There should be at least one �0 produced in the interaction.

� There should be only one emerging hadronic charged track in the interaction.

� There should be no protons with kinetic energy above 50 MeV emerging from the
hadronic secondary interaction. No constraint is imposed on neutrons. In reality,
a fraction of exiting neutron can be identi�ed due to their interaction. But we
conservatively ignore this possibility.

� The interaction products and the incident pion should be roughly collinear, namely,
the angle between the secondary charged pion and the primary one should be less
than 100 mrad. Likewise, the angle between �0 and the primary pion should also
be smaller than 100 mrad.

All these requirements provide a � ! e misidenti�cation probability factor of 5�10�5

for pions of 1.5 GeV of momentum. This value increases with energy, due to the increased
collimation of the secondary products, and reaches 7�10�3 for pion of 15 GeV momentum.
This probability is folded with the momentum spectrum of every charged pion in neutral
current events. This yields for an exposure of 20 kton � year, about seven events where an
interacting pion inside the liquid target is misidenti�ed as an electron before kinematical
cuts. Kinematics criteria provide additional rejection power, as shown in Table 5.8.

We also study the level of background contamination produced by events where a
charged pion, ranging out inside the liquid target, overlaps with late converted photons
coming from a �0 decay. This kind of background is much reduced if we consider that
such event topology resembles an electron if and only if the angle between the �� and
the �0 is less than 10o. Before any kinematics cuts, we expect 25 events of this kind of
background for the exposure considered above.

Table summarizes 5.8 the rejection power of kinematics criteria for the four sources
that contribute to � NC background. The requirement on the electron candidate energy
Ee > 1 GeV suppresses about one third of the Dalitz, pion overlap and �0 conversions
induced backgrounds, since electrons in the jet are soft.

Genuine electrons coming from a � decay are more isolated than �� NC electron
candidates, since these emerge from within the jet. Therefore kinematic variables that
strongly depend on the isolation of the candidate are a powerful tool to eliminate NC. A
soft cut P lep

T > 0:3 GeV reduces Dalitz decays and �0 background by a factor two while
94% of the � signal is kept.

From Table 5.8 we observe that kinematics criteria reduce Dalitz induced background
by more than one order of magnitude, �0 misidenti�cation by about a factor eight while
the background due to e=�� confusion is reduced by more than a factor three.



5.5. �� ! �� APPEARANCE SEARCHES 101

The ultimate discrimination of these backgrounds relies primarily on the imaging
capabilities and on dE=dx measurements, as described in chapter 4. We note that
dE=dx measurements provide close to three orders of magnitude rejection factor. The
combination of dE=dx information together with kinematics criteria is suÆcient to reduce
� NC background to a negligible level.

Cuts �� NC

Initial 17750
Fiducial volume 15550

Dalitz  conversions � ! e ��=�0 overlap
One candidate 275 4262 6.5 25
Pe > 1 GeV 79 1361 6.3 16
Evis < 18 GeV 49 835 3.2 11
P e
T < 0:9 GeV 46 794 1.8 9

P lep
T > 0:3 GeV 24 429 1.7 8

Pmiss
T > 0:6 GeV 19 350 1.3 7

Imaging and dE=dx < 1 < 1 < 1 < 1

Table 5.8: �� NC background to the � ! e analysis. Results are normalized to an exposure
of 20 kton � year. We illustrate background reduction by means of kinematical criteria
only. Imaging and dE=dx measurements reduce the NC background to a negligible level.

�� CC rejection

Charged current events can contribute to the background in a similar way as the neutral
current events described above when the leading muon escapes detection.

This situation can happen in the two following cases:

� Exiting �: the energetic leading muon (< P� >= 8 GeV) exits through the sides of
the liquid target.

� Stopping �: a soft muon (< P� >= 2 GeV) decays or ranges out inside liquid argon.
The fraction of such muon is 7% of the total.

In case the muon is not identi�ed, the event will appear in �rst instance as a neutral
current event. The source of electrons which can induce backgrounds are then similar
to those discussed previously: Dalitz decays,  conversions and e=�� misidenti�cation.
They are reduced to a negligible level for reasons already discussed when dealing with
NC backgrounds, even though it should be stressed that the kinematical rejection is less
eÆcient for �� CC events than for �� NC events: the misidenti�cation of the muon as a
hadron alters the kinematic properties of the \jet".

A more important source of background speci�c to charged current interactions comes
from the decays of charmed mesons. At the CNGS energies �(��N ! � c X)=�(��N !
�X) � 4%, therefore for a total exposure of 20 kton � year we expect to collect about
200 events where a charmed meson decays into a positron and a neutrino. These events



102 CHAPTER 5. PHYSICS AT THE CNGS

resemble kinematically the real �� events, since they have a neutrino in the �nal state and
possess a softer energy spectrum and a genuine sizeable missing transverse momentum.

Kinematical criteria reduce contamination due to charm events by a factor Rkine =
7� 10�2 (see Table 5.9). For a 20 kton � year exposure this translates into 15 expected
background events. These criteria alone are insuÆcient to bring down �� CC background
to a tolerable level.

The rejection of these charmed events calls for an improved muon \veto". The adopted
veto proceeds in two steps:

� To reduce the background labelled as exiting � we adopt the following criteria:
tracks that exit the liquid detector and reach the solid part of ICANOE, depositing
the equivalent of a mip are tagged as muons and the event is rejected. In addition
we take advantage of the large dimensions of the detector and its nuclear interaction
length (84 cm): thus, every track that exits the active liquid target through the sides
without interacting is assumed to be a muon and the event is discarded.

These criteria reduce �� CC background by a factor Nexiting = 1=4 for a modest loss
of 3% in � selection eÆciency. At this stage 4 background events are expected.

� The veto to reject events with a stopping � proceeds as follows: Tracks followed by an
electromagnetic cascade are identi�ed as a muon decay. Moreover, tracks traveling
more than 3� and stopping inside the detector without producing a secondary
interaction are identi�ed as muons.

This veto reduces by factor Nstopping = 1=4 the remaining �� CC background while
the reduction on � signal eÆciency is less than one per cent.

In summary, the expected number of charm induced background events nbCC (charm)

for a total exposure of 20 kton � year is:

nb
CC (charm) = Ncharm �Rkine �Nexiting �Nstopping = 1

Table 5.10 summarizes the expectations for the � ! e analysis once kinematics criteria
and muon vetoes have been applied to every potential background source. In conclusion,
we obtain for a 20 kton � year exposure, that the overall electron selection eÆciency is
32% for an expected number of about �ve background events. The expected number of
taus at our central �m2 value (i.e., 3:5� 10�3 eV2) is 35.

5.5.2 Hadronic decay modes

The hadronic decays of the � can be used to search for �� ! �� oscillations. The largest
background before kinematical cuts comes from � NC events. Charged current events
where the muon is not identi�ed can also be a dangerous background.

The intrinsic missing momentum related to the outgoing neutrino in NC events does
not allow to search for these decay modes by selecting the momentum imbalance in the
transverse plane like for the � ! e channel. For the hadronic channels, the isolation of
the candidate is the most discriminating variable against background. Isolation is de�ned
as the transverse momentum of the hadron w.r.t. to the jet direction. A hadron coming
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Cuts �� CC ��� CC
(charm) (charm)

Initial (Ncharm) 215 4.0
Fiducial volume 174 3.3
One candidate with
momentum > 1 GeV 113 2.5
Evis < 18 GeV 51 0.2
P e
T < 0:9 GeV 45 0.1

P lep
T > 0:3 GeV 38 < 0:1

Pmiss
T > 0:6 GeV 15 < 0:1

Muon Veto (Exiting �) 4 < 0:1
Muon Veto (Stopping �) 1 < 0:1

Table 5.9: Charm induced ��; ��� CC background for the � ! e analysis. Results are
normalized to an exposure of 20 kton � year.

�m2 (eV2) �� CC �e; ��e CC ��; ��� CC �� NC
1� 10�3 3
2� 10�3 12
3� 10�3 26

3:5� 10�3 35 4.1 1.0 < 1
5� 10�3 71
7� 10�3 121
1� 10�2 248

Table 5.10: � ! e analysis summary. For a total exposure of 20 � year we show the
expected number of � events for di�erent �m2 values. The last three columns show the
expected background.

from tau decay will be more isolated than hadrons produced in the fragmentation of the
jet.

We de�ne QT as the transverse momentum of the hadron candidate with respect to
the total reconstructed momentum. A hard cut on the QT allow the complete suppression
of the NC background, however, at a high cost in terms of tau eÆciency.

Table 5.11 summarizes the �� appearance search using the hadronic decay modes of
the � lepton. If oscillations occurs with �m2 = 3:5� 10�3 eV2, we expect about 8 events,
of which the background is 0.9 events.

5.5.3 Combined �� ! �� sensitivity

We show in Figure 5.14 as a function of the cut on the missing transverse momentum,
the number of expected background and tau events for two di�erent �m2 values. We see
that even for a value as low as 1:5 � 10�3 eV2, a Pmiss

T cut above 0.6 GeV gives a S=B
ratio in excess of 1.
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�� CC �� CC �� CC
Channel Background �m2 = �m2 = �m2 =

10�3 eV2 3:5� 10�3 eV2 10�2 eV2

� ! � 0.25 0.26 3 22
� ! � 0.4 0.29 3 24
� ! 3� 0.25 0.10 1 9

� ! h 0.9 0.6 7 55

Table 5.11: � ! hadrons analysis summary. The �rst column shows for an exposure of
20 kton � year the expected number of background events for the di�erent channels. The
last three show the number of expected taus for three di�erent values of �m2.

Finally it is crucial to study the exposures needed to obtain a statistically signi�cant
� appearance for di�erent neutrino oscillation scenarios. We see in Figure 5.15 that for
the \best" value given by atmospheric neutrinos (i.e., �m2 = 3:5 eV2), few months of
data taking will suÆce to claim a 3� e�ect. However for �m2 values of about 10�3

eV2, exposures above 20 kton � year are needed to obtain an e�ect in excess of 2�. We
conclude that after four years of running of CNGS in shared mode or after one year of
running in dedicated mode, the ICANOE detector will observe a statistically signi�cant
�� ! �� oscillation signal for most of the �m2 values presently favored by atmospheric
neutrino data.

5.5.4 �m2 parameter determination

Direct �� appearance detection is not the ultimate goal of the ICANOE experiment at the
CNGS beam. A complete experimental programme should also provide information on
what are the parameters governing the oscillation mechanism. How well we can measure
those parameters is therefore the crucial question that arises, once we have unambiguously
identi�ed a certain number of �� events, N� . When we are in the region where the
�m2 << E=L, the dependence of N� on the mixing angle and the mass squared di�erence
factorize, making it impossible to determine both of them separately.

This ambiguity could be resolved if an independent experiment provides a precise
measurement of one of the parameters.

We point out that while the �m2 parameter is not precisely determined by the
atmospheric neutrino measurement, the mixing is forced to be maximal, leaving very little
room for smaller values. For the case of Super-Kamiokande, the data favour maximal
mixing and at 90% C.L. sin22� > 0:85. The ICANOE performances for atmospheric
neutrinos will allow for an independent con�rmation of this result. Therefore this
knowledge will provide the complementary measurement required to determine to what
degree of accuracy we can measure �m2 using the information obtained with ICANOE.

We assume that after four years of operation of the CNGS beam, ICANOE will detect
35 � ! e candidates. Figure 5.16 shows at the 90% C.L. the set of values compatible with
a measurement N� = 35. Under this assumption, our determination of �m2 is clearly
dominated by statistics given the degree of accuracy we assumed for sin22�. From our
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estimations, we conclude that for maximal mixing and a central �m2 of 3:5� 10�3 eV2,
we are able to measure the mass squared di�erence to a level of accuracy of about 20%.

5.6 �� ! �e oscillation search

The unambiguous detection and identi�cation of �e CC events endows ICANOE with the
ability of performing also a �� ! �e oscillation search. In this case, the oscillation reveals
itself as an excess on the number of expected events having a leading identi�ed electron.
Given the expected rates for a 20 kton � year exposure, the statistical error is about 4%.
Therefore the sensitivity to �� ! �e oscillations is dominated by the systematic error on
the beam knowledge.

Figure 5.17 shows the 90% C.L. contours in case no oscillations are observed assuming
overall systematic errors of 5% and 10%. We observe that nearly the whole region favored
by the LSND claim is comfortably covered. The excluded values are sin22� > 2 � 10�3

at high �m2 and �m2 > 4� 10�4 eV2 for maximal mixing.

5.7 Minimum bias �� interactions

The expected �� total event rates quoted in Table 5.6 are very copious. About 80000 CC
events in total from the two targets will be available for analysis. The full event energy,
i.e. the muon momentum (and sign), the direction and the energy of the recoil hadronic
shower, will be measured event by event. About 30000 NC events will also be recorded.

The most attractive use of these events would be to extract from them disappearance
signatures for oscillations of muon neutrinos in the CNGS beam. In any case, these events
will provide an essential tool to study and understand the neutrino beam and to provide
cross checks in quite a number of areas.

5.7.1 �� disappearance

The extraction from ordinary �� events of independent disappearance signatures, even
rough but in coincidence with appearance and with a consistent disappearance rate, would
be extremely attractive and must be the object of further study. Oscillation signatures
based on the total event rate, NC/CC ratios, distorsion of the neutrino energy spectrum,
among others, are as usual envisageable. If a near detector were available, the quality of
these signatures in the CNGS has been previously studied by several groups and proven
competitive with the ones that can be obtained exploiting other facilities like KEK or
NuMI.

The merits of a combined simultaneous appearance-disappearance signature were
emphasized in [93]. It was discussed there, however, how such a physics goal appears
diÆcult in absence of a close detector. Maybe it can still prove useful at least for larger
values of �m2 where oscillation probabilities are quite large.

The potential performance of the muon detection system in the shielding of the CNGS
as a rudimentary near detector should be studied with attention. That appears at the
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moment the only possibility of rescuing some capabilities of near/far comparison of total
rate, NC/CC ratios, distorsion of the neutrino energy spectrum and so on.

As an example, Figure 5.18 illustrates the large depletion of �� CC events in the
solid target and its characteristic energy modulation for a value of �m2 = 5 � 10�3 for
di�erent values of the mixing angle. 40%=

p
E energy resolution for the recontructed event

is assumed. The same e�ect can be observed with events interacting in the liquid target
thanks to the high mass and the better energy resolution.

One is there dealing with large e�ects that should be detectable. While detection
of the absolute depletion may be a�ected by too large systematic errors in absence of a
full edged near detector, in ICANOE the excellent energy resolution allows to detect
the �� CC depletion as a function of neutrino energy. The detection of �� CC energy
modulation may be reasonably observed and checked if tau events are found. In such a
way two handles for tau discovery can be used thus enhancing the oscillation signatures
and making the tau appearance more signi�cant.
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Figure 5.18: �� survival probability curve at di�erent mixing angles with � m2 =
5 � 10�3 eV 2.
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5.7.2 Study of the neutrino beam

The expected 80000 �� CC events will provide in any case, an essential tool to study and
understand the neutrino beam.

It will be possible to map in detail the rate and energy spectrum of muon neutrinos
and antineutrinos. Measuring the contamination of the latter will give precise knowledge
of some of the backgrounds to the appearance search. Comparison of neutrino and
antineutrino results with the beam simulations will bring about a precious validation of
the predictions of the simulations and enhanced con�dence in the prediction concerning
electron neutrinos, crucial for evaluations of backgrounds both to �� - �� and to �e - ��
transitions.

Let us stress in particular the role of the 30000 events or in the iron of the solid
target. These events have the vertex in the solid target and are for all practical purposes
completely contained in the solid target. They are thus totally decoupled from the two
classes of events occurring in the liquid target and will represent an independent sample
also for what concerns analysis techniques.

The solid target combines the functions of a good resolution calorimeter, both for
electromagnetic and hadronic shower ( compensation ) and of muon spectrometer, capable
of identi�cation and of charge and momentum analysis of muons. Its conceptual design
resembles closely the one of a traditional detector like CDHS as well as the one of a detector
in construction like MINOS. Its calorimetric performance, though, appears quite superior
to both the above examples. It appears thus as an excellent tool for the study of muon
neutrino events. The kinematical characteristic of both the muon and the recoil shower
can be independently reconstructed. The entire energy of the event can be estimated with
resolutions of 20% at the typical neutrino energies of the CNGS.

The solid target will thus be a copious and direct source of neutrino events of simple
reconstruction in real time from the earliest days of operation of the CNGS. Independently
of the muon detection system in the shielding, it is the natural candidate for the role of
most accurate monitor of the CNGS to be housed in the LNGS galleries. Combination of
its information with the one of the muon detection system is likely to be our strategy to
the understanding of the neutrino beam.

5.7.3 Cross checks and cross calibrations

The energy reconstruction of events in the naturally compensated solid target will provide
a direct reference and cross calibration for the procedures of energy reconstruction in the
liquid argon. An independent sample of showers will be available for completely decoupled
analysis to provide cross checks in quite a number of areas of the results obtained from
events in the liquid target.



Chapter 6

ATMOSPHERIC NEUTRINOS

In Genesi 7:17 leggiamo:
Il diluvio dur�o sulla terra quaranta giorni: le acque crebbero e sollevarono l'arca che si
innalz�o sulla terra. Le acque divennero poderose e crebbero molto sopra la terra e l'arca

galleggiava sulle acque

In this section, we discuss in detail the physics of atmospheric neutrinos. We address
the following issues: atmospheric neutrino ux and event rates calculation are presented
in section 6.3. Preliminary studies on the L=E distributions are shown in section 6.6. Tau
appearance in the atmospheric \beam" is discussed in section 6.8.

6.1 Introduction

Atmospheric neutrinos are produced by collisions of cosmic rays with nuclei in the Earth's
upper atmosphere. These collisions produce showers which include neutrinos with energies
in the 0.1 GeV up to 100 GeV range. The ratio of muon to electron avour content is
well known (to � 5%), since it arises from the decay chain � ! ���, � ! e�e��. The
muon to electron avour is expected to be about 2, gradually rising at higher energies as
the muons from pion decays have enough energy to survive until the surface of the Earth.

Since the attenuation of even high energy neutrinos in the Earth is so small, neutrinos
produced all around the atmosphere can be detected. Their pathlengths range from
about 15 km for neutrinos produced directly overhead, to about 13000 km for neutrinos
produced directly below (on the other side of the Earth). Therefore, by measuring the
zenith angle, the energy and avour of atmospheric neutrinos, one can test the neutrino
oscillation hypothesis.

The recent experimental observations concerning atmospheric neutrinos in
SuperKamiokande [13], Soudan-2 [14] and MACRO [18], have given new strength to the
hypothesis of the existence of non zero neutrino masses and of avour neutrino mixing.

The precise determination of the oscillation mechanism and of the oscillation
parameters is, and will be in the next years, still object of intensive work. Even in view
of future experimental activities with long{baseline neutrino beams from accelerators like
the CERN-NGS beam, atmospheric neutrino experiments are going to play a fundamental
role in the further understanding of the phenomena.

111
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The physics goals of the new atmospheric neutrino measurements are to �rmly
establish the evidence of neutrino oscillations with a di�erent experimental technique,
possibly free of systematic biases, measure the oscillation parameters and clarify the
nature of the oscillation mechanism. We have considered the following three methods:

� �� disappearance: detection of the oscillation pattern in the L=E distribution,
where L is the neutrino pathlength and E its energy;

� �� appearance : comparison of the NC/CC with expectation;

� direct �� appearance : comparison of upward and downward rates of \tau-like"
events.

together with the well established ones:

� the double ratio, (��=�e)obs=(��=�e)MC);

� up/down asymmetry;

The �� disappearance has already been investigated in Soudan-2 [21] and Super-
Kamiokande [13]. It requires the capability to reconstruct the L=E ratio for each event.
Oscillations of muon neutrinos would manifest themselves in a modulation of the L=E
distribution with a dependence which would be characteristic of the phenomenon. The
oscillation parameters can be extracted from this dependence and alternative scenarios
like for example the disappearance of muon neutrinos due to their decays can be tested.

The tau appearance measurements can shed light on the nature of the oscillation
mechanism, by discriminating between the hypothesis of oscillations into a sterile or a
tau neutrino. The �� appearance method is based on �� CC interactions with �� decaying
into hadrons, hence to \neutral-current-like" events of high energy. An excess of \NC-
like" events from the bottom will indicate the presence of oscillation to the �� avour. A
kinematical analysis of the �nal state particles in the event can be used to further improve
the statistical signi�cance of the excess. Such a feature can only be obtained in a detector
with the resolution of the ICANOE liquid target, in which all �nal state particles can be
identi�ed and precisely measured. The kinematical method would allow the evidence for
\tau-like" events in the atmospheric neutrino beam.

Both the �� disappearance and the direct �� appearance methods are weakly depending
on the predictions of neutrino event rates, since they rely on the comparison of rates
induced by a downward going and upward going neutrinos.

The NC=CC method, already investigated by SuperKamiokande, can be signi�cantly
improved compared to this latter measurement. Due to the diÆculty in pattern
recognition, SuperKamiokande must limit to the identi�cation of �0 events, whose
production rate currently su�ers from large systematic uncertainty. In ICANOE, imaging
in the liquid target provides a clean bias free identi�cation of neutral-current, independent
on the hadronic �nal state, since the identi�cation is based on the absence of an electron
or a muon in the �nal state.
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Figure 6.1: Integral distributions showing the containment for �� CC as a function of the
neutrino energy and the leading muon momentum (solid lines). Di�erential distribution
showing the muon momentum resolution as a function of muon momentum (dashed line),
including both contained and partially contained events.
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6.2 Event containment | \high" vs \low" density

For simplicity, we have so far considered each ICANOE supermodule as an independent
subdetector of 8� 8� 16 m3, i.e. the basic volume of our detector. In the future, we plan
to investigate the case where atmospheric events can overlap across subdetectors.

\Fully contained events" are those for which the visible products of the neutrino
interaction are completely contained within the detector volume. \Partially contained
events" are �� CC events for which the muon exits the detector volume (only muons are
penetrating enough).

Figure 6.1 shows containment of charged current events for di�erent incoming neutrino
energies or muon momentum thresholds. In the computation, events were generated
uniformly over the full argon volume of 8�8�16 m3 (this means that we did not consider
a smaller �ducial volume) and were oriented correctly in the detector volume. Particles
were tracked through the argon until they reached the wall of the argon volume. As
already stressed, we did not yet consider the possibility of a particle (muon) crossing
subdetector boundaries.

Clearly, because of the average energy loss of the muon in argon (about 210 MeV=m
for a m.i.p.), muons produced in neutrino events are often energetic enough to escape from
the subdetector volume. The overall fraction of contained events is indeed \only" 62%
for �� + ��� CC events. This fraction decreases rapidly with muon momentum. For muon
momenta above 2 GeV, in practice, all muons will escape the mother volume. Since at
low energies, muons carry on the average more than half of the incoming neutrino energy,
this strong dependence of the containment is also visible as a function of the incoming
neutrino energy (see Figure 6.1).

Muon containment is a central problem in existing and planned atmospheric neutrino
experiments. \Low" density detectors can achieve the granularity required for a good
measurements of particles other than muons (in particular electrons) produced in the
event, however the fraction of escaping muons will be large. The use of a magnetic �eld
over gigantic volumes has been advocated as a solution to this problem. In \high" density
detectors, muons can be e�ectively \ranged-out" in order to measure their momentum[15].
However the side e�ect is a dramatic deterioration of the performances for electrons and
hadrons which cannot be identi�ed anymore due to the resulting \poor" granularity.

ICANOE exploits an original solution for this dilemma, which allows to preserve the
all purpose capabilities and good resolution of a \low" density detector with satisfactory
performances for energetic muons which are typical of \high" density apparatus. It should
�rst be noted that for contained events the muon energy resolution is 4% from dE=dx
measurements. For escaping muons, the high granularity of the imaging allows to collect
a very precise determination of the track trajectory. Therefore the multiple scattering
method described in section 4.5.2 can be e�ectively used to estimate the momentum
of the escaping muons. This method requires in practice tracks in excess of 1 meter
and works extremely well in the relevant energy range of atmospheric neutrino events
(typically below 10 GeV).

The average muon momentum resolution as a function of the energy threshold is
shown in Figure 6.1. This resolution has been computed using the range measurement
for contained muons and multiple scattering method for the escaping ones. For energies
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below 1 GeV, the average muon momentum resolution is about 10%. It increases slowly
as a function of the muon momentum and reaches about 30% at 5 GeV.

In conclusion, even for non-contained events, the muon momentum can be estimated
with good precision. The expected resolutions are comparable or better than those that
could be obtained with magnetized iron.

The muon measurement is crucial to most atmospheric neutrino analyses. In ICANOE,
we achieve the required performances using the multiple scattering measurement rather
than resorting to a high{density, coarser resolution detector. Keeping a low density, high
granularity detector imaging allows in addition the identi�cation and measurement of
electrons and individual hadrons in the event.

6.3 Atmospheric ux simulation

The observation of atmospheric neutrinos, with a quality like the one provided by the
ICANOE detector, must be accompanied by an improvement of the precision of theoretical
prediction both for the uxes and for neutrino interactions. Indeed, the determination of
the allowed and excluded regions in the oscillation parameter space for all experiments are
heavily relying on the comparison of experimental data to MonteCarlo predictions. In this
respect, one of the most important inputs is the deviation of the zenith angle distribution
of upward going ��'s with respect to the expectation, as observed by SuperKamiokande.

In the past, both the experiments at Kamioka calculated their expectation using the
simulation by Honda et al. [53]. Other experiments, like Soudan2 and MACRO, mostly
refer to the predictions based on the Bartol MonteCarlo [54]. These two simulations have
been performed by means of di�erent shower codes with di�erent hadronic interaction
models and di�erent input spectra for the primary cosmic rays. The importance of these
two aspects for the evaluation of the systematic uncertainty of neutrino uxes is still a
matter of debate.

A common feature of both the Bartol and Honda simulations is the assumption that the
neutrino uxes can be calculated using a 1{dimensional approach. This approximation in
practice implies that the transverse momentum of secondary particles after an interaction
or decay can be neglected, so that all secondary mesons and eventually their decay
products, neutrinos included, are collinear with the parent cosmic ray particles. The
argument invoked to justify this approach is that all possible e�ects deriving from the
choice of this approximation, if any, are small and are compensated, in average, by the
fact that primary cosmic rays arrive from every direction.

6.3.1 A new 3-dimensional calculation of neutrino uxes

In view of the improvement in the quality and precision of predictions for ICARUS
T600[44] and ICANOE, a new calculation aiming to reduce as much as possible the
theoretical uncertainties is under way [55]. It is a full 3-Dimensional calculation, including
also the spherical representation of the atmosphere and of the earth, has been started. It
is based on the FLUKA MonteCarlo [31], which is a highly detailed and precise code for
the study of transport and interaction of particles in matter, and in particular for e.m.
and hadronic shower simulations. Important di�erences exist, in principle, in the angular
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distribution of low energy neutrinos when 3{Dimensional and collinear calculations are
compared. The collinear approach is justi�ed only above a certain energy range. This
is a conclusions which holds irrespectively of all the other main ingredients of shower
simulation: primary spectra, geomagnetic �eld, hadronic interactions,etc. A complete
discussion of the 3{Dimensional results as compared to the collinear calculation has
been presented in [82], where also geomagnetic e�ects have been considered for di�erent
sites. There it is shown how the impact on the physics analysis of neglecting the 3{
Dimensional e�ects depends also on the physics of neutrino interactions and on the
resolution of a speci�c detector in the reconstruction of neutrino direction. In practice,
the important di�erences between 3{D and collinear approach are found in the Sub{GeV
region, both in ux and angular distribution. As an example, in Figures 6.2 and 6.3 the
angular distributions of incoming neutrinos for di�erent avours are presented for the
SuperKamiokande and Gran Sasso sites, comparing the 3{D and 1{D results.

Most of these di�erences are smeared out by the features of neutrino-nucleus charged
current interactions at low energies, even when the recoiling nucleon is measured, provided
that the residual recoiling nucleus is undetected. Nevertheless, experimental analyses
aiming to achieve the maximum possible precision should make use of the full 3{D
simulation in spherical geometry. A deeper discussion of this topic can be found in [82].
The di�erences in the neutrino angular distributions between the collinear and the 3-
dimensional calculations vanish for energies in excess of 2 GeV, as expected.

It is important to stress that the predicted Up/Down asymmetry at Gran Sasso is
signi�cantly di�erent than at Kamioka. As can be easily seen in in Figures 6.2 and 6.3,
the situation in absence of oscillations is reversed, with more neutrinos coming from the
top at Gran Sasso and the opposite at Kamioka. This di�erence stems from the di�erent
geomagnetical locations of the two sites. Since the observed angular distribution anomaly
is one of the most striking signatures coming from SK, the crosscheck of this result in a
location where the theoretical calculations predict a fairly di�erent pattern will streghten
the signal and possibly help in determining the level of understanding of the geomagnetic
e�ects and of the associated systematics.

As far as the atmospheric neutrino ux calculation is concerned, an important
contribution to the reduction of the theoretical uncertainty could come from a better
determination of the primary spectra, taking into account the most recent experimental
results in high atmosphere[83, 84, 85, 86]. It must be stressed that the Bartol and Honda
calculations assumed very di�erent primary spectra above 10 GeV/nucleon: Honda has
a higher normalization. The FLUKA calculation made use of the primary cosmic ray
spectrum used by the Bartol group, which turns out to be closer to the most recent
experimental results. At present, work is in progress in collaboration with the Bartol
group to de�ne a new common input spectrum.

Another important source of theoretical uncertainty is related to the question of
particle production in p{Nucleus interactions. FLUKA turns out to provide a satisfactory
agreement with existing data from accelerators. Di�erences exist in the results at �xed
energy with respect to those obtained from the models adopted by Bartol and Honda,
but extensive comparison with available experimental data show that FLUKA gives
a somewhat better description. However, more work is in progress to achieve further
improvements also in the interaction model.
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Figure 6.2: Neutrino ux as a function of Zenith angle, for the di�erent avors, as
predicted for the SuperKamiokande site. Results from 3{D and 1{D simulations are
compared, for the energy interval 0:4 < E� < 1:4 GeV.
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Figure 6.3: Neutrino ux as a function of Zenith angle, for the di�erent avors, as
predicted for the Gran Sasso site. Results from 3{D and 1{D simulations are compared,
for the energy interval 0:4 < E� < 1:4 GeV.
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Figure 6.4: �� + ��� CC event rates at Gran Sasso. The values have been computed for
1000 kton�year but the error bars and the axis scale are for an exposure of 50 kton�year.
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Figure 6.5: �e + ��e CC event rates at Gran Sasso. The values have been computed for
1000 kton�year but the error bars and the axis scale are for an exposure of 50 kton�year.
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Figure 6.6: Integral �� + ��� CC event rates at Gran Sasso. The values have been
computed for 1000 kton�year but the error bars and the axis scale are for an exposure of
50 kton�year.
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Process elastic single-� inelastic Total <E> (GeV)

�� CC 66.7 15.9 24.4 107.0 2.36
��� CC 12.2 5.3 9.8 27.2 3.34
�e CC 39.4 8.4 12.1 59.9 1.60
��e CC 5.4 2.1 4.2 11.7 2.36
� NC 42.9 8.6 13.2 64.8 1.94
�� NC 21.1 3.5 5.0 29.6 2.00

Table 6.1: Expected atmospheric neutrino rates per kton�year on Argon in case of no
oscillations. The �gures have been computed with FLUKA 3D atmospheric neutrino ux
with geomagnetic cuto�s and include all nuclear e�ects. All NC events are included, even
though only a fraction of quasi-elastic ones will end up in an observable �nal state.

The last important contribution to these uncertainties concerns the neutrino cross
sections and their modi�cations in the nuclear environment. Also this argument is object
of investigation and development in the collaboration, including the impact of nuclear
corrections on both cross section and kinematics (see the previous chapter).

The expected neutrino CC event spectra at Gran Sasso, obtained using our 3D uxes
and neutrino interaction models, are presented in Figure 6.4 for ��+ ��� and in Figure 6.5
for �e+ ��e, separately for the top and bottom emispheres. The integral CC event rate for
�� + ��� is also presented in Figure 6.6. The Up/Down asymmetry vanishes at energies
above 1 GeV, where the event rate is � 40% of the total.

6.4 Event rates and assumed exposures

The atmospheric neutrino event rates have been computed using the simulation described
in section 5.2 which includes all the known processes and a complete nuclear description of
the target. As well known, these processes have a large e�ect on the number of expected
atmospheric neutrino events which are mostly occurring at low energy. The rates for the
di�erent neutrino processes (in events/kton/year) and their mean energies are quoted in
Table 6.1.

In the following sections, we will study our results for three di�erent exposures: 5
kton�year corresponding to 1 year of operation, 20 kton�year for 4 years and an ultimate
exposure of 50 kton�year or 10 years of operation. The rates for the di�erent neutrino
processes for the di�erent exposures are quoted in Table 6.2.

6.5 Atmospheric anomaly revisited

High energy neutrinos produced in the atmosphere will be detected via their interactions
with the Argon target.

While the measurement performed by Superkamiokande has provided strong evidence
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Process Exposure
5 kton� year 20 kton�year 50 kton� year

�� CC 535 2140 5350
��� CC 135 545 1350
�e CC 300 1200 3000
��e CC 59 235 585
� NC 325 1300 3250
�� NC 150 590 1500

Table 6.2: Unoscillated atmospheric neutrino events on Argon for exposures of 5, 20 and
50 kton�years.

for neutrino oscillations thanks to their large statistics, ICANOE will provide in addition
to comfortable statistics an observation of atmospheric neutrinos, with a much improved
quality. This will be accompanied by an improvement of the precision of theoretical
prediction both for the uxes and for neutrino interactions.

The easiest way to tag the neutrino avour is through the study of charged current
interactions where the avour ` of the lepton is determined by using the imaging in argon:
electrons are easily detected via their showers, muons are identi�ed as penetrating tracks.

By looking for the presence (absence) of a proton recoil with suÆcient kinetic energy
in quasi-elastic interactions, it is possible to select samples of events enriched in neutrinos
(antineutrinos), since �n! `�p while ��p! `+n without the need of actually measuring
the charge of the lepton. The cut in kinetic energy ensures that the proton does not come
from nuclear evaporation. The contamination between the two samples can be estimated
from MonteCarlo simulations when nuclear e�ects are taken into account; the data taken
with the 50 l chamber will be used to verify the reliability of these predictions.

Unlike measurements obtained up to now in Water Cerenkov detectors, which are in
practice limited to the analysis of \single-ring" events, complicated �nal states with multi-
pion products, occurring mostly at energies higher than a few GeV, will be completely
analyzed and reconstructed in ICANOE. This will be a signi�cant improvement with
respect to previous observations.

6.5.1 Incoming neutrino angular resolution

The reconstruction of the zenith angle of the incoming � is of great importance in the
search of oscillations in atmospheric neutrinos. In Superkamiokande measurements, the
direction of the incoming neutrino is taken to be the one of the leading lepton, since due to
pattern recognition, only single \ring" events are analyzed. ICANOE allows for a better
reconstruction of the incoming neutrino variables (i.e. incidence angle, energy) by using
the information coming from all particles produced in the �nal state.

Figure 6.7(left) shows the distribution of the di�erence between the real and
reconstructed neutrino angle for events with E� > 1 GeV. The improvement on the
angular resolution is visible. The RMS of the distribution improves from � 16 to � 8
degrees after the inclusion of the hadronic jet in the reconstruction.
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Figure 6.7: (left) Zenith angle resolution. The top plot shows the resolution obtained by
reconstructing the incoming neutrino direction using all particles momenta, the bottom
plot shows the resolution obtained using only leading lepton momentum. (right) Zenith
angle resolution as a function of the neutrino energy.

Figure 6.7(right) shows the zenith angle resolution as a function of the incoming
neutrino energy, comparing the two methods of reconstruction. For energies tending
to zero, the resolution is dominated by the smearing introduced by the Fermi motion
of the initial state nucleon and by reinteraction of the hadrons inside the nucleus, and
therefore the improvements obtained with the hadronic jet is minimal. For energies above
� 500 MeV, the improvement in resolution is signi�cant. It should be noted that even
at higher energies, the inclusion of the hadronic jet still improves the reconstruction of
incoming neutrino.

6.5.2 The avour ratio

The de�cit of \muon-like" events �rst observed in Kamiokande[95] was the �rst sign in
favor of neutrino oscillations, while the \electron-like" events appeared to be in reasonable
agreement with the predictions.

The absolute predictions of the atmospheric neutrino rates have however an
uncertainty of �20%, originating mostly from the uncertanties in the absolute intensity
of the primary cosmic ray ux, in the nuclear interaction models and last but not least
in the �-nucleus cross sections in the energy range of interest. On the other hand, the
avour ratio of the atmospheric neutrino ux, (��+ ���)=(�e+ ��e), is believed to be known
to an accuracy of better than 5% in a broad energy range from 0.1 GeV to higher than
10 GeV since most of the experimental and theoretical uncertainties cancel out, especially
the uncertainty in the absolute ux. The measurements have been traditionally reported
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as R � (�=e)data=(�=e)MC, where � and e are the number of muon-like (�-like) and
electron-like (e-like) events observed in the detector for both data and Monte Carlo (MC)
simulation.

The calculated ux ratio has a value of about 2 for energies <� 1 GeV and increases with
increasing neutrino energy. For neutrino energies higher than a few GeV, the uxes of
upward and downward going neutrinos are expected to be nearly equal; the geomagnetic
�eld e�ects on atmospheric neutrinos in this energy range are expected to be small because
most of the primary cosmic rays that produce these neutrinos have rigidities exceeding
the geomagnetic cuto�.

Given the clean event reconstruction of ICANOE, the ratio R of \muon-like" to
\electron-like" events can be determined free of experimental systematic errors. In fact,
the expected purity of the samples is above 99%. In particular, the contamination from
�0 in the \electron-like" sample is expected to be completely negligible.

Neutrino oscillations change the measured value of R. According to the previous
considerations, the measurement accuracy will be dominated by the statistical uncertainty
and by the theoretical systematic error on the double ratio.

In order to estimate statistical sensitivities, we show in Table 6.3 the values and
statistical errors of R for di�erent exposures, assuming an oscillation �� ! �x6=�, with
parameters sin2 2� = 1 and �m2 = 3:5 � 10�3 eV2. The table lists the expected results
when using all events or only fully contained events which turn out to be quite similar.

Clearly, after an exposure corresponding to about four years of running of ICANOE,
the statistical error reaches a level below 5%. We expect that further theoretical
improvements should reduce the systematic error to a level matched to statistical precision
achievable in ICANOE.

Exposure (kton�year) R
all events contained

5 0:696� 0:067 0:674� 0:074
20 0:696� 0:033 0:674� 0:037
50 0:696� 0:021 0:674� 0:023

Table 6.3: R as a function of the exposure assuming maximal mixing and �m2 = 3:5�10�3
eV2. In left column: results obtained by using all events; right column: results obtained
by using only fully contained events. Quoted errors are of statistical nature.

In case of no oscillation, the excluded region at the 90% con�dence level in the �m2,
sin2 2� plane is given by the formula

sin2 2� <
1:28�

1
N�

PN�

i=1 sin
2(1:27�m2 L

E
)

(6.1)

where � is the error of R, and N� the total number of muon-like events.
Figure 6.8 shows the excluded region for di�erent exposure values in case no oscillation

is seen, considering only fully contained events.
From the value of R and from its zenith angle dependence we can obtain the

allowed parameter regions of neutrino oscillations. Figure 6.9 shows how precisely we
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Figure 6.8: Excluded regions in case no neutrino de�cit is observed for three di�erent
total exposures, using the double ratio only. Curves are computed considering only fully
contained events. Exclude regions correspond to the right part of the contour.
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can determine �m2 in the oscillation case. The 1� regions corresponding to 5 and 50
kton�year have been computed using contained events only.

6.5.3 The zenith, azimuth angle and asymmetry distributions

The primary cosmic ray ux approaching the Earth is known to be almost isotropic.
However, since the Earth has a magnetic �eld and the primary cosmic rays are positively
charged, an angular anisotropy is observed for those primaries which reach and interact
in the atmosphere.

This azimuthal anisotropy, called the east-west e�ect, varies according to the position
on the Earth and the momentum and charge of the primary cosmic ray. The anisotropy
is largest for the lowest momenta particles and for locations closest to geomagnetical
equator.

The study of the east-west anisotropy as a function of lepton momentum is
important for the understanding of the incoming neutrino direction reconstruction and
the geomagnetic �eld e�ect on the production of atmospheric neutrinos.

This was for example the case in the SuperKamiokande results, where agreement
between the expected and observed east-west anisotropy[56] suggests that the geomagnetic
�eld e�ects in the production of atmospheric neutrinos in the GeV energy range are well
understood.

The presence of neutrino oscillations leads to di�erences in both zenith and azimuth
angles distributions, with respect to the expected ones. Figure 6.10 shows the zenith angle
distributions for �� charged current processes, comparing the no oscillation and oscillation
cases. The �gure shows also the di�erences that are obtained for the reconstruction with
the direction of the lepton only, or by combining all particles momenta.

The observed asymmetry is a powerful tool in determining the oscillation parameters.
The expected Up/Down asymmetries are shown in Figure 6.11,6.12 for three momentum
energy ranges and three di�erent mixing angles as a function of �m2. It is clear from these
plots and from the double ratio discussion that the mixing angle is strongly constrained by
simple observations of atmospheric neutrino events. Note in Figure 6.11 the much better
asymmetry resolution of ICANOE for low energy muons when compared to a measurement
including the lepton only.

6.6 �� disappearance { L=E studies

In order to verify that atmospheric neutrino disappearance is really due to neutrino
oscillations, an e�ective method consists in observing the modulation given by the
characteristic oscillation probability:

P

�
L

E

�
= 1� sin2(2�) sin2

�
1:27�m2 L

E

�
(6.2)

with L in km, E in GeV, �m2 in eV2. This modulation will be characteristic of a given
�m2, when the event rate is plotted as a function of the reconstructed L=E of the events
when compared to theoretical predictions. The ratio of the observed and predicted spectra
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Figure 6.11: Expected Up-Down asymmetry for sin2(2�) = 1; 0:8; 0:6 as a function of
�m2 for low momentum (P�0.4 GeV) �� events. (left) when all particles are used to
reconstruct the incoming neutrino direction (right) only the lepton is used. The error
bands show the 1 � uncertainty for 20 kton�year and 50 kton�year exposures and a 5%
systematic error assuming sin2 2� = 1 and �m2 = 3:5� 10�3 eV2.

has the advantage of being quite insensitive to the precise knowledge of the atmospheric
neutrino ux, since the oscillation pattern is found by dips in the L=E distribution while
the neutrino interaction spectrum is known to be a slowly varying function of L=E. Such a
method is in principle capable of measuring �m2 exploiting atmospheric neutrino events.

A smearing of the modulation is introduced by the �nite L=E resolution of the
detection method. Precise measurements of energy and direction of both the muon and
hadrons are therefore needed in order to reconstruct precisely the neutrino L=E. This is
quite well achieved in ICANOE. The contained muons can be measured with a resolution
of 4%, while the non-contained muons are measured by multiple scattering method (see
section 4.5.2).

The reconstructed L=E resolution is shown in Figure 6.13.

The �� survival probability as a function of L=E let us determine the value of �m2 in
case of oscillation is con�rmed. In �gure 6.14 we can see the survival probabilities of ��
for neutrino oscillation hypothesis and four di�erent values of �m2. The �rst minimum
on the survival probability happens at highest L=E values for the lowest �m2 values, and
allows us to discriminate between them for an exposure of 50 kton�year.
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Figure 6.12: Expected Up-Down asymmetry for sin2(2�) = 1; 0:8; 0:6 as a function of
�m2 for medium (0:4 < P� � 1 GeV left) and high (P� > 1 GeV , right) momentum ��
events when all particles are used to reconstruct the incoming neutrino direction. The
error bands show the 1 � uncertainty for 20 kton�year and 50 kton�year exposures and
a 5% systematic error assuming sin2 2� = 1 and �m2 = 3:5� 10�3 eV2.

6.6.1 Alternative models | neutrino decay

The most favored solution of the atmospheric neutrino anomaly is through �� ! ��
oscillations. The neutrino oscillation probability for two favours is given by

P (�� ! �x6=�) = sin2 2� sin

�
1:27�m2 L

E

�
: (6.3)

The experimental results from SuperK are well described by such oscillation process with
sin2 2� = 1 and �m2 = 3:5� 10�3 eV.

However, the experimental resolution is too poor to clearly resolve the oscillation
pattern, so that alternative explanations, like neutrino decay, cannot yet be excluded [57].
For example, in a model in which one of the mass-eigenstates of neutrinos with �� avour
content decays, the disappearance probability can be described by the expression:

P (�� ! �x6=�) = (sin2 � + cos2 �e��L=2E)2: (6.4)

Such a model gives an equally good �t for the choice of parameters � = 1=63 GeV/km,
cos2 � = 0:30 [57].

Figure 6.15 shows the survival probability for a �� for both the oscillation and decay
hypothesis, as a function of L=E. As can be seen, precise measurements on the L=E
distribution of the �� + ��� CC events can discriminate between these two hypothesis.

The capability of distinguishing between the two curves in �gure 6.15 depends on the
resolution in measuring the L=E ratio, which depends on the angular and momentum
resolution. Figure 6.13 shows the L=E resolution for fully and partially contained events.
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Figure 6.13: L=E resolution for fully (left plot) and partially contained (right plot) events

Figure 6.16 shows the survival probabilities as a function of L=E for the neutrino
decay hypothesis with � = m�=�� = 1=63 GeV/km and cos2 � = 0:30, and the oscillation
hypothesis with sin2 2� = 1 and �m2 = 1:0 � 10�3, for an exposure of 50 kton�year.
Both hypothesis are distinguishable from each other at around 2000 km/GeV within the
statistical errors.

6.7 Appearance of tau neutrinos

While the pure �� ! �e oscillation hypothesis is disfavored both by the atmospheric
neutrino data and by the results of the CHOOZ reactor experiment [16], the question
whether the atmospheric neutrino anomaly is due to �� ! �� or �� ! �s oscillations
is not totally settled. Here, �s is a hypothetical \sterile" neutrino, which is relevant
for atmospheric neutrinos in many oscillation models [58] and might be needed to
simultaneously explain all known neutrino anomalies.

To discriminate between �� ! �� and �� ! �s oscillations, we measure the ratio

RNC=e =
NCobs=�eCCobs

NCexp=�eCCexp . An oscillation to an active neutrino leads to RNC=e = 1, while
RNC=e � 0:7 is expected for an oscillation to sterile neutrino.

The value and error of RNC=e, in case of oscillation to active neutrino, are shown in
table 6.4, either using all events or only fully contained ones.

Table 6.5 shows values and errors of RNC=e in case of oscillation to a sterile neutrino,
for all events and fully contained events respectively.

Assuming sin2 2� = 1, we can determine the value of �m2 within the bounds given
by the error in the measured RNC=e. Figure 6.17 shows the accuracy achievable in the
determination of the value of �m2 for two di�erent exposures, considering only fully
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contained events. The obtained value is compatible within the errors with that obtained
from �gure 6.9. The worse accuracy is due to the lower NC statistics available.

6.8 Direct appearance of tau neutrinos

If evidence of neutrino oscillation from the study of �� disappearance is obtained, a
method based on � appearance can be used to discriminate between oscillations �� ! ��
and �� ! �s. This method consists in measuring the upward/downward asymmetry of
muon-less events as a function of the visible energy.

For �m2 � 10�2 eV2, oscillations of �� into �� would in fact result in an excess of
\neutral-current-like" events produced by upward neutrinos with respect to downward,
since charged-current �� interactions would contribute to the \neutral-current-like" event
sample, due to the large � branching ratio into hadronic channels. Moreover, due
to threshold e�ect on � production, this excess would be important at high energy.
Oscillations into a sterile neutrino would instead result in a depletion of upward muon-less
events. Discrimination between �� ! �� and �� ! �s is thus obtained from a study of the
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Exposure (kton�year) RNC=e

all events contained
5 1:0� 0:099 1:0� 0:101
20 1:0� 0:050 1:0� 0:051
50 1:0� 0:031 1:0� 0:032

Table 6.4: RNC=e as a function of the exposure assuming oscillation to an active neutrino.
Quoted errors are of statistical nature.

Exposure (kton�year) RNC=e

all events contained
5 0:674� 0:086 0:670� 0:087
20 0:674� 0:043 0:670� 0:044
50 0:674� 0:027 0:670� 0:028

Table 6.5: RNC=e as a function of the exposure assuming oscillation to a sterile neutrino.
Quoted errors are of statistical nature.

asymmetry of upward to downward muon-less events. Because this method works with
the high energy component of atmospheric neutrinos, it becomes e�ective for relatively
large values of �m2 (� 3� 10�3 eV2).

Charged current �� rates for �ve �m
2 hypothesis: 5� 10�4, 1� 10�3, 3:5� 10�3eV 2,

5 � 10�3eV 2 and 1 � 10�2eV 2 are listed in Table 6.6. We see that the rates saturate at
about one event per kton�year for the larger �m2 values. Such small rates pose a major
experimental challenge in the detection of �� in the cosmic ray induced neutrino ux.

We show in �gure 6.18 the energy distribution of the oscillated �� neutrinos for four
di�erent �m2 values. Given the dependence of the oscillation probability in vacuum on
�m2 and neutrino energy, it is not surprising that for increasing �m2 the number of
oscillated �� events at high energies is enhanced.

In �gure 6.18, we plot the �� , ��� ux as a function of the zenith angle: all �� + ���
are upward going. We also observe that the ux becomes more uniformly distributed
for increasing �m2.

�� + ��� CC (NUX, Fluka 3D ux) Relative to Relative to
Rate (kton� year) Fluka 1D Bartol

�m2 (eV2) DIS QE Sum
5� 10�4 0.11 0.11 0.22 0.96 0.81
1� 10�3 0.28 0.18 0.46 1.02 0.84

3:5� 10�3 0.59 0.21 0.80 1.00 0.81
5� 10�3 0.64 0.24 0.88 1.01 0.80
1� 10�2 0.70 0.20 0.90 0.99 0.78

Table 6.6: Expected �� , ��� rates for �ve di�erent �m
2.
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Figure 6.18: (left) Di�erential �� + ��� rates as a function of incoming neutrino energy.
Dotted line corresponds to QE events, dashed to DIS and solid line corresponds to the
total expected rate. (right) Di�erential zenith angle distributions for oscillated �� + ���
using Fluka 3D uxes. The four lines are calculated for �m2 = 5� 10�4 (lowest curve),
1� 10�2, 3:5� 10�3 and 1� 10�2 (top curve) eV2.

We study the capability of the ICANOE to detect direct � appearance in the
atmospheric neutrino ux. We assume that the �� and the �� are maximally mixed
and their mass squared di�erence is �m2 = 3:5�10�3 eV2. The 3D atmospheric neutrino
uxes computed with FLUKA have been used for this analysis.

We observe that total visible energy (Evisible) is a suitable discriminant variable to
enhance the S=B ratio. After cuts, surviving events are classi�ed as: nb (number of
expected downward going background) and nt = nb + ns (number of expected upward
going events, where ns is the number of taus). A statistical treatment of the data is
performed by building two Poissonian probability density functions:

fb(r) � e�nbnrb
r!

(6.5)

with mean nb and

ft(r) � e�ntnrt
r!

(6.6)

with mean nt.
The statistical signi�cance of the expected ns excess is evaluated following two

procedures:

� The fb and ft pdf's are integrated over the whole spectrum of possible measured r
values and the overlap between the two is computed: P� �

R1
0
min(fb(r); ft(r))dr.

The smaller the overlap integrated probability (P�) the larger the signi�cance of the
expected excess.



6.8. DIRECT APPEARANCE OF TAU NEUTRINOS 139

� We compute the probability P� �
R1
nt

e�nbnrb
r!

dr that, due to a statistical uctuation
of the unoscillated data, we measure nt events or more when nb are expected.

We discuss only the hadronic tau decay modes. The presence of �e in the atmospheric
ux makes more diÆcult the search for the � ! e decay mode. For a 50 kton�year
exposure, the results of a search based on Evisible are shown in Table 6.7.

50 kton�year exposure
Cut � NC top � bottom P� (%) P� (%)
Evisible > 1 GeV 327 22 55.0 10.8
Evisible > 2 GeV 150 22 38.6 3.54
Evisible > 3 GeV 95 21 30.6 1.6
Evisible > 4 GeV 67 20 25.3 0.8
Evisible > 5 GeV 51 17 27.3 0.9
Evisible > 6 GeV 40 16 24.6 0.6
Evisible > 7 GeV 33 14 26.6 0.8
Evisible > 8 GeV 28 13 26.7 0.8
Evisible > 9 GeV 23 12 26.2 0.7
Evisible > 10 GeV 21 11 28.3 0.9

Table 6.7: Number of NC and tau events as a function of the visible energy. The statistical
sample used corresponds to an exposure of 50 kton�year.

Our results indicate[59] that masses of hundreds of kilotons are needed to claim the
discovery of �� . For a statistical sample equivalent to an exposure of 50 kton�year, we
see that a cut on visible energy between 6 and 7 GeV results in:

� An overlap integrated probability between the two distributions amounting to
25� 26%.

� The Poisson probability that the measured excess (\� bottom") corresponds to a
statistical uctuation is 0:6� 0:8%.

The search for �� appearance can be improved taking advantage of the special
characteristics of �� CC and the subsequent decay of the produced � lepton when compared
to CC and NC interactions of �� and �e, i.e. by making use of ~Plepton and ~Phadron.

The information related to the directionality of the incoming neutrino (i.e. the beam
direction!) is missing. As a result, we have three kinematical independent variables in
order to separate signal from background. After a careful evaluation of the performance
of di�erent combinations of variables, we decided to use:

Evisible

ybj : the ratio between the total hadronic energy and Evisible

ybj � j~Phadronj=Evisible (6.7)
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and

QT : de�ned as the transverse momentum of the � candidate with respect to the total
measured momentum

QT �
s
P 2
lepton �

(~Ptotal � ~Plepton)2
P 2
total

(6.8)

which contains the information on the isolation of the tau candidate from the
recoiling jet.

The chosen variables are not independent one from another but show correlations
between them. These correlations can be exploited to reduce the background. In order
to maximize the separation between signal and background, we use three dimensional
likelihood functions L(QT ; Evisible; ybj) where correlations are taken into account. In
order to solve the problem of variable range and binning, we replace QT , Evisible, ybj
by \at" variables such that the signal is uniformly distributed for each of the
three variables. We use ten bins per variable, thus giving rise to 103 bins. In order to
obtain a realistic description of the tails of the kinematical variables, we generate 700 K
�� + ��� CC and 4:6� 106 NC events.

For every channel, we build three dimensional likelihood functions for both signal
(LS

� ; LS
� ; LS

3�) and background (LB
� ; LB

� ; LB
3�). To enhance the separation of �� induced

events from ��; �e interactions, we take a ratio of likelihoods as the only discriminant
variable ln�i � ln(LS

i =LB
i ) where i = �; �; 3�.

Figure 6.19 compares, for the one and three prongs channels, the ln� distributions
obtained for signal and background. Table 6.8 lists the number of expected NC
background and � events as a function of the likelihood ratio for the three considered
channels assuming an exposure of 50 kton�year. We see that the likelihood approach
gives for each channel, individually considered, improved results with respect to the case
where only the reconstructed event energy was used as a discriminator.

Combined analysis for the hadronic modes

To further improve the sensitivity of the �� appearance search, we combine the three
independent hadronic analyses into a single one. Events that are common to at least
two analyses are counted only once and a survey of all possible combinations, for a
restricted set of values of the likelihood ratios, is performed. Table 6.9 illustrates the
statistical signi�cance achieved by several selected combinations of the likelihood ratios
for an exposure equivalent to 50 kton�year.

We take as the best combination the one with the lowest P�. For a 50 kton�year
exposure, this is achieved for the following set of cuts: ln�� > 3, ln�� > 0:5 and
ln�3� > 0. The expected number of NC background events amounts to 12 (top) while
12+11 = 23 (bottom) are expected. This corresponds to a P� of 18.3%. In the case we
consider Evisible as the unique discriminating variable, a similar number of background
events is obtained demanding Evisible > 14 GeV. With this cut, the expected number
of � events is 7 and the P� is 37%. Therefore, we conclude that, for the same level
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50 kton�year exposure
Cut � NC top � ! � (bottom) P� (%) P� (%)
ln�� > 0:5 93 21 30.1 1.5
ln�� > 1:0 68 20 25.6 0.8
ln�� > 1:5 46 17 24.8 0.7
ln�� > 2:0 25 13 24.5 0.6
ln�� > 2:5 12 9 26.4 0.6
ln�� > 3:0 5 5 35.4 1.4
ln�� > 3:5 2 2 51.2 6.6
ln�� > 4:0 1 1 61.7 9.0

50 kton�year exposure
Cut � NC top � ! � (bottom) P� (%) P� (%)
ln�� > �2:0 76 18 32.8 2.0
ln�� > �1:5 61 17 30.7 1.5
ln�� > �1:0 41 15 28.0 1.0
ln�� > �0:5 25 12 27.8 0.9
ln�� > 0 13 9 27.9 0.8
ln�� > 0:5 7 7 27.4 0.6
ln�� > 1:0 3 4 35.8 1.2
ln�� > 1:5 1 3 40.0 1.9
ln�� > 2:0 1 2 37.8 1.4

50 kton�year exposure
Cut � NC top � ! 3� (bottom) P� (%) P� (%)
ln�3� > �2:0 47 16 27.9 1.0
ln�3� > �1:5 38 15 26.5 0.8
ln�3� > �1:0 27 13 26.0 0.7
ln�3� > �0:5 17 11 24.4 0.5
ln�3� > 0 8 8 23.9 0.4
ln�3� > 0:5 3 4 33.2 1.4
ln�3� > 1:0 1 2 37.8 1.5

Table 6.8: Number of NC and tau events as a function of the likelihood ratio ln� for the
three considered hadronic decay channels. The statistical sample used corresponds to an
exposure of 50 kton�year.
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Figure 6.19: Likelihood ratio distributions, arbitrarily normalized, for signal and
background events. The distributions are computed separately for each of the considered
hadronic channels: �, �, 3 prongs.

of background, the approach using the ratio of three dimensional likelihood functions
enhances the number of expected signal events by approximately 50%.

Finally, in �gure 6.20 we present the Poisson probability P� for the measured excess
of upward going events to be due to a statistical uctuation as a function of the exposure.
The bottom curve corresponds to the case where no kinematical selection has been applied
and only a cut on Evisible > 6 GeV is used. We see that for exposures around 30 kton�year,
in case we use the kinematical selection algorithm, the observed excess corresponds to a
2.6� e�ect. This e�ect is larger than 3� for an exposure of 50 kton�year.

In conclusion, we have seen that �� CC events produced as a result of the oscillations of
atmospheric neutrinos will have high energies and will come from below the horizon. The
special characteristics of the kinematics associated to these events, exploited through
the use of multidimensional likelihood functions, make possible the detection and
unambiguous demonstration of the presence of �� . A statistically signi�cant � appearance
signal requires exposures of several tens of kton�year.
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Figure 6.20: Probability for the measured excess of upward going events to be due to a
statistical uctuation of the data as a function of the exposure.
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ln�� ln�� ln�3� Top Bottom P� (%) P� (%)
Cut Cut Cut Events Events
0. 0.5 0. 112 112 + 22 = 134 32.1 1:9 (2:3�)
1.5. 1.5 0 46 46 + 17 = 63 24.8 7� 10�1 (2:7�)
3. -1 0. 43 43 + 16 = 59 26.1 8� 10�1 (2:6�)
3. 0.5 0. 12 12 + 11 = 23 18.3 1:4� 10�1 (3:3�)
3. 1.5 0 10 10 + 10 = 20 18.8 1:6� 10�1 (3:2�)
3. 0.5 -1. 30 30 + 15 = 45 21.9 4� 10�1 (2:9�)
3. 0.5 1. 9 9 + 8 = 17 25.9 5� 10�1 (2:8�)

Table 6.9: Expected background and signal events for di�erent combinations of the �,
� and 3� analyses. The considered statistical sample corresponds to an exposure of 50
kton�year. The best combination (smallest P�) found is indicated in bold characters.

6.9 Upward{Going muons

Muon neutrinos undergoing CC interactions in the rock surrounding the detector can
produce muon tracks detectable by the apparatus. These events are produced by neutrinos
belonging to an energy region which is higher with respect to that of contained or partially
contained events: typically they cover the range from Multi{GeV up to few TeVs, with a
maximum in the region around 100 GeV. Therefore they are an interesting complement
to the analysis of atmospheric neutrinos, since the disappearance due to the oscillation
process (or other disappearance mechanisms) will be quantitatively di�erent with respect
to contained, or partially contained events. Furthermore, these events are also a�ected by
di�erent systematics, not only because they belong to a di�erent region of the spectrum,
but also because of di�erent cross sections and target material (the rock).

In practice, only events coming from below can recognized from the overwhelming
number of downward{going muons from atmospheric showers. In that case, path lengths
through the Earth ranging from few hundreds km up to � 13000 km are explored.
Neutrino oscillation will modify the total number of events and their angular distribution,
mostly around the vertical direction, as already discussed in the works of Super{
Kamiokande[103] and MACRO[26].

In order to perform this analysis, a good direction recognition capability is necessary.
At the depth of the Gran Sasso underground laboratory, the ux of upward going muons
(a few 10�13 cm2 sr�1 s�1) di�ers from that of downward going atmospheric muons by
a factor of about 105. Therefore, a rejection of a factor at least 106 is required. In the
�rst generation experiments, like MACRO, the direction recognition is provided by timing
with about 1 ns accuracy in a TOF system of liquid scintillators with a few meters of lever
arm. Super{Kamiokande can instead rely on the directionality of the Cerenkov light. In
ICANOE, the identi�cation of the direction of a track can be obtained thanks to the �ne
spatial resolution, which allows to identify and reconstruct Æ{rays produced along the
track. If an energy cut is applied in order to select suÆciently energetic electrons, then
these are expected to be emitted in the same direction of the parent. In fact, the cosine
of the angle � between the Æ and the primary muon, for energies much larger than the
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atomic levels, is given by the following expression:

cos� =
Te
Pe

(E� �me)

P�
(6.9)

Where Te and Pe are the kinetic energy and the momentum of the emitted electron, E�

and P� are the total energy and the momentum of the parent muon and me is the electron
mass. Therefore, practically independently of E�, Æ electrons of few MeV are emitted at
small angle. Requiring a threshold of 10 MeV, about 1 Æ of this kind is produced for each
meter of track. An electron of 10 MeV has a range slightly exceeding 5 cm, and, with
the wire pitch at 3 mm, its track can be sampled 15 times. The multiple scattering in
argon will be relevant only at the end of range, while in the �rst part of the track �rms �
5Æ in one cm. In order to have a good rejection power, it is therefore necessary to ask
for a minimum track length of 2�3 m, with at least 2 Æ's above threshold. Monte Carlo
simulations show that this method allows to achieve the required rejection power. In the
case of low energy muons, a redundant method to identify the direction can come from
the analysis of the evolution of the multiple scattering angle along the track.

In order to achieve a �rst understanding of the possible performance of ICANOE in
the measurement of upward{going muons, we have considered a simpli�ed simulation of
the detector, approximating it as a homogeneous rectangular box. Upward{going muons
have been generated with the local expected spectrum and angular distribution[104].
Analytical energy loss of muon in Argon has been introduced. Minimum track lengths of
2, 3 and 5 meters have been selected, together with the requirement of producing at least
2 Æ's of energy greater or equal to 10 MeV. These minimum track lengths corresponds in
liquid argon to an energy cut varying, roughly, from 0.4 to 1 GeV. Table 6.10 summarizes
some results.

Min. track length Events/year % of through-going
(m) (no oscillations)
2 282 78%
3 257 81%
5 213 87%

Table 6.10: Event rate and fraction of through{going tracks as a function of the minimum
track length.

If oscillations of parent neutrinos are introduced using for instance maximal mixing
and �m2 around 3�10�3 eV 2, a reduction of about 30% in the event rate is predicted. Of
course, more precise estimates can be obtained only with a full simulation, taking into
account eÆciencies and the correct acceptance. Furthermore, there are angular regions
at Gran Sasso near the horizontal which must be excluded, because, due to the peculiar
rock overburden, they receive contribution from atmospheric muons even if the tracks are
coming from below. However, it is already possible to say that the expected rates allow to
perform competitive measurements. In addition, the particle identi�cation capability in
the liquid Argon allows to have further rejection of the background due to upward{going
charged hadrons locally produced in the interactions of downward going muons[105].
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Figure 6.21: (left) Muon energy distribution of upward going events (5 m minimum track
length). The contribution of through{going muons is the dashed histogram, while the
dotted one is that of stopping muon events. (right) Muon energy distribution of through{
going tracks. The dashed histogram represents the case of maximal mixing oscillation
with �m2 = 3�10�3 eV2.

In Figure 6.21(left) the distribution of the muon energy of the selected events (5 m
of track) is shown in the limit of extremely high statistics. The di�erent contributions of
stopping and through{going categories are also shown.

A speci�c feature of it ICANOE is the possibility of measuring the energy of muons
in a large fraction of the events. The measurement of ionization loss allows to have a
good reconstruction of the energy loss in Argon, while the multiple scattering technique,
provided that the track length is not too short, can determine the muon momentum with
reasonable resolution up to few tens of GeV. This o�ers, in principle, the possibility of
performing a further check of the oscillation hypothesis. For instance, Figure 6.21(right)
shows the modi�cation of the energy spectrum of through{going tracks from no-oscillation
to the case of maximal mixing and �m2 = 3�10�3 eV2.

In order to understand the change in the angular distribution in presence of neutrino
oscillations, Figure 6.22 shows the ratio of the upward{going muon ux (5 m minimum
track length) as a function of the cosine of zenith angle, in the case of of maximal mixing
oscillation with �m2 = 3�10�3 eV2, with respect to the prediction without oscillations.

6.10 Atmospheric events in the solid target

Atmospheric neutrinos in the Solid Target may produce fully contained events or partially
contained events. The solid target may also detect muons produced in interactions with
the vertex in the liquid target.

In this section only fully or partially contained events in the solid target are considered.
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(�e + �e) CC (�� + ��) CC (� + �) NC

Partially contained (y�1) 92:2 273:1 62:6

E� (90% C:L:)(GeV ) 0:5 < E� < 16 0:6 < E� < 35 0:8 < E� < 40

< E� > (GeV ) 3:1 5:4 6:8

Totally contained (y�1) 108:6 174:0 46:3

E� (90% C:L:)(GeV ) 0:4 < E� < 6 0:4 < E� < 4 0:6 < E� < 15

< E� > (GeV ) 1:5 1:2 3:2

Table 6.11: Number of partially and totally contained neutrino interactions for 4 kton
total calorimeter mass for one year of live time. The sample was divided in �e and �� CC
interactions.

To evaluate the neutrino interaction rate in the apparatus, a GEANT- based
Montecarlo simulation is used. The tracking of the particles in the �nal state of the
(anti)neutrinos NC and CC interactions through the calorimeter is carried out and the
position, the time, the energy loss and the momentum loss for each particle in any active
part of the apparatus is used in the studies under way.

A neutrino interaction is supposed to trigger the apparatus at least 5 MeV of
visible energy are released in the calorimeter. Both electron (anti)neutrino and muon
(anti)neutrino interactions were considered.

Each event which triggered the apparatus was then classi�ed as totally or partially
contained if all visible particles in the �nal state are contained or not in an inner volume
whose limit is 30 cm far from the boundary of the central detector. In Table 6.11 the
number of detectable event/year for partially and totally contained evens (divided in �e
and �� CC and NC interactions) for a 4 kton central detector mass is presented. The
neutrino energy interval giving rise to 90% of the signal (5% of the highest and 5% of
the lowest energy events were excluded) is reported below. Finally, the average neutrino
energy in the interval is presented.

The angular resolution study and zenith angle distribution of the detectable event
sample are presently under way. Results of this analysis should provide an independent
way to de�ne possible oscillation patterns to be combined to those presented in previous
sections.
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Figure 6.22: Ratio of the upward{going muon ux (5 m minimum track length) as a
function of the cosine of zenith angle, in the case of of maximal mixing oscillation with
�m2 = 3�10�3 eV2, with respect to the prediction without oscillations.



Chapter 7

NUCLEON DECAY

In Genesi 7:23 leggiamo:
Cos�i fu sterminato ogni essere che era sulla terra: con gli uomini, gli animali domestici,
i rettili e gli uccelli del cielo; essi furono sterminati dalla terra e rimase solo No�e e chi

stava con lui sull'arca.

7.1 Introduction

The nucleon decay search is an important part of the ICARUS physics programme since
the earlier experiment proposal dated 1985 [60]. We are not going here to restate what
are the main theoretical motivations that lie behind the proton decay searches, as they
have not changed signi�cantly since the release of our previous proposals [11, 12]. What
we would like to mention here is that proton decay o�ers a unique way to have an insight
of what happens beyond what it currently appears to be the desert after the standard
model. Also the nucleon decay search may compete with the accelerators programme
searching for Supersymmetries in the SUSY through the SUSY preferred decay modes.
In addition, we believe that a solid and wide compilation of nucleon decay experimental
data will be of fundamental importance for the discussions in high energy physics that
will follow the LHC era. Within the context of the present experimental and theoretical
scenarios the proton decay issue is uid. Surely the classical decay channels have to be
inspected especially for what concerns the SUSY preferred decay modes, but also exotic
channels have to be carefully looked for. We cannot a priori neglect any decay mode.
Therefore proton decay may well be happening with a relatively short lifetime in certain
speci�c channels. A new detector technique is obviously required to explore such channels
and to go beyond the present experimental sensitivity in other channels.

Thanks to its large sensitive mass and to its spatial and energy resolution capabilities,
ICARUS is an ideal device for nucleon decay detection, in particular for those channels
that are not accessible to �Cerenkov detectors due to the complicated event topology,
or because the emitted particles are below the �Cerenkov threshold (K�). Unlike the
other large detectors for proton decay, ICARUS , with its excellent tracking and particle
identi�cation capabilities providing a much more powerful background rejection, can
perform exclusive decay modes measurements. In particular, it is possible to distinguish
between atmospheric neutrino events and true nucleon decays. Our Monte Carlo

149
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simulation has already veri�ed this point for a number of decay channels. Inclusive
searches are obviously also possible and they bene�t of the detector energy and space
resolution to reduce the atmospheric neutrino background to very low levels. We have
performed a detailed event simulation based on the standard GEANT MonteCarlo
code [73] and the realistic events obtained contain very long tracks with redundant
information, allowing particle identi�cation and measurement of their energies with great
precision. See, for instance, the spectacular example of the SUSY-preferred decay mode
of the proton p! �K+ displayed in Figure 7.1. We can observe the increase in ionization
deposition by the K+ as it comes to rest. There is no ambiguity in the direction of the
particle along its trajectory.

Figure 7.1: Simulated proton decay in the preferred channel in Supersymmetric models
p! �K+ as could be observed in ICARUS .

Particle identi�cation bene�ts greatly from the ability to measure the ionization loss
(dE=dx). In particular, using dE=dx versus range only, an excellent separation is obtained
between pions and kaons. Figure 8.10 shows the result of our MonteCarlo detector
simulation of pion and kaon tracks. In particular in Figure 8.10a we plot the dE=dx as
a function of the distance from the stopping point of each particle for a 5 mm wire pitch
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Decay mode " Decay mode "
p! e+�0 0.42 n! e+�� 0.40
p! �� + �+ 0.42 n! �+�� 0.37
p! �+ + �0 0.38 n! ��0 0.42
p! �� +K+ 0.85 n! e�K+ 0.85
p! e+�+�� 0.13 n! e+�� 0.08
p! e+�0 0.08 n! e+���0 0.13

Table 7.1: EÆciency ("), as de�ned in the text, for various nucleon decay modes.

(each track then contributes to this plot with a number of points proportional to the track
length). The superimposed curve is the �t of a well-suited function to the kaon data only.
Figure 8.10b shows the distribution of the distances of the points measured along each
track from the above �tted functions. The separation between kaons and pions is obvious
even making use of the dE=dx information only. The particle ID capabilities have been
directly veri�ed experimentally with the 50 lt prototype exposed to the WANF neutrino
beam. If one takes into account that, in addition, energy and topology information are
also available, it is easy to understand that the proton decays can clearly be identi�ed
event per event, and, for most channels, it is not necessary to rely on statistical methods
to eventually extract a signal. As a consequence, many exclusive channels will be searched
for simultaneously, both for proton and neutron decays for which discoveries can occur at
the one-event level. This is certainly the main strength of the ICARUS technique.

Figure 7.6 illustrates well the unambiguous signature of electrons, pions, kaons,
photons, etc. in ICARUS for some characteristic nucleon decay modes.

7.2 Sensitivity to nucleon decay

In the absence of background, the limit on the nucleon lifetime reachable in T years of
observation is given by the simple formulae:

�p > 1:2�M � T � � (1032 year) (90% C:L:) for the proton (7.1)

�n > 1:4�M � T � � (1032 year) (90% C:L:) for the neutron (7.2)

where M is the detector mass in kton and � is the overall detection eÆciency. As we
will discuss later, in order to reduce neutrino-induced backgrounds we make use of the
ability of ICARUS to fully reconstruct the events. Proton decay events are characterized
by a de�nite value of the total energy and by the fact that the total momentum of the
decay products must be zero. These features, which are true for a free nucleon, are also
approximately veri�ed for a nucleon bound in a nucleus, provided the decay products
do not rescatter before escaping the nucleus. As a consequence, we also include in our
de�nition of detection eÆciency � = "D �" the probability " that the decay products do not
interact with the nucleus in which they were produced, and the reconstruction eÆciency
"D. These nuclear e�ects, the distortions of the energy and momentum distributions due
to the nucleon Fermi motion, and the reinteraction of decay particles with the nucleus
have been studied by MonteCarlo simulation methods (see Section 4.1).
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Mode SuperK[81] PDG 1998 5 kt� year 20 kt� year 50 kt� year
p! e+�0 29 5.5 2.5 10 25
p! �+�0 23 2.7 2.25 9 22.5
p! ��K+ 6.8 1.0 4.1 16.3 40.8
p! ��+ { 0.25 2.5 10 25

p! e+�+�� { 0.21 0.75 3 7.5
p! e+�0 { 0.75 0.5 2 5

p! e+e+e� { 5.1 5.9 23.5 58.8
n! e+�� { 1.3 2.9 11.5 28.8
n! �+�� { 1.0 2.6 10.5 26.3
n! ��0 { 1.0 3 12 30
n! e�K+ { 0.032 6.1 24.5 61.3
n! e+�� { 0.58 0.62 2.5 6.3
n! e+���0 { 0.32 0.88 3.5 8.8
n! e+e�� { 0.74 7.1 28.5 71.3
n! ��K0 { 0.86 4.6 18.5 46.2

Table 7.2: Summary of nucleon decay searches. All limits are in units of 1032 years and
are at 90% con�dence level.

A key element in the rejection of backgrounds is the excellent detector resolution
expected for the distribution of the collected charge and of the energy deposition. This
is illustrated by Figure 7.4 with simulated events for the classical decay mode p! e+�0.
More than 90% of the events lie inside a window of 30 MeV. Table 7.1 lists, for some of
the main decay modes under consideration, the computed probabilities (") for the nucleon
decay products to escape the argon nucleus without interacting. Inserting these values
into formulae (7.1) and (7.2), we obtain the limits shown in Table 7.2.

We have studied the atmospheric neutrino background to nucleon decay by means of
a MonteCarlo simulation. We report here the study for two speci�c channels: p! e+�0

and p ! e+�� for which we generated a sample of proton decay events randomly mixed
with a sample of atmospheric neutrino events. Proton decay candidates were then selected
out of the whole sample by means of appropriate selection cuts, described below for the
speci�c cases studied, and a visual scan was performed. These studies are described in
more details in the following sections.

In summary, many nucleon decay modes can be searched for simultaneously and, after
only one year of data taking, ICARUS will reach or exceed most present limits (Figure 7.2
and Table 7.2). The equivalent of �ve years of data will take us to the unexplored region
between 1033 and 1034 years for some of the most relevant channels.

7.2.1 p! e+�0

This is the most standard decay mode, as it is the one originally predicted by the minimal
SU(5) theory. The event signature is three, coplanar electromagnetic showers (one from
the e+ and two from the �0) with a total energy � 938 MeV and a total momentum near
zero. We generated a sample of 510 p ! e+�0 events and a sample of 499 atmospheric
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Figure 7.2: Comparison of present nucleon decay limits with the sensitivity of ICARUS
for one and �ve years.

neutrino events from �e charged-current interactions only, since they are the ones expected
to have a topology which could possibly be similar to the speci�c proton decay channel
studied here. All of these events were visually scanned, and proton decay candidates were
selected according to the following criteria:

a) total reconstructed energy Etot such that: 700 MeV < Etot < 1 GeV ;

b) two or three showers in each one of the event views and no other track;

c) no obvious momentum imbalance.

With these criteria 186 events were selected, all were proton decays, none were atmospheric
neutrino events. This number is consistent within statistics with the eÆciency of 42%
given in Table 7.1. In the initial sample of 510 proton decay events generated, 177 events
had no reinteraction with the argon nucleus, the other events had a reinteraction. Among
the 186 events selected, 169 were decays without reinteraction in the argon nucleus. Only
in 17 events did a �0 reinteraction occur. The eÆciency for selecting non-reinteraction
events is therefore high (95.5%) while it is fairly low for reinteraction events (5%). This
justi�es fully the assumption made in the previous section of considering only events in
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Figure 7.3: Present limits for a number of \exotic" proton and neutron decays together
with the 90% ICARUS sensitivity.

which the nucleon decay products did not interact with the argon nucleus. However, it
should be noted that with more sophisticated selection criteria it should be possible also
to make use of reinteraction events and to further increase the ICARUS sensitivity.

7.2.2 p! ��K+

In ICARUS p ! ��K+ events are characterized by one small (� 12 cm long) heavily
ionizing track, the kaon, entering one point and one or two tracks, its decay products,
leaving the same point. In case the kaon is going to decay into ��+ (BR = 63.5%) the
muon has a �xed range of about 55 cm while the �+�0 decay mode (BR = 21.2%) will
show as a 40 cm track, the �+, in addition two converted gammas coming from the �0

decay and pointing to the kaon decay point (see Figure 7.1 for an example of such an
event).

Other kaon decay modes are more complicated to identify either because, like in the
�+�+�� case (BR = 5.6%), there are too much and too small tracks leaving the decay
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Figure 7.4: Distribution of (a) the charge collected, (b) the energy collected for p! e+�0

events which have been simulated for a detector wire pitch of 5 mm. The dashed area
contains 91% of the events and corresponds to a 30 MeV energy window.

point, or because the output particles don't have a �xed range, like in the �0�+� case
(BR = 3.2%). The determination of the direction of ight of the kaon is essential to
distinguish the kaon from a recoiling proton coming from �� CC interaction. In ICARUS
the ight direction can be determined by the ionization density measurement. LAr doping
makes this task even more easily accomplished (see section 8.3) and allows for the direct
identi�cation of the kaon through the dE=dx measurement. Based on the analysis of 2000
p ! ��K+ events and 2000 atmospheric neutrino events, we compute a total detection
eÆciency of 0.68. No atmospheric neutrinos have been selected from our sample.

7.2.3 n! ��K0

The case of n ! ��K0 is more complicated essentially due to the fact that the K0 is
not seen as an ionizing track and it does not decay at rest. Nevertheless the ICARUS
detection eÆciency for this decay mode is quite satisfactory: " = 0:66. The K0 will
propagate 50% of the times as a K0

S, the other 50% as a K0
L. K

0
S is easily detected (90%

eÆciency) as it decays to two pions (�+�� with BR = 68.6% and �0�0 with BR = 31.4%).
Figure 7.5 shows one event with K0

S ! �+��; the �+ is distinguished from a muon by
dE=dx and multiple scattering measurements while the �� is identi�ed by dE=dx and by
the intense gamma activity near the end point of the track following its nuclear capture.
On the other hand K0

L is badly recognized (" = 0:42) due to the fact that in most of the
cases it interacts hadronically before decaying and therefore the events are distorted by
the products of this interaction. Like in the p! ��K+ case, among the 2000 atmospheric
neutrino events that we simulated, we didn't found any n! ��K0 candidate. We remark
here that, in principle, in ICARUS , from the measurement of the momentum of the
pions, which is possible thanks to the particle identi�cation given by the dE=dx vs Range
relation, we can reconstruct the momentum of the kaon (this is especially true for the
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Figure 7.5: An example of a simulated event of n! ��K0 with K0(K0
S)! �+��.

K0
S case) and therefore we can make a much more severe background cut. Of course this

tight selection also implies a lower detection eÆciency, especially for the K0
L , and, as we

already found a negligible background without it, we didn't applied it in our analysis. It
is anyway important to mention this possibility especially because this analysis can be
applied to a previously selected sample of events to make, like for the p! ��K+ case, an
unambiguous certi�cation of the event.

7.2.4 p! e+��

For the particular case of p ! e+�� as there are only leptons in the �nal state, nuclear
reinteraction is negligible and " � 1. Events from this channel are characterized by an
isolated electron shower with a three-body decay energy spectrum mainly in the range
0 to 500 MeV. Figure 7.7 shows the simulation of one of these events. In this case
atmospheric �e charged-current interactions are the main source of background which
cannot be neglected. From our simulation of atmospheric neutrino events we obtained a
background rate for this channel of 4:3�0:8�1:7 events per 5 kt�year, where the �rst error
is statistical and the second one reects a 30% uncertainty in the atmospheric neutrino
ux. From the direct study of atmospheric neutrinos, ICARUS will eventually reduce that
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Figure 7.6: Simulation of selected nucleon decays. The dimensions are indicated on each
�gure.

uncertainty in a signi�cant way. The background rate obtained here is consistent with a
naive prediction which can be derived by scaling the Fr�ejus experiment background [74].
The overall detection eÆciency for p ! e+�� is 0.77. Consequently, with one year of
data, ICARUS will reach a lifetime limit for this channel of 1:2� 1032 years.



158 CHAPTER 7. NUCLEON DECAY

Figure 7.7: Simulation of a p ! e+�� event in ICARUS . In this event the electron has
an energy of 390 MeV.



Chapter 8

LIQUID ARGON IMAGING

In Genesi 8:10 leggiamo:
Attese altri sette giorni e di nuovo fece uscire una colomba dall'arca e la colomba torn�o a

lui sul far della sera; ecco, essa aveva nel becco un ramoscello di ulivo. No�e comprese
che le acque si era ritirate dalla terra.

8.1 Event Imaging out of liquid Argon

This detector technology, �rst proposed by C. Rubbia [110] in 1977, combines the
characteristics of a bubble chamber with the advantages of the electronic read-out. The
detector is essentially a large cryogenic pool equipped with an electronic readout system
and is an ideal device to study particle interactions: it is continuously sensitive, self-
triggerable, cost e�ective and simple to build in modular form, suÆciently safe to be
located underground (no pressure, no ammable gas, etc.). This detector is also a superb
calorimeter of very �ne granularity and high accuracy.

The choice of Argon as the liquid medium is justi�ed by the fact that it must be a
noble gas in order to permit long electron drifts. Out of the stable 5 noble gases in nature
(He, Ne, Ar, Kr and Xe) the �rst two cannot be used in the liquid form, since a micro-
bubble forms around the electron, slowing down the drift process. Of the two remaining
liquids, only Argon has reached the industrial exploitation which is commensurate to our
task. Argon is a by-product of the liquefaction of air and consequent production of liquid
Nitrogen and Oxygen. Argon is relatively abundant since it makes about 0.9 % of air. The
cost in the liquid form is relatively modest, � 1000 Lire/kg, corresponding to 1 Billion
Lire (0.8 MSF) for 1 kiloton, less than the price of standard iron plates.

After the original proposal, the feasibility of these goals has been amply demonstrated
by an extensive R&D programme which included ten years of studies on small volumes
(proof of principle, puri�cation methods, readout schemes, mixtures of argon-methane,
di�usion coeÆcients, electronics) and �ve years of studies with several detectors at CERN
(puri�cation technology, real events, pattern recognition, event simulations, long duration
tests, doping, readout technology). The largest of these devices has a mass of 3 tons. A 50
liters prototype has been exposed to the CERN neutrino and recently tracks with electron
drift paths of about � 140 cm have been obtained. The ICARUS project has now reached

159
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an industrial phase, with the advanced construction of the T600 (a 600 ton detector for
the LNGS) prototype described in the following section.

The following sections of this paper will be devoted to an in-depth description of the
detector principles, the technological break-through that make it feasible and �nally the
near term physics programme of the ICARUS collaboration at the LNGS.

8.1.1 Electric detection of ionising events

The simplest detector of ionising events consists of a pair of electrodes immersed in a
dielectric liquid and connected to a power supply (Figure 8.1. As a consequence of the
passage of a ionising particle, electrons and positive ions are formed and are subject to
forces pushing them towards the electrodes with opposite polarities. Let us assume that
both electrons and positive ions can move under the inuence of the electric �eld E, with
constant velocities v�(E) � v+(E), and that they have no appreciable attachment to
electronegative impurities. The e�ect of a charged particle passing through the liquid on
the external circuit can be estimated from the \work" performed by the electric �eld in
order to keep the charges moving:

dW = eE(v+ + v�)dt = V0i0dt (8.1)

where i0 is the current in the circuit. This relation can be written as

i0 = e(v+ + v�)=d (8.2)

Ionizing track

v–

v+
d

+

–

V

i0

E

Figure 8.1: Schematic diagram of an electron- ion pair produced inside a plane electrode
detector. The current owing in the power supply is observed.

Note that, contrary to what was naively expected, the current starts to ow
immediately after the ion-electron pair has been formed and long before they hit the
electrodes. Since the electron mobility is several orders of magnitude larger than that of
positive ions, only electrons will contribute signi�cantly to the current:

i0 � ev�=d (8.3)
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and, therefore, the \free" electron signal is dominant. The signal observed from a single
electron starting at position x within the gap is then:

Q�(x) =
Z t

(d)t(x)i0dt = e
v�

d

(d� x)

v�
= e(d� x)=d (8.4)

Note that the signal Q+(x) produced by the positive ion starting at the same place is:

Q+(x) = ex=d (8.5)

which ensures that the sum Q+ + Q� is always one elementary charge. Because of the
much smaller mobility of the ions, the signal Q+ is spread out over a much larger time,
hence the only useful information for imaging is given by Q�.

The detection of ionising events in a liquid faces, therefore, two main problems:

1. Signals are very small: typically 1 mm of a minimum ionising track delivers less than
104 electrons in most of dielectric liquids. The signal is even smaller at low electric
�eld because a signi�cant amount of electron-ion pairs recombine immediately after
formation (Onsager e�ect).

2. Liquids must be ultra-pure: an electron in the liquid undergoes about 1012 molecular
collision per second. Hence impurities with large attachment probability must be
kept at very low level, in the order or less that 1 ppb, to achieve electron lifetimes
in excess of several hundreds microseconds.

The electrons mobility � = v=E in several liquids is shown in Table 8.1 (together
with some other important properties). One can see that liqui�ed noble gases like argon,
krypton and xenon have very high mobility, indicating that the electrons are essentially
free. On the other hand helium and neon have incredibly low mobility (� 0:01cm2=s).
This is due to the fact that in these liquids electrostatic e�ects around the electronic
charge produce a sort of \bubble" which must be carried along with the electron, slowing
it down considerably. Methane is the only non-polar hydrocarbon showing mobility
very similar to those of noble gasses due to its very simple and compact molecular
structure. Tetra-methyl-silane (TMS) and tetra-methyl-pentane (TMP) are interesting
hydrocarbons because they are liquid at room temperature. Argon is the most widely
used cryogenic liquid because it is easily available in large quantity at a reasonably low
price.

8.1.2 Imaging of events

The imaging of ionising events inside the volume of liquid detectors is made possible
because of (1) the long lifetime of the drifting electrons (in excess of several milliseconds)
and (2) the sensitivity of the modern low noise jFET-input charge sensitive ampli�ers that
are capable of sensing the signal due to few thousands electrons (namely the one produced
by a few millimetres of minimum ionising track). The read-out of the information,
therefore, follows very closely the techniques used traditionally in the case of ionisation
chambers, since in both instances there is no gas ampli�cation. However the read-out
cannot simply be a charge-collecting process: a non-destructive read-out is necessary to
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Liquid Density dE/dx Radiation Collision Boiling point Mobility
(g/cm3) (MeV/cm) length (cm) length (cm) (ÆC) (cm2/Vs)

argon 1.394 2.10 14.0 54.8 -185.7 500
krypton 2.410 3.00 4.85 29.0 -153.1 1200
xenon 3.057 3.79 2.77 33.6 -107.1 2200
methane 0.425 1.02 109.4 128.7 -164.0 400
TMS 0.645 1.36 52.4 94.5 26.5 90
TMP 0.720 1.58 62.4 79.2 233.0 40

Table 8.1: Parameters of some liquids with relatively high mobility.

ensure the simultaneous imaging in at least three di�erent views and the determination of
the so called t=0 signal. The latter provides the measurement of the absolute drift time
hence the distance travelled by the drifting electrons.

A non-destructive read-out can be realised by replacing the plane electrodes with a
number of wire planes or grids which are highly transparent to the electrons of the event.
The transparency of a grid to electrons drifting along the electric �eld lines has been
calculated in the literature; it is a function of the ratio of the �elds E1 and E2 in front
and behind the grid respectively and of the ratio � = 2�r=p where r is the wire mesh
radius and p is the wire spacing (pitch). For equal �eld values at both sides of the grid
the transparency is given by 1 � 4r=p, i.e. exactly twice the geometrical cross-section of
the grid itself. Full transparency will be reached when the following condition is satis�ed:

E2

E1
>

1 + �

1� �
(8.6)

This condition has to be balanced against the requirement that the grid has to act as an
electrostatic shielding between the spaces above and below it. If this condition is satis�ed,
a drifting charge will be sensed by the electrodes below the grid only when the grid itself is
crossed. Detailed calculations show that the shielding power, �, of a grid is approximately
given by the following formula:

� =
p

2�d
log

� p

2�r

�
(8.7)

where d is the distance between the grid and the next electrode, assumed to be continuous.
Note that unshieldings of few percent are acceptable.

The drifting electrons, following the electric �eld lines, can cross a succession of several
planes of stretched wires oriented in di�erent directions (Figure 8.2) where the electrical
conditions mentioned above are veri�ed. While approaching a plane, the electrons induce
a current only on the wires near which they are drifting; when moving away a current of
opposite sign will be recorded. Integrating the current with a charge sensitive ampli�er
will produce a signal which has an approximately triangular time dependent shape. Due
to the shielding of the adjacent grids, the signals has a limited duration. The signals on
the wires of the �rst grid are \prompt", i.e. start as soon as the ionising particle crosses
the chamber. Therefore the initial time t = 0 can also be recorded. A detailed analysis of
the induced signals for the geometry displayed in Figure 8.2 has been performed by Gatti
et al. [106].
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Figure 8.2: Geometry of the grids for multi-dimensional, inductive readout. As an
example, the signal induced by drifting electrons on a wire of the 1st grid is also shown:
(A) electrons cross the screen grid, (B) electrons cross the 1st sense wire grid, (C) electrons
cross the 2nd sense wire grid.

A number of signi�cant advantages can be noticed.

1. The very uniform response to single electron produces a signal pulse height
proportional to the charge passing through the electrodes (hence a precise
measurement of the deposited energy).

2. The electrostatic separation between sensing wires allows a very sharp localisation
of the drifting charge (hence a good space resolution).

3. Each of the wire planes of the read-out system provides a two-dimensional projection
of the event image where one co-ordinate is given by the wire position and the other
by the drift time (directly proportional, through the electron velocity, to the drift
distance). Thus the various projections have a common co-ordinate (the drift time);
this allows the three-dimensional reconstruction of the event. The basic 3-D pixel
(or \bubble") size is given by the wire pitch.

4. The drift-time technique and the continuous read-out permit to digitise (by means
of ash ADC's) and electronically record the complete image of any ionising track.
Therefore this detection technique is essentially bias free and allows to detect a very
broad class of events.

Technical improvements [107] have been made on this basic structure in order to
optimise its response to the drifting charges or to increase the mechanical reliability.
Nevertheless the principles and performances are not far from the one illustrated here.
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8.2 The 3 ton prototype R&D

The �rst phase of the ICARUS program has been an intensive R&D activity based on
a reasonable scale prototype detector (3 ton) where the feasibility of the LAr TPC has
been successfully veri�ed by solving the main technological problems [108].

1. Argon puri�cation: Liquid argon must be ultra-pure, even in the presence of a
large number of feedthroughs for the signals and the high voltage and with wire
chambers, cables, etc. in the clean volume. The contamination of electronegative
molecules must be kept to around 0.1 ppb to allow drifts on long distances
(meters) without capture of the ionisation electrons. This has been achieved using
commercial gas puri�cation systems to remove oxygen and polar molecules (H2O,
CO2, uorinated and chlorinated compounds) combined with ultra-high-vacuum
techniques to avoid recontamination of the liquid through leaks and with the use
of low outgassing materials for the detector components. Electrons lifetime higher
than 3 ms (� 0:1 ppb) are easily and constantly reachable. Liquid phase puri�cation
allows fast �lling of large detectors. Continuous recirculation of the liquid through
the puri�er during normal operation is used to keep the lifetime stable (against
micro-leaks and outgassing).

2. Wire chambers: The wire chambers must be able to perform non-destructive
readout with several wire planes with a few mm pitch; they must be built out of
non- contaminating materials and must stand the thermal stress of going from room
to liquid argon temperatures; the precision and the reliability of the mechanics must
be high and a good knowledge of the electric �eld in the detector must be granted.

3. Analogue electronics: In order to obtain a good signal to noise ratio, very low
noise electron preampli�ers must be developed. Since the signal is very small
(� 10:000 electrons for a minimum ionising track in a 2 mm wire pitch) the
equivalent noise charge must be less than 1000 electrons. This has been reached
by means of jFET technology. Since the noise depends on temperature and input
capacitance, a further improvement can be obtained placing the preampli�ers in
liquid argon near the sense wires.

4. Data Acquisition: The ICARUS detector readout system behaves as a large
multi-channel wave form recorder. The digital conversion is performed by means
of FADC's continuously active sampling at a rate of 5 MHz. The system
e�ectively stores the charge information collected by each sense wire during a time
corresponding at least to the maximum drift time of the electrons (few milliseconds).
The high resolution that has to be achieved, both in space and time sampling,
brings the size of a single event to over hundreds of kilobytes. The useful signal
occupies only a small fraction of the data sample. Although in the initial phases
of the experiment the complete information is useful for trouble shooting and
debugging purposes, this is the real bottleneck of the whole data taking system,
overloading both the on-line and o�-line processing. To speed up the performances
of the detector and reduce the dead times, a great e�ort has been devoted in the
development of the software architecture and the algorithms for data reduction.
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Figure 8.3: Schematic view of the three ton LAr TPC. 1 Outer vessel. 2 Inner vessel.
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feed-throughs. 8 Cooled boxes containing the front end preampli�ers. 9 Purity monitor.

The three ton prototype detector is shown schematically in Figure 8.3. It consists of
a cylindrical dewar �lled with liquid argon split vertically into two sections by a frame
running along a diameter and holding two wire chambers. Each chamber supports two
orthogonal read-out views with 2 mm pitch and a total of 2000 electronic channels.
They face, in opposite directions, the active volume where a uniform electric �eld
(max: � 1kV=cm) is applied by means of �eld shaping electrodes. The maximum drift
distance is 42 cm.

A large amount of data has been collected with the 3 ton prototype, during more than
four years of operation, using cosmic rays and gamma rays sources to study the response
of the detector to a wide range of energies (from a few MeV to several GeV).

8.2.1 The readout

The readout is performed with a chamber consisting of three parallel wire planes located
at the end of the drift length. We call z the co-ordinate along the electric �eld, x and y
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the co-ordinates on the plane of the chamber. The absolute z coordinate is given by a
measurement of the drift time, provided that t = 0 time and drift speed are known.

The drifting electrons reach and cross in sequence the following wire planes:

1. A plane of wires running in the y direction, functioning as the screening grid;

2. A plane of wires (2 mm pitch) running again in the y direction, located at a distance
of 2 mm below the screening grid, where its function is to measure by induction the
x co-ordinate (we call it \induction plane" in the following);

3. A plane of wires running in the x direction, with 2 mm pitch, located at a distance of
2 mm below the induction plane; its function is to measure the y co-ordinate. Since
this is the last sensitive plane the electric �eld is arranged to collect the drifting
electrons (collection plane).

The ratio of the electric �elds above the screening grid (E1) and between it and the
induction plane (E2) is chosen to achieve full transparency of the grid. Figure 8.4 shows
the average charge produced by a minimum ionising track and collected by the single
sense wires as a function of E2 : E1. As predicted by the Buneman's formula [107], full
transparency is reached at E2 : E1 = 1:4. We will discuss data collected at E2 : E1 = 1:5.

The collection plane is made of sense wires at a 2 mm pitch separated by screen wires.
The �elds above (E2) and below the induction plane (E3) are chosen to assure complete
transparency of the induction plane. Figure 8.5 shows the average charge collected by
the single sense wires produced by a minimum ionising track as a function of E3 : E2. As
predicted, full transparency is reached at E3 : E2 = 3:1. The data to be discussed here
have been collected at E3 : E2 = 3:5.

The current signals from each sense wire of the induction plane and of the collection
plane are integrated by charge sensitive preampli�ers. The preampli�ers are located close
to the signal feedthroughs to minimise the input capacitance and hence the noise.

For a minimum ionising track parallel to the chamber the shape of the charge signal
from the induction plane is triangular with a maximum of about 6,000 electrons for
a 2 mm sample (depending on the �eld intensity). Figure 8.6 shows an example of a
digitised induction signal, where two tracks are present, sampled with a 200 ns period.
As expected from our calculations, the induced charge is not the full charge crossing the
wire plane, but only 60% of it.

The charge signal from the collection plane is a step function followed by the
exponential discharge of the capacitor that holds the charge. The height of the step
is around 10,000 electrons for a 2 mm sample. Figure 8.7 shows an example of a digitised
collection signal, sampled with a 200 ns period, together with the curve resulting from
the �ltering and �tting procedure we will describe. Two close tracks contribute to the
signal: their distance in time is 4:6 �s (from �t). The drift velocity is 1:24 mm=�s: the
distance between the two tracks along the drift direction is then 5.7 mm. It is clear from
the example that the two track resolution is close to the 2 mm length of the gaps between
the wire planes. The value of the rise time obtained from �t is 2:4 �s.

We notice that the signal may become very long, several microseconds, if the track
has a large dip angle. This requires that the low frequency components must be accepted
by the ampli�er without distortion.
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Figure 8.4: Charge collected by the induction wires as a function of the �eld ratio across
the grid.
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Figure 8.6: A digitised induction signal, showing the presence of two tracks. Sampling
period is 200 ns.

The capacitance at the input of the ampli�ers is the sum of the wire and of the cable
capacitances, the latter being the larger. The input capacitance range from 100 pF for
the upper collection wires to 200 pF for the induction wires. The corresponding design
equivalent noise charge (ENC) evaluated with 1 �s shaping time is ENC (electrons)
= 500+2.5 C, where C is the input capacitance in picofarad, corresponding to values
between 700 electrons and 1000 electrons. These values have been con�rmed by direct
measurements on the detector.

The charge signals are sampled with ash ADCs (one per channel) at a frequency that
provides several measurements for each pulse. The sampling period ranges from 50 ns to
400 ns; we have used 200 ns period in the data collection described in this work. The
complete readout system is described in [106]. The charge measurement calibration is
obtained for all channels by injecting the same voltage pulse on test capacitances (one
per channel). The test capacitances have been measured with 0.5% accuracy. The gains
have been periodically measured and found to be stable within 2%.

Two di�erent types of cross-talk are present between electronic channels. The �rst one
is the cross talk between two contiguous wires: its average value is 1.2%. The second one
is due to the structure of our cables. The signals from groups of 8 contiguous wires are
brought from the chamber to the ampli�ers by specially designed at cables. A number
(32) of these at cables are sandwiched together to form a stack as described in [110].
The cross talk between a wire in one cable and the octet that it faces is on average 1%.

A good overview of the imaging capability of the LAr TPC is given by the cosmic
ray electromagnetic/hadronic shower recorded with the 3 ton prototype and shown in
Figure 8.8. The quality of the image (approximately 40x60 cm2 wide) is of bubble
chamber grade. The grey level of the pixels codes the pulse height, proportional to the
collected charge. Very �ne details of the event are noticeable: the electromagnetic shower
is initiated by  ray, its conversion vertex is visible in the upper-right corner of the picture;
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Figure 8.7: A digitised signal from one collection wire due to two tracks separated by
5.7 mm. The curve is the result of the �tting procedure described in the text.

a stopping pion decaying into a muon (whose kinetic energy of 3 MeV is deposited within
one wire) that in turn decays into an electron are also visible, the increase in ionisation
near the pion stopping point is evident; heavily ionising particles, probably low energy
protons produced by neutron interactions, accompany the shower; a low energy pair is
easily identi�able and measurable (top left); �nally, the small black dots are not noise but
real part of the event: they are Compton electrons with energy around 1 MeV.

The physical parameters characterising the detector have been found to be consistent
with the expectation; their stability in time has been also extensively veri�ed.

1. The electron lifetime was always above 4 ms corresponding to an attenuation length
of more than 8 meters (@ 1kV/cm). As a consequence, drift distances of about two
meters are reachable without major loss of drifting charge.

2. The electron di�usion coeÆcient, estimated from the width of signal rise time, is
consistent with the value foreseen for thermalised electrons (4 cm2=s). This means
that a point-like charge, after two meters of drift, is spread over less than 1 mm
namely less than the wire pitch. Hence the space resolution should not be seriously
a�ected by this factor.

3. The electron drift velocity have been measured as a function of the electric �eld
from 50 to 1000 V/cm. It depends linearly on the �eld up to 200 V/cm (� =
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Figure 8.8: Electronic image of a cosmic ray induced shower. The overall drift time
(horizontal axis) corresponds to about 40 cm of drift distance. The vertical co-ordinate
is the wire numbering; around 40 cm are shown.

v=E � 500 cm2=V s) then it starts saturating (v � 2 mm=�s at 1 kV/cm). The free
electron yield (i.e. the fraction of free electrons remaining along a minimum ionising
track after the electron-ion recombination) shows as well a slight dependence on the
�elds (from 50 to 75 % in the measured range). Both measures indicate that the
working electric �eld can be chosen quite low with clear advantage for the high
voltage system when drift of few meters are considered (HV � 100 kV).

8.2.2 Performance of the 3 ton prototype

The main results concerning the performance of the LAr TPC have been obtained through
the analysis of the wide variety of events occurring in the detector [111]. They can be
summarised as follows.

(a) Space resolution. Through-going cosmic muons have been used to evaluate the single
point space resolution along the drift co-ordinate. The contribution of multiple
scattering has been avoided by taking in turn the drift times measured on any three
contiguous collection wires; we then take the distance d from the line through the
two outer points to the middle one. The resolution is then �z =

p
(2=3d). Values of

about 150 �m are the norm and appear to be independent on the �eld in our range
of intensities. Instead they strongly depend on the signal to noise ratio (� 10 in
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our case). In fact speci�c tests on small scale detectors have shown that resolutions
of less that 50 �m are reachable with a signal to noise ratio of � 20. The space
resolution on the other two co-ordinates are strictly related to the wire pitch p:
�x;y � p=

p
12.

(b) Energy resolution. Always by means of through-going minimum ionising muons
we measured the distribution of the charge deposited over 2 mm. Its width is the
convolution of a Landau function with the gaussian electronic noise and is directly
related to resolution on the energy deposited by ionisation. A comparison with a
test pulse distribution shows that the noise is the main contribution to the width.
Hence an energy resolution of � 10% over 2 mm track is the typical value in the 3
ton prototype.

(c) Energy resolution in the MeV range. It has been evaluated by studying the Compton
spectrum and the pair production peak produced by a 4.43 MeV monochromatic
gamma ray source placed outside the dewar. This spectrum has been �tted with
a Monte Carlo simulation including, as a free parameter, smearing caused by the
detector response. The best �t gave a resolution of 7% at 4 MeV in agreement with
the calorimetric measurement found in the literature.

(d) Particle identi�cation. This very important feature is directly related to the ability
of measuring the dE=dx along the range of a stopping particle. A study of cosmic
muons and protons stopping in the 3 ton prototype has shown that the charge
deposited along the track is not proportional to the energy deposited because of
the recombination e�ect that strongly depends on the ionisation density. This non-
linear response may degrade the particle identi�cation capability of the LAr TPC.
A solution to recover linearity has been found as explained in the next paragraph.

8.3 Doping with Tetra-Methyl-Germanium (TMG)

An ionising particle in liquid argon produces, along the track, electron-ion pairs and
excited atoms. The excited atoms decay, in few hundred nanoseconds, emitting ultraviolet
photons. In the same time scale and depending on the ionisation density and electric �eld,
some of the pairs recombine also emitting UV photons. This produces the saturation of
the free charge as a function of the deposited energy and electric �eld. A possible solution
consists in dissolving in liquid argon a photosensitive dopant able to convert back the
scintillation light into free electrons, thus linearising the dependence of the charge on the
energy and the electric �eld. We chose tetra-methyl-germanium (TMG) as photosensitive
dopant because of the following advantages [112].

1. TMG is not absorbed by the argon puri�cation system.

2. TMG can be easily puri�ed at the ppb level.

3. TMG has a large photo-absorption cross section (62 Mbarn) and large quantum
eÆciency (close to 100 %); this implies that small quantities (� ppm) of TMG are
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enough to convert all the de-excitation photons into electrons in the vicinity of the
ionising track.

4. TMG, at the ppm level, dissolves homogeneously in liquid argon.

The relation between the collected charge and the energy deposition has been obtained
from the analysis of the stopping muon and proton events at several electric �elds and
TMG concentration of 1.3 ppm and 3.5 ppm. In this analysis the charge density is related
to the energy density in the following way. First we obtained the dQ=dx vs. range relation
by reconstructing the experimental data. The same reconstruction was done on Monte
Carlo data to obtain the dE=dx vs. range relation. Hence the range is eliminated to
obtain the dQ=dx vs. dE=dx relation. Figure 8.9 illustrates such relation before and after
the doping.

E = 200 V/cm
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dE/dx (MeV/cm)

d
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Figure 8.9: dQ=dx vs. dE=dx from stopping muons and protons. Charge saturation is
evident in pure LAr. Linearity is recovered with TMG. Lines are drawn to guide the eye.

It is evident that the linearity of the detector response, after doping with TMG, is
signi�cantly improved especially at low �elds where the recombination e�ect in pure liquid
argon is higher. The stability in time has also be �rmly veri�ed. Moreover no degradation
of the space resolution has been measured, implying that the photo-conversion happens
very close to the track.

Particle identi�cation bene�ts greatly from the ability of measuring dE=dx. The
doping increases the dQ=dx vs. dE=dx linearity allowing both a much more reliable
determination of the heavy particle direction of ight and a better discrimination. In
Figure 8.10a we plot the dE=dx as a function of the distance from the stopping point
in the LAr TPC for pions and kaons. The best �t to the kaons data is also shown.
Figure 8.10b shows the distribution of the distances of the points measured along each
track from the kaon �t function. The �=K as separation is unambiguous.
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Figure 8.10: a) Energy loss pro�le along kaon and pion tracks in the LAr TPC; best �t
for kaon data is also shown. b) Distribution of the distance from the kaon �t function
along pion and kaon tracks.

8.4 Argon puri�cation

In order to be able to operate large volume detectors, the free electrons produced by
ionisation in the liquid must be able to drift over distances of the order of meters, i.e.
for times of the order of milliseconds, without substantial capture by electronegative
impurities. This implies that the contamination of electronegative impurities must be kept
around or below 0.1 ppb of Oxygen equivalent. We routinely employ simple techniques to
obtain liquid Argon at this level of purity, as described in [109]. The technique consists
basically in ushing Argon through Oxisorb [124] cartridges and molecular sieves.

Until few years ago, only gas Argon (evaporated from LAr) was puri�ed and then
lique�ed again inside the detector. For example with the puri�er installed for the 3 ton
prototype we were able to purify 7000 liters of gas at NTP per hour. To substantially
increase the puri�cation rate and reduce the time necessary to �ll a large detector, the
best way is to directly purify the liquid. For this reason, we decided to test the possibility
of purifying directly the Argon in the liquid phase. We present in the following section
the results of our measurement.

8.4.1 Description of the apparatus

A schematic view of the test system is shown in Figure 8.11. The puri�er consists of a
6 liters stainless steel cylinder, �lled with a molecular sieve and an O2 absorber. The
molecular sieve is of the 5A type and has a volume of 2 liters, 1/3 of the total; it absorbs
mostly water molecules. The absorption capacity depends on the temperature and partial
pressure of the water vapour; it has been measured that 2 liters of molecular sieve can
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Figure 8.11: Schematic view of the liquid phase Argon puri�cation system.

absorb more than 120 liters of water vapour before saturation; molecular sieves are also
e�ective against other polar molecules. The O2 absorber, 4 liters in volume, corresponding
to 2/3 of the total, is the Oxisorb: it consists of Chromium Oxide deposited on a SiO2

support. In the apparatus described we can count on an absorption capacity of about 30
liters of O2 at NTP. Notice that molecular sieve is located upstream in the �lter, because
Oxisorb is less e�ective in presence of water vapour.

We repeatedly measured, with the technique that will be described below, the free
electron lifetime in the commercial liquid Argon [125] we employ. The corresponding
contamination of electronegative impurities is calculated to be 0.5 ppm of O2 equivalent.
From the �gures given above we can conclude that our test apparatus has a purifying
capacity of the order of 70 000 liters of LAr, provided that the eÆciency is 100% and that
all the impurities in the system come from the supplied liquid.

The puri�er cylinder and the ultra pure Argon container, simulating the detector
volume, are immersed into two separate LAr bathes; they are connected together and to
the liquid Argon storage dewar through vacuum insulated cryogenic lines. The \detector"
container hosts the purity monitor chamber on the bottom and a cylindrical capacitor
(80cm long) to measure the liquid level with the accuracy of 1cm. The feedthrough for
high voltage and signal cables and for the optical �bre bringing the laser light to the purity
monitor are located on the upper ange. All the component of the cryogenic lines, puri�er
cylinder and ultra pure Argon container are made of stainless steel and are cleaned with
the standard LEP ultra high vacuum procedure.

The measurement of the impurity concentration at levels much below the ppm is
not trivial. Instead we measure the free electron lifetime, the quantity that is of direct
interest for our application, and infer the purity of the liquid. This purity monitor is an
improved version of the one described in [108] and is schematically shown in Figure 8.12.
The photocathode is a stainless steel disk gold plated in the central region. The cathode
is surrounded by a cylindrical piece, internally coated with Cr3O2 by electrochemical
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Figure 8.12: Purity monitor chamber.

deposition to absorb any stray di�used light. Electrons, photo-produced by a Laser pulse
(� = 266 nm, 20 ns long), drift toward a �rst grid, called the window, driven by a �eld
of 100 V/cm (the cathode-window separation is 10 mm). The geometry allows the use of
a moderately high �eld in this region, to have a high eÆciency of injection of the photo-
electrons in the liquid Argon conduction band, even for low intensities of the drift �eld.
A fraction of the electrons crosses the window and enters a double gridded chamber. This
fraction depends on the ratio of the �eld intensities after and before the window, and is,
in practice, smaller than one. The consequent loss of electrons is not relevant, given the
high value of the extracted charge.

The chamber has the same con�guration as the one described in [108]. The three grids
are produced by photo-etching from stainless steel foils. They have a square mesh, 2 mm
a side, with 100 �m diameter wires. The diameter of the window is 10 mm, those of the
cathode and anode grids, 30 mm. The drift distance between anode and cathode grids
is 50 mm. The �elds ratio across both grids is 2.5, well above the measured value of 1.9
suÆcient for complete transparency.

The �eld in the drift region is made uniform by a series of stainless steel rings at
10 mm spacing. The voltage to the rings is given by a divider chain of 27 M
 resistors.

As shown in Figure 8.12, the currents from the window, from the photocathode and
from the anode are brought to the same charge sensitive ampli�er, to avoid the necessity
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of absolute gain calibration. The integration constant of the ampli�er is 4ms. When
the electrons drift between cathode and window, the ampli�er receives two equal and
opposite currents that cancel each other. When the electrons drift between the window
and the cathode grid a positive current ows in the ampli�er; as a consequence its charge
output increases linearly reaching a value Qc, the charge leaving the window. When the
electrons drift between the grids, no current ows in the ampli�er (at least if the grids
screen perfectly). Finally when the electrons drift between the anode grid and the anode,
the current is negative. The output charge signal has a negative step, whose height is the
charge Qa reaching the anode. An example of the charge output, to be discussed later, is
shown in Figure 8.13.

If no charge is lost in the drift volume (zero impurity concentration), obviously Qa=Qc;
if some charge is lost, corresponding to a lifetime � the ratio of the charges is simply
Qa=Qc = exp(�Td=�), where Td is the drift time. In conclusion the measurement of the
ratio of the two charges and of Td gives directly the lifetime. When the lifetime becomes
much longer that the drift time, the charge ratio becomes equal to one within the errors
and the monitor achieves its sensitivity limit. This limit is of course higher at lower
values of the drift �eld (i.e. at higher values of Td). In practice we work at 40 V/cm,
corresponding to Td = 282 �s, achieving a sensitivity of several milliseconds.

8.4.2 Testing liquid phase puri�cation

All the mechanical parts in the cryogenic circuit from the puri�er to the container,
included the container itself, have been degreased with demineralised water, baked at
150 oC and evacuated at 10�7 mbar or better.

The �rst test consisted in purifying the Argon in the gaseous phase, at a ux value of
14 equivalent liquid liters per hour, to check whether we obtained the same purity as with
our usual procedure. The measured electron lifetime was unchanged above our sensitivity
limit that is higher than 3-4 ms.

We then performed a series of puri�cations of Argon in liquid phase at di�erent uxes;
the ux was regulated by choosing the appropriate pressure drop in the circuit. Each
time we puri�ed a volume of 130 liters. The ux values of our tests were: 125 liters of
liquid per hour (l/h), 400l/h, 470l/h, 800l/h.

Figure 8.13 shows, as an example, the output pulse from the charge ampli�er for the
�lling at 470 l/h. Interference from the �ring of the Laser is visible as a positive spike
10 �s before the signal and some oscillations at the beginning of the signal. The non
perfect atness of the bottom of the signal is due to imperfect screening of the grids but
does not interfere with the measurement. The �gure shows that Qa is equal to Qc, within
the accuracy of the measurement; the drift time is Td = 282 �s. The corresponding
lifetime is higher than 3-4 ms.

For all the �llings we performed we found similar results: the electron lifetime was
always above 3-4 ms. The maximum ux tested is essentially determined by the pressure
di�erence between the liquid Argon storage dewar and the detector. Two or more similar
cylinders in parallel, for example, can be used to increase the ux.



8.5. THE TEST IN THE CERN � BEAM 177

  

V
ol

ta
ge

Time

TdQc Qa

test
pulse

LASER
interference

Figure 8.13: Charge signal from purity monitor for ultra pure liquid Argon puri�ed at
470l/h.

8.4.3 Conclusions

We have shown that ultra pure liquid Argon can be obtained by direct puri�cation of the
liquid. The �nal purity corresponds to an electronegative impurity concentration below
0.1 ppb O2 equivalent, equal to that obtained with similar procedures purifying the gas
phase. The corresponding electron lifetime is larger than 4 ms. The uxes are almost three
orders of magnitude (the ratio of the densities) higher. As a consequence, the problem
of �lling a large scale detector is much simpli�ed. A shorter �lling time reduces also to
a minimum the time spent by detector components at relatively high temperatures and
not in contact with liquid; this implies that outgassing and contamination are diminished.
The technique also allows to save the energy required to recondense the Argon after gas
phase puri�cation.

We now use routinely the liquid phase puri�cation for the �lling of our prototypes,
always obtaining satisfactory results. The 10 m3 prototype, using this method, was �lled
in about 20 hours.

8.5 The test in the CERN � beam

The 50 liter liquid Argon TPC is a detector built and successfully operated at CERN for
R&D purposes within the ICARUS programme. In the year 1997 it has been exposed at
the CERN neutrino beam for the entire SPS neutrino run period as proposed and approved
at the SPSLC of January 1997 [87]. The detector, complemented with scintillators acting
as veto, trigger counters and pre-shower counters, was installed in front of the NOMAD
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detector. The year 1997 was scheduled to be the last for the operation of the West
Area Neutrino Facility. It was important to take this last opportunity for a parasitic
exposure, which did not interfere with running experiments, of an already existing and
operating liquid Argon TPC. As we had expected, the collected data brought important
information for a better understanding of the performance of liquid Argon TPC's which
should be useful for the entire ICARUS program.

The exposure of the prototype has given a substantial sample of quasi-elastic ��+n!
p+ �� events. In addition, further experience with real neutrino events has been gained.
This experience has provided general information useful for the study of atmospheric
neutrinos, proton decay and high energy neutrinos from CERN. For example the test has
led to the optimization of the readout chain in view of best extracting the features of
these events.

8.5.1 The 50 liter TPC

The detector structure consists in a stainless steel cylindrical main vessel, 70 cm diameter,
90 cm height, whose upper face is an UHV ange housing the feedthrough's for vacuum,
liquid Argon �lling, high voltages and readout electronics. Inside the main vessel an
ICARUS type liquid Argon TPC is mounted. The TPC has the shape of a parallelepiped
whose opposite horizontal faces (32 � 32 cm2) act as cathode and anode, while the side
faces, 47 cm long, support the �eld-shaping electrodes. The mass of the liquid Argon
contained in the active volume is 65 kg.

The readout electrodes, forming the anode, are two parallel wire planes spaced by
4 mm. Each plane is made of stainless steel wires, 100 �m diameter and 2.54 mm pitch.
The �rst plane (facing the drift volume) works in induction mode while the second collects
the drifting electrons. The wire direction on the induction plane runs orthogonally to that
on the collection plane (cfr. with the ICARUS 600 ton set-up where the three planes are
foreseen at 60o to each other). The wire geometry is the simplest version of the ICARUS
readout technique [11] since both the screening grid and �eld wires in between sense wires
have been eliminated. The wires are soldered on a vetronite frame which supports also
the high voltage distribution and the de-coupling capacitors.

The front-end electronics for the 256 read-out channels is mounted directly on the
frame in order to minimise the input capacitance of the preampli�ers which are foreseen
to work immersed in liquid Argon [12].

The cathode and the �eld shaping electrodes have been obtained with a printed board
technique. The wires were soldered on a vetronite frame, which supported also the voltage
distributions and the de-coupling capacitors. The front-end electronics was mounted
directly on the wire frame in order to reduce the input capacitance of the preampli�ers,
which were designed to work immersed in liquid Argon. A quasi-current con�guration of
the electronic chain was adopted with a RC constant of � 3 �s. The cathode and the
�eld shaping electrodes were obtained by metallisation of vetronite boards. The boards
were glued on honeycomb structure to ensure rigidity. The �eld shaping electrodes were
horizontal strips, 1.27 cm wide, spaced 2.54 cm. A high voltage divider, made of a series
of 14 MOhm resistors interconnecting the strips, supplied the correct voltage to the strips.
The drift high voltage (< 15kV ) was brought to the cathode by a commercial ceramic
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feedthrough.
The whole main vessel is immersed in a thermal bath of commercial liquid Argon,

contained in an open air stainless steel dewar. The argon evaporation from the open-
air dewar is about 50 liters/day. The detector is equipped with a standard ICARUS
recirculation-puri�cation system [90]. The full set-up was already tested and successfully
operated in CERN for R&D purposes.

The layout of the experimental setup is sketched in Figure 8.14. Since muon
identi�cation and momentum measurement were essential for the studies we wished to
perform, the chamber had to be complemented with a muon identi�er and a spectrometer.
Together with the NOMAD collaboration we came to the conclusion that the NOMAD
detector could perform these tasks.

Figure 8.14: Experimental setup of the 50 liter liquid Argon TPC in the CERN � beam.

Given the size of the TPC and the radiation length of liquid Argon (X0 = 14 cm),
�0's produced in neutrino interactions may escape detection, thus �� p��0 events, with
undetected �0, could fake quasi-elastic interactions with large missing PT . The installation
of a pre-shower counter downstream of the TPC was implemented in order to attempt to
identify gammas leaving the chamber.

The detector has been installed in CERN hall 191 between CHORUS and NOMAD
detectors. Dewar, argon puri�cation system, vacuum pumps, veto and trigger scintillators,
trigger and readout electronics and data acquisition system, have been placed on a
platform at 3.90 m from ground level. An argon tank of 5000 liters has been installed
outside of the hall. Liquid argon, for periodic re-�lling, has been brought from the outer
tank to the dewar containing the TPC by isolated pipes running in protected position on
the oor of the hall and reaching the platform along its sca�olding.

Immediately upstream of the chamber a double plane of scintillators, acting as a veto
counter, have been installed; downstream of the chamber there is a 6 mm thick lead sheet
followed by a plane of scintillators, acting as trigger and pre-shower counter.
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A standard ICARUS readout of the 256 channels was implemented allowing to acquire
up to 4 triggers per neutrino burst. Being the electron drift velocity about 1 mm=�s and
the signals sampled by FADC at 400 ns, to span the total drift space one needs about
2 kb per channel or about 600 kb/event.

The events are written in raw-data format without any zero suppression; they are
stored locally on disk and automatically transferred to the main CERN tape facility
using the network. The trigger of the TPC readout was based on coincidences between
the downstream scintillators and the NOMAD muon trigger planes. The upstream
scintillators, OR-ed with signals from the CHORUS muon spectrometer scintillator
planes were used to veto passing through particles (mostly muons produced by neutrino
interactions upstream). At the beginning of each spill NOMAD sent, as pulse trains
on standard BNC cables, run number and burst number, which have been recorded by
scalers readout by the TPC acquisition system. This allowed o�-line matching of events
in the TPC with muons reconstructed by NOMAD. For some speci�c periods of time
(calibration, gamma rays source, etc...) we also self-triggered the chamber exploiting the
analog-sum of the collection wires.

The dead time of the TPC data acquisition was measured to be lower than 5%, while
the NOMAD dead time is around 15%.

8.5.2 Experience with the chamber operation

The detector was �lled with ultra-pure liquid Argon own through the ICARUS
puri�cation system in liquid phase (at a rate of 60 liter/hour) [89].

� The initial lifetime was about 100 �s. The recirculation/puri�cation system,
circulating about 5 liters of LAr/hour allowed to increase this value to more than
8 ms in three weeks (see Figure 8.15). This performance was excellent since the
maximum drift time was 400 �s and therefore the attentuation of the ionization
over the drift distance was negligible.

� This purity level was kept stable for all the running period of 9 months.

� The same recirculation system allowed to dissolve in pure LAr a small concentration
of TMG (few ppm) necessary to recover the linearity response in deposited energy
[91].

� The total LAr consumption necessary to circulate the pure LAr and to compensate
the heat losses of the set-up was about 200 liter/day.

� The planned operating value for the drift high voltage was 25 kV to reach the
nominal drift �eld of 500 V/cm. Unfortunately we experienced some instabilities
of uncertain origin which forced us to operate at a safe value of 10 kV. We believe
that most likely this limitation was due to residual humidity in the HV feedthrough
at the level of the LAr interface. In the newly designed feedthrough this problem
should not arise. Given the achieved argon purity and the relatively short drift
length, the reduced drift �eld did not a�ect signi�cantly the performance of the
chamber.
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� The new wire chamber con�guration appeared to be sound. The visibility of the
induction signal was optimized by varying the ratio of the �elds in the drift and gap
regions.
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Figure 8.15: Lifetime of the drifting electrons in the 50 liter liquid Argon TPC at the
CERN � beam. The �lling of the chamber with LAr was performed on the fourth of April
1997.

8.5.3 Experience gained with the front-end electronics

In Figure 8.16 we show, as an example, a neutrino event recorded with the 50 liter LAr
TPC exposed at the CERN neutrino beam. From the inspection of many similar events
and from the analysis of simulations of neutrino interactions in liquid Argon, we decided
to adopt a front-end con�guration based on a current ampli�er with a feed-back resistance
of Rf = 5M
.

With this con�guration we obtained a signal-to-noise ratio S=N = 11 with mip signal
equivalent to 10 ADC counts. This choice was satisfactory because the risk of pile-up
in events containing electromagnetic showers was highly suppressed. This is essentially
due to the fact that the duration of the signal was comparable with the distance between
tracks in electromagnetic showers.

A further consequence of the front-end choice was that the digital dynamic range of 8
bits was suÆcient even for the case of electromagnetic showers. A detailed analyis of the
performance of the adopted front-end scheme can be found in reference [92].
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Figure 8.16: An example of recorded neutrino interaction in the 50 liter liquid Argon
chamber prototype located at the CERN � beam. The neutrino comes from the top of
the picture. The horizontal axis is the time axis (drift direction) and vertically is the wire
number. The visible area corresponds to 47� 32 cm2

8.5.4 Analysis of quasi-elastic neutrino events

During the 1997 CERN-SPS neutrino run we collected more than 105 triggers. The sample
of all triggers accumulated during the run has been visually scanned to select neutrino
interaction candidates. The whole scanning has been performed three times in order to
ensure a high eÆciency. About 9000 charged current �� events have been identi�ed in
agreement with the expectation for the 1:2 1019 pot integrated in the 1997 run. The
quasi-elastic candidates amount to 350. A typical example of quasi-elastic candidate is
shown in Figure 8.17.

Analysis is presently being performed on a subsample of quasi-elastic candidates which
satisfy the following criteria:

� a vertex is identi�ed with at most two tracks leaving it;

� one of the tracks has to be a mip exiting the chamber; it has to be recognized as a
muon by the NOMAD spectrometer;
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� the second track, if any, has to be recognized as a proton by dE=dx;

� no other hadron or gamma has to be present.

The sample selected in this way amounts to about 150 clean quasi-elastic ��n! ��p
events and is expected to contain about 1/2 of the total quasi-elastic events and some
contamination due to unseen �0s. This is probably a biased sample of quasi-elastics,
however it has the advantage of consisting of simple events in which particles are well
identi�ed and measured.

The preliminary results from the analysis of these events are summarized in
Figure 8.18; it shows the reconstructed momentum unbalance of the interaction in the
transverse plane. Only a fraction of the events with small proton kinetic energy presents
a large missing pt and acolinearity.

At proton kinetic energy larger than 150 MeV all the analized events present a good
behaviour, namely acolinearity and missing pt compatible with the Fermi motion without
hard rescattering. A small part of the large missing pt sample could be due to background.

A detailed simulation of these events, based on the FLUKA 97.5 pakage, is underway
to determine the reliability of our Monte Carlo models. Preliminary comparisons are
satisfactory.

8.6 Three wire plane readout test

We report the �rst results of a test made with a 1.4 m drift LAr TPC to study the signals
from a three-wire-plane readout, in particular those from the intermediate plane. The
use of an approximate integrator as front-end ampli�er for the intermediate wire plane
seems to be the correct solution for two reasons: (1) it allows to obtain a signal very
similar in shape and pulse height to that of the collection plane read in current mode; (2)
any low frequency noise, within the bandwidth of the integrator, is eÆciently attenuated
by the shielding due to the two outer wire planes provided that the noise is not due to
microphonics of the wires themselves.

Motivations

The past experience with the 50-liter LAr TPC [11, 12] suggested that, in order to avoid
signal pile-up and reduce base-line uctuations, a quasi-current con�guration for the front-
end ampli�ers of both the collection plane and the wire plane facing the drift volume has
to be adopted. The signal waveform on both planes is then unipolar and approximately
triangular in shape.

In the new readout chamber, under construction for the �rst 600-ton ICARUS module,
three wire planes are foreseen. The middle plane wires experience an induction current
that changes sign as soon as the electrons cross the plane itself (bipolar signal). To
condition this signal in such a way that its shape is unipolar and similar to that of the
other planes, an approximate integrator has been proposed (with RC � 100 �s).

Using a modi�ed version of the 50-liter LAr TPC exposed to cosmic rays we performed
a test with the following goals:
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Figure 8.17: An example of neutrino quasi-elastic interaction in the 50 liter liquid Argon
TPC. The two orthogonal views are shown. The neutrino comes from the top of the
picture. The horizontal axis is the time axis (drift direction) and vertically is the wire
number. The visible area corresponds to 47� 32 cm2



8.6. THREE WIRE PLANE READOUT TEST 185

Figure 8.18: Missing pt and acolinearity distributions as a function of the reconstructed
kinetic energy of the leading proton.

� Studying the induction signal shape from the wires of the intermediate plane as a
function of the track dip angle and of the electrons di�usion;

� Verifying that the proposed con�guration of the front-end electronics for the
intermediate plane is adequate not only from the point of view of the signal to
noise ratio but also from that of the low frequency noise and baseline uctuations.
Note that the larger value of the input capacitance of the 600-ton readout could, in
principle, enhance these problems.

The modi�ed 50 liter TPC

The LAr TPC used in this test is essentially that exposed to the CERN neutrino beam
in 1997 and 1998. In the original version the TPC had the shape of a parallelepiped with
top and bottom faces (32 � 32 cm2) acting as readout anode and cathode respectively,
while the side faces, 47 cm long, supported the �eld shaping electrodes.

In order to perform, the 50 liter TPC required a series of modi�cations.

� A third electrode plane has been added on top of the original readout structure at a
distance of 4 mm from the collection wire plane. This plane is a vetronite board with
one side metallised (the one facing the collection plane). With the positive voltage
applied between this plate and the collection plane, the drifting electrons cross
the collection plane, which now works in induction mode as intermediate plane.
With a negative voltage, electrons stop on the collection plane as in the original
con�guration of the LAr-TPC.
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Figure 8.19: A muon track as seen in the 150 liter LAr TPC with the intermediate
plane running in collection mode. The horizontal axis is the drift time (1024 samples
corresponding to 410 �s or� 600mm), the vertical is the wire numbering (128 + 128 wires
corresponding to 325 + 325 mm). The top half of the �gure shows the time-projection on
the plane facing the drift volume read with the front-end ampli�ers in current mode; the
bottom half is the intermediate plane time projection read in charge mode. The latter has
been digitally di�erentiated for easier visual comparison with the con�guration presented
in Figure 8.20.

� The electronics connected to the 128 wires of the collection plane has been switched
back to charge mode with a RC constant of about 100 �s. The electronics connected
to the 128 wires of the induction plane has been left in quasi-current mode with a
RC constant of 3 �s.

� The drift length has been increased to 140 cm to enhance any e�ect on the signal
shape due to the long drift (electron di�usion, electric �eld distortions, ...). To
reach a drift �eld of 500 V/cm, a new high voltage feedthrough has been mounted.
It is a rigid coaxial structure, 80 cm long, where the inner conductor (HV) is a thin
copper tube and the outer one (ground) is an inox cylinder (2.54 cm in diameter).
The insulator is epoxy-resin poured into the inox cylinder and the copper tube
and slowly solidi�ed under controlled conditions. The length of the metal-to-epoxy
interface ensures the vacuum tightness. Cryogenic stresses are avoided because the
top half of the feedthrough works at room temperature. It has been successfully
tested in LAr for HV up to 70 kV.
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Figure 8.20: A muon track similar to that of Figure 8.19 but with the intermediate plane
running in induction mode. The images look very similar from the point of view of both
the signal sharpness and the signal-to-noise ratio. A more stable low frequency uctuation
of the baseline is visible in the case presented in the Figure 8.19

The LAr TPC is housed into a UHV stainless steel vessel, 65 cm in diameter and 170 cm
height, for a total volume of 550 liters. The active mass of LAr in the drift volume is
200 kg. In order to regulate the heat losses, the whole vessel is partially immersed in a
thermal bath of commercial LAr contained in an open air Dewar.

Test results

We took cosmic ray data in the following running conditions.

� High Voltage on cathode set to -63 kV; it corresponds to a drift �eld of 450 V/cm
and an electron drift velocity of � 1:5 mm=�s. The total drift time is about 1 ms.

� Intermediate plane set to virtual ground through the preampli�ers.

� Voltage on the �rst induction wire plane set to -280 V; it corresponds to a drift
�eld in the gap of 700 V/cm and a rise-time of the induction signal not shorter than
2:6� 3:0 �s.

� Voltage on the anode plate set to -100 V to collect the drifting electrons on the
intermediate plane or to +400 V to allow the electrons crossing the plane. In the
latter case the signal decay time is expected to be � 2:5 �s.
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The trigger of the TPC is made using the analog sum of 16 wires from the wire plane
facing the drift volume. An 8 bit FADC sampling at 400 ns digitizes the signal wave-
form. Because of the poor electron lifetime, only 1 kbyte per channel has been used, for
a total of 256 kbytes per event, even if to span the total drift space at least 2.5 kbytes
per channel were required (with no zero suppression).

Figures 8.19 and 8.20 show two similar muon tracks collected in the LAr TPC. The
top half of the �gures shows the track time-projection on the plane facing the drift volume
read with the front-end ampli�ers in current mode; the bottom half is the intermediate
plane time-projection read in charge mode; in Figure 8.19 the intermediate plane works
in collection mode while in Figure 8.20 it works in induction mode. The bottom half of
Figure 8.19 has been digitally di�erentiated for easier visual comparison with Figure 8.20.
The images look very similar from the point of view of both the signal sharpness and the
signal-to-noise ratio. However a slightly larger low frequency uctuation of the baseline
is visible in the case of the electronics working in charge mode.

A closer look (Figure 8.21-left) at a single wire signal on the intermediate plane shows
that, in the case of electron collection, slightly more charge is available. In fact in collection
mode 100% of the electrons contribute to the signal pulse height while in induction mode
only 80% of the drifting charge is useful. The signal rise-time and decay time are of the
order of 4 �s as expected for tracks slightly inclined with respect to the wire planes.

This proves that the use of an approximate integrator | with a RC constant much
larger (� 100 �s) than the typical pulse duration | is the correct solution for the front-
end ampli�er of the intermediate plane because it allows to obtain signals very similar in
shape and pulse height to those of the collection plane read in current mode.

For completeness, two typical signals from the induction plane facing the drift volume
(read in current mode) are also shown in Figure 8.21-right. Pulse height and signal shapes
do not di�er much from those of the signal of the intermediate plane read in charge mode,
except for the baseline variations.

The RMS noise level calculated on a window of 256 samples is about 0.7 ADC counts
for the ampli�ers working in current mode and 1.0 in charge mode. A 2.54 mm m.i.p.
is expected to give a signal with a pulse height larger than 10-12 ADC counts; hence a
signal-to-noise ratio for a m.i.p. close to 10 is also at reach for the intermediate plane
wires.

8.7 Test of long drift paths

Recently we successfully operated the 1.4 m drift LAr TPC. In this section we show few
muon tracks crossing the drift volume from the wire planes to the cathode. Data were
taken at drift �elds of 450 and 500 V/cm.

The test setup

The LAr TPC used in this test has been extensively described in the previous section.
We just recall few basic parameters: the drift length is 140 cm; the readout electrodes
are made of two wire planes, with wires running in orthogonal directions, followed by an
anode plate. The plane separation is 4 mm, the wire pitch 2.54 mm and the wire diameter
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Figure 8.21: Left: Single wire signal on the intermediate plane read in charge mode; the
top one is in collection mode and it is digitally di�erentiated for easier comparison, the
bottom one is in induction mode. In collection mode 100% of the electrons contribute
to the signal pulse height while in induction mode only 80% of the drifting charge is
available. The signal rise-time and decay time are of the order of 4 �s as expected for
tracks slightly inclined with respect to the wire planes. Right: As a comparison, two
typical signals from the induction plane facing the drift volume (read in current mode)
are shown. Pulse height and signal shape do not di�er much from the those of the signal
of the intermediate plane read in charge mode, except for the baseline variations due to
the signal induced by the electrons approaching the wire plane.

100 �m. The total number of wires is 128 for each plane. A new puri�cation �lter was
installed in the recirculation system.

We �lled the detector with the usual procedure. The initial value of electron lifetime
was suÆcient to detect ionization charge produced more than 1 ms away from the chamber.
We took cosmic ray data in the following running conditions.

� High voltage on cathode set to -63 kV or -70 kV; these values correspond to drift
�elds of 450 V/cm and 500 V/cm respectively.

� Second wire plane (collection) set to virtual ground through the preampli�ers.

� Voltage on the �rst wire plane (induction) set to -280 V; this corresponds to a drift
�eld in the gap between induction and collection of 700 V/cm, to ensure complete
transparency to drifting electrons.

� Voltage on the anode plate set to -100 V to collect the drifting electrons on the
collection plane.

The signals from the collection plane were read in current mode (RC � 3 �s), those
from the induction plane were read in charge mode (RC � 100 �s). In order to select
tracks close to the vertical axis, the trigger of the TPC was made exploiting the analog sum
of two groups of collection wires (number 17 to 32 and number 65 to 80), discriminated
and converted to NIM standard. The DAQ stop was made by the signal from the �rst
group, delayed by 600 �s, in coincidence with the signal from the second group.
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Figure 8.22: Muon tracks as seen in the 140 cm LAr TPC with a drift �eld of 450 V/cm.
The horizontal axis is the drift time (4096 samples corresponding to 1640 �s), the vertical
is the wire numbering (128 + 128 wires corresponding to 325 + 325 mm). The top half of
the �gure shows the collection time-projection read in current mode, the bottom half is
the induction time-projection read in charge mode; note the di�erent baseline behaviour.
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Figure 8.23: Same as previous �gure.
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Figure 8.24: Same as previous �gure.
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An 8 bit FADC sampling at 400 ns digitized the signal wave form. Hence to safely
contain the full drift length, a DAQ bu�er of 4 kbytes per channel was used, for a total
of 1 Mbytes per event.

Results

We took data for few days in stable conditions of electron lifetime (� 1 ms). A collection
of ionizing events produced in the 140 cm LAr TPC are shown here as a summary.

The LAr purity in the TPC allowed to detect signals originated close to the cathode
even if with strong attenuation. Nevertheless from a �rst look at the signal shapes it seems
possible to evaluate the electron lifetime value and the di�usion e�ect both in collection
and induction mode. This will be done in the near future.

Selecting only tracks entering in the drift volume from the wire planes and exiting
from the cathode, we estimated the electron drift time needed to cover 140 cm in LAr
as a function of the electric �eld applied. We found 920 �s at 450 V/cm and 885�s
at 500 V/cm. These values correspond to an electron drift velocity of 1:52 mm=�s and
1:58 mm=�s respectively, in good agreement with the measurements performed with the
3-ton prototype several years ago at CERN [111].

8.8 Scintillation light from Liquid Argon

A problem that has still to be fully solved for the LAr TPC is the reconstruction of the
absolute position along the drift coordinate (T0) for totally contained events. Due to
the �nite electrons lifetime in LAr , the lack of information on the T0 can worsen by a
large amount the energy resolution of the detector, especially for those events, like soft
electrons (coming for example from solar neutrinos interactions) for which the range is
badly measured due to multiple scattering. As an e�ect of the poorer energy resolution,
the particle identi�cation capability would also be signi�cantly reduced.

There are several methods that in principle could provide the T0 information. A �rst
one could consist in reading the signal induced by nearby drifting electrons on a series of
electrodes (wires) uniformly distributed into the drift volume; this approach was initially
proposed for the former ICARUS 200 tons detector [113] and has been lately abandoned
due to the mechanical complications associated to the holdings of such a set of electrodes.
A second method is to detect the prompt current induced by the drifting charges on
the electrodes surrounding the drift volume; this solution, in principle very simple, has
the only practical limitation of the noise induced on the readout ampli�ers because of
the large capacitance of these electrodes and is currently the subject of an intense R&D
activity. Finally, a third solution could consist in detecting the LAr scintillation light.

Liquid Argon is known indeed to be a very abundant light emitter. Scintillation light
is produced by ionizing particles either by direct excitation of an Ar atom followed by
excimer formation and de-excitation:

Ar� + Ar! Ar�2 ! 2Ar + (128 nm) (8.8)

or through ionization, recombination, excimer formation, and, �nally, de-excitation [114]:

Ar+ + Ar! Ar+2 + e! Ar�2 ! 2Ar + (128 nm) (8.9)
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Figure 8.25: Schematic view of the experimental setup. The legenda for the items referred
in the text is the following: 1) main chamber container; 2) cathode; 3) race tracks; 4) wires
chamber; 5) preampli�ers boards; 6) HV divider chain; 7) LAr purity monitor; 8) LAr
puri�er; 9) Xe puri�er; 10) PMT container; 11) VUV sensitive PMT; 12) MgF2 window;
13) movable quartz shutter; 14) external cosmic ray scintillator telescope.

De-excitation from the Ar�2 to the dissociated ground state ( 1�+
g ) proceeds from the

two states 1�+
u and 3�+

u giving rise to a fast and a slow component of about 5 ns and 1 �s
respectively, with relative yields of 23% and 77% all around a wavelength of 128 nm [114].
As anticipated, the light emission is abundant: about one photon per 25 eV released in the
LAr is emitted by the passage of an ionizing particle; this gives about 40000 photons per
MeV released in LAr. In the case of the LAr TPC these �gures are somewhat smaller due
to the presence of the drifting electric �eld which reduces the electron - ion recombination.
At a drifting �eld of 300 V/cm, which is a standard value for our chambers, reduction
is about 35% which leaves about 24000 photons / MeV [112]. For the application to the
T0 measurement, where few tens of photoelectrons are suÆcient to give a suitable signal,
these numbers are large enough to allow, with few percent photocathode coverage of the
internal walls of the TPC, the T0 determination down to few MeV events like those from
solar neutrinos. Unfortunately, the wavelength of the light produced by LAr is in the
far vacuum ultraviolet (VUV) region and its direct detection requires fragile and costly
PMTs with MgF2 windows; moreover, at these wavelengths, Rayleigh scattering cross
section becomes very large so that very small temperature and pressure non-uniformity
can severely reduce the light attenuation length [115]. However, the large time constant
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of the slow emission component has suggested that wavelength shifting is possible via
collisional processes [116]. Among the various collision partners already successfully tested
by other authors a convenient choice for our purposes is represented by Xenon [117], which
indeed can be puri�ed using the same �lters we use for LAr [118]. Dissolved in small
concentrations ( � 100 ppm ) into the LAr, Xenon provides a shift of the slow component
from 128 nm to 173 nm, in a region where PMTs quartz windows are transparent.

We will now report the results of a �rst attempt, to our knowledge, in measuring the
LAr scintillation light in coincidence with cosmic ray tracks in a LAr TPC, both in pure
LAr and in Xenon doped LAr.

Experimental setup

In order to test the goodness of scintillation light as a T0 signal, we instrumented a small
LAr TPC with a VUV sensitive PMT. A schematic view of the experimental setup is
shown in Figure 8.25.

We used a small LAr TPC built in our laboratories in Pavia. Since the operating
principles of the LAr TPC have been already reported in the literature [113], here we will
give only a short description of the detector; more technical details can be found in [119].

The drift volume is cylindrical with horizontal axis and dimensions l = 40:5 cm,
� = 20 cm. It is delimited (from left to right in Figure 8.25) by the cathode (a stainless
steel disk with thickness 3 mm, � = 23 cm), a set of 26 circular �eld shaping rings (race
tracks) with internal diameter � = 20 cm, external diameter � = 23 cm, thickness 2 mm,
spaced by 1.5 cm and, �nally, a circular grid. The readout chamber is located behind the
grid and consists of two planes made of parallel wires. The �rst plane (induction plane)
is at 3 mm from the grid and is made by 32 sense wires, 20 cm long, running vertically,
spaced by 3 mm and interleaved by 32 screen wires. The second plane (collection plane) is
structurally identical to the induction plane with wires running horizontally and located
3 mm behind the induction plane. All wires are stainless steel (AISI 316L) with 100 �m
diameter. The sensitive volume is de�ned by the drift length and by the intersection area
of the two wires planes; in this case it is 10� 10� 40:5 cm3.

The proper potential needed to ensure a constant electric �eld inside the drift volume
is distributed from the cathode, which is directly connected to the power supply, to each
race track by means of a resistive divider chain immersed in LAr. Voltage on the grid at
the end of the drift volume was set, by means of a separate, independent power supply,
at a moderate negative voltage. Its value was computed in such a way that the ratio of
the �eld between the grid and the induction plane (at ground) and the �eld in the drift
volume was large enough to ensure complete transparency of the grid to the incoming
electrons. Also the electric �eld in the induction-collection interspace was set in such
a way to ensure near complete transparency of the induction plane. A positive voltage
di�erence between the sense and the screen wires on the collection plane was set in order
to force the electrons towards the collection sense wires. Typical operating conditions
were:

� drift �eld = 300 V/cm;

� induction-grid �eld = 600 V/cm;
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Figure 8.26: Display of a cosmic rays shower event.

� collection-induction �eld = 1800 V/cm.

The readout electronics chain is similar to the one already used by us in other prototypes.
Signals from the wires are ampli�ed by low noise charge integrators. Ampli�ed signals are
then sent to receivers/adapters and are �nally digitized by 10 MHz FADCs. Typical gain
of the readout chain is of the order of 10 mV/fC. Digitized signals are continuously written
to 4 Kbytes circular memory bu�ers (the depth of a bu�er corresponds approximately to
a drift length). When a stop condition arrives (for example from the external muon
telescope), FADCs write-out is switched to a secondary memory bu�er while the primary
bu�er is dumped to a disk or tape via the DAQ machine (a Macintosh II fx). During
the data runs, the gain of the electronic chain was periodically calibrated by injecting
test pulses on test capacitances (� 2 pF) placed on the voltage distribution chain of each
sense wire. Calibration constants were then used in the data analysis to compute the
charge collected on the wires. A typical event image of a cosmic ray shower, obtained
after the application of a simple digital low-pass �lter followed by a hit �nding algorithm,
is displayed in Figure 8.26.

The TPC is contained inside an UHV tight stainless steel cylinder (l = 60 cm,
� = 25 cm) equipped with a LAr purity monitor [108] and the other instrumentation used
to control the operating conditions of the detector (temperature and pressure sensors, LAr
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level indicator). In order to minimize the electronic noise due to input impedance, also
the signal preampli�ers are placed inside the chamber container and are mounted on 4
boards of 16 channels each which also contain the HV distribution chain to the wires and
the test capacitances for gain calibration.

The chamber was cooled by immersion in an external LAr bath at atmospheric
pressure. Filling of the main container was performed through an Oxisorb/Hydrosorb
�lter of the same type already used by the ICARUS collaboration to purify LAr [90, 108].
LAr purity in the main container was monitored either by using the purity monitor or the
tracks signals from the TPC; electrons mean lifetime was always found to exceed 1 ms
(corresponding to a concentration of electronegative impurities < 0:3 ppb O2 equiv.). An
independent �lling line, with a second small Oxisorb cartridge, was used to introduce
puri�ed Xenon gas in the main chamber for doping purposes.

In order to detect the scintillation light produced by passage of ionizing tracks through
the LAr, we used a VUV sensitive PMT of the solar blind type, with CsI photocathode
and MgF2 window (Hamamatsu R2050). Due to lack of space inside the main chamber
container, the PMT was placed externally, in a di�erent vacuum tight container separated
from the main container by a second MgF2 window. During the detector operation, to
avoid frost on the windows and light absorption from air, clean vacuum was maintained
inside the PMT container. In the PMT container was also placed a manually operated
movable shutter consisting of a quartz disk. The purpose of the shutter, when placed
in front of the PMT window, was to absorb the 128 nm light while leaving the 175 nm
component to pass through. Therefore, the shutter was used to test the eÆciency of the
Xenon doping. Signals from the PMT were sent both to a shaping ampli�er (1 �s) and
to an electronic logic chain. Ampli�ed signal was sent to one of the mentioned ADC
channels and was read out together with the signals from the wires chamber. The signal
from the logic chain was occasionally used for internal triggering. The total gain of the
PMT + Ampli�er + ADC chain has been measured by injecting laser pulses (wavelength
= 266 nm) in the main container to be seen by the PMT. Single photoelectron response (�
5 ADC counts/photoelectron) was derived from the amplitude distribution of the signals
from the ADC channel.

The experimental setup is completed with a muon telescope consisting of two plastic
scintillators placed one above and the other one below the TPC chamber which were used
to give the primary trigger and the T0 signal for through-going cosmic muons.

Experimental Results

Cosmic ray muons data have been taken in four di�erent conditions: pure and Xenon
doped (100 ppm) LAr with the quartz shutter on and o�. Events have then been
individually selected by means of an event display and analysis program. To simplify
the interpretation of the light yield as a function of the released energy in LAr, in
selecting the events we required the presence of a single vertical through-going muon
passing approximately through the horizontal axis of the chamber, with the absence of
relevant Æ-rays tracks associated with the muon as a further constraint. In these conditions
the length of the track in the TPC container is approximately constant (� 25 cm)
and the total amount of light emitted by the particle is therefore also approximately
constant. The signal on the PMT should therefore only depend on the geometry (solid
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Figure 8.27: Display of a muon crossing the detector. On the lowest window is shown
the signal from the internal PMT; the origin on the horizontal time axis is given by the
primary trigger from the external muon telescope. The zero is slightly o�-set (by about
20 �s) in order to have the signal fully contained in the display window.

angle associated with the track) and on the light transport properties. A typical image
of an event taken from the display program is shown in Figure 8.27; the lowest window
in the �gure represents the signal from the PMT; the origin on the horizontal scale (drift
axis) is set by the signal from the external muon telescope. The very good agreement
between the two timings is noticeable. For each one of the selected tracks the relevant
quantities extracted are: the collected charge, the track position along the drift axis, the
signal amplitude on the PMT. We obviously also checked the coincidence between the
signal from the external muon telescope and the internal PMT.

The amplitude distribution of the PMT signals as a function of the track position along
the drift axis in pure LAr, therefore with the quartz shutter o�, is shown in Figure 8.28.
The distribution is compared with the prediction of a Montecarlo simulation which takes
into account the geometry of our setup, refractive indexes of all the materials (liquid and
gaseous argon, windows, etc.), the transmission and quantum eÆciencies of the windows
and the PMT. The light yield from minimum ionizing particles was taken from published
values [114] and corrected for the e�ect of the drift �eld on the recombination probability;
the computed value �ts almost perfectly our data (Figure 8.28). It is clear from Figure 8.28
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Figure 8.28: Amplitude distribution of the PMT signals as a function of the track
position along the drift axis in pure LAr; the ADC saturates at 255 counts i.e. for
tracks crossing the detector very near to the PMT axis. Superposed to the data points
are the curves obtained with the Montecarlo simulation described in the text for three
di�erent attenuation lengths: 20 cm, 40 cm and in�nite attenuation length.

that our geometry is non-optimized since the angular acceptance for tracks few centimeters
away from the PMT axis becomes rapidly very small. Also the shadowing e�ect due to
the presence of the race-tracks (evidenced as a ripple on the tail of the Montecarlo and
the data distributions) contributes signi�cantly to reduce the detected amount of light
from tracks far from the PMT axis.

Comparing the data with the Montecarlo predictions we can draw two other
conclusions:

� light reection from internal surfaces of the chamber (mainly electropolished St.
steel) was practically absent;

� light attenuation length was well above our sensitivity limit of the order of 20 cm.

Within our acceptance window the eÆciency for light signals was very high (practically 1).
Most important for the T0 application is that occurrence of multiple signals within a drift
time window was practically absent: T0 reconstruction errors due to uncorrelated signals
from the wires chamber and the PMT are therefore very rare. The counting rate from
the internal PMT alone (� 0:25 Hz) was compatible with the one computed from the
cosmic rays ux at sea level taking into account the acceptance window (for comparison,
the trigger rate of the external muon telescope was about 1 Hz).
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Figure 8.29: Amplitude distribution of the PMT signals as a function of the track position
along the drift axis in: a) Xenon doped LAr with the quartz shutter on; b) Xenon doped
LAr with the shutter o�; c) pure LAr. To avoid ADC saturation the gain of the ampli�er
of the PMT signal has been lowered about by a factor of 7 with respect to the one used
for the data shown in Figure 8.28; the original scale has been restored by dividing the
data by the attenuation factor.

The basic results (light yield, eÆciencies, e�ect of internal reection, etc.) obtained
in pure LAr were also measured with Xenon doping (see Figure 8.29). As expected, with
the insertion of the quartz shutter, the light signal in pure LAr disappears, con�rming
that very little or no light is emitted at wavelengths signi�cantly above 128 nm. On the
contrary, with Xenon doping, a signal was seen either with the shutter on and o�. This
con�rms that Xenon produces a wavelength shift of part of the light (slow component) into
the optical transmission region of the quartz (>� 150nm). To compare the data in pure
LAr with those with Xenon doping one must take into account the di�erent eÆciencies for
the 128 nm and 175 nm light: about a factor of two is lost at 175 nm due to the combined
e�ect of the lower PMT quantum eÆciency and the higher transmission eÆciencies of the
windows.

Visual inspection on a scope of the signals from the PMT indicated us that the time
structure does not change signi�cantly when going from pure LAr to Xenon doped LAr at
100 ppm. We have not made a measurement of the decay time constant in the two cases,
however, by comparing the relative signal amplitudes in pure LAr with the shutter o�
and in Xenon doped LAr with the quartz shutter on and o� we obtain that roughly 25%
of the light in pure LAr remains at 128 nm while the rest is wavelength shifted to 175 nm
(Figure 8.30). This indicates that, at 100 ppm, Xenon shifts most of the slow component
to 175 nm and that the resulting light is eÆciently collected within the integration time
of the shaping ampli�er (1 �s). This is largely suÆcient for our purposes, because a
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Figure 8.30: Fraction of the 128 nm component that remains after doping LAr with
Xenon obtained by combining the three plots in Figure 8.29 taking into account the
relative eÆciencies at 128 nm and 175 nm wavelengths.

spread of 1 �s in the T0 corresponds to an uncertainty of the order of 1 mm in the global
positioning of the event along the drift coordinate.

Conclusions

We successfully implemented a system to detect scintillation light in a LAr TPC prototype
both in pure and Xenon doped LAr. Our measurements demonstrate that the use of
scintillation light signal to provide the absolute drift coordinate does not present any
particular conceptual or technical problem. In fact:

� timing of the light signals were found to be always in agreement with those of the
external fast triggering system (cosmic rays telescope);

� the light signals were clean with rates compatible with those expected from cosmic
rays crossing the sensitive volume;

� no unexpected negative interferences were found operating a PMT in conjunction
with the TPC;

� good agreement was found between our measurements and data on scintillation
light properties in pure and Xenon doped LAr (light yield, time structure,
wavelength, etc.).

The design of a T0 system for a generic TPC should be therefore straightforward, based
on known data on scintillation light in LAr. However, for implementation on very large
detectors like those in preparation for the ICARUS experiment, a good knowledge of the
light attenuation length is mandatory. Direct wavelength shift by doping the LAr may
be necessary if the attenuation length is found to be too short at 128 nm, the intrinsic
wavelength emitted in LAr.
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Chapter 9

THE STATUS OF ICARUS

In Genesi 8:13 leggiamo:
L'anno seicentouno della vita di No�e, il primo mese, il primo giorno del mese, le acque

si erano prosciugate sulla terra.

9.1 The 10 m3 Industrial Prototype

A 10 m3 prototype of the ICARUS cryogenic and puri�cation systems was tested during
February and March 1999. The prototype was designed and built by the Air Liquide
industry to reproduce as much as possible the working conditions of the T600 detector:

� the cryogenic layout is basically the same as the one foreseen for the T600 module;

� the installed units (the cryostat itself, liquid nitrogen circulation pump and the
cooling circuit, liquid argon puri�cation and recirculation units, sensors, control
system, etc..) are like those (and in some cases are exactly the same) intended to
be installed on the T600;

� the cryostat dimensions are such to reproduce with a reasonable approximation the
behaviour of the liquid argon (LAr) inside the T600; in particular, the cryostat
height is exactly the same as the one of the T600 so that any strati�cation e�ect on
temperatures distributions and LAr purity is correctly represented.

The test program for this �rst run concentrated on the acquisition of the data and
determination of the features of the basic elements of the cryogenic and puri�cation
systems: vacuum tightness, cooldown slope, temperature gradients, puri�cation and
recirculation performances [120]. We briey report on the major results obtained on
the above items.

The schematic layout of the 10 m3 prototype is shown in Figure 9.2. Just like the
T600, the LAr container is a parallelepiped box 2:580 w � 1:000 l � 3:890 h m3 (internal
dimensions) made of aluminum honeycomb panels 150 mm thick. The top cover is
removable to allow for the insertion of the wires chamber module; all feedthroughs for
the chamber and the internal sensors and the entry points of the main puri�cator and
the recirculation systems are located on the top cover. The container is surrounded by an

203
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Figure 9.1: Picture of the 10 m3 prototype installed in the assembly hall in Pavia.

insulation layer made of aramid �ber honeycomb panels with an intermediate aluminum
shield cooled by cold nitrogen gas. The main cooling is provided by a forced circulation
of pressurised liquid nitrogen (LN2) inside a circuit directly inserted into the aluminum
panels of the LAr container. According to our speci�cations, the circulation speed has to
be such that the temperature of the LAr is uniform within one degree to avoid relevant
variations of the drift speed over the internal volume.

The prototype is equipped with:

� a standard Oxisorb/Hydrosorb �lter used either for the �lling and for the forced
LAr recirculation;

� a gas argon (GAr) recirculation unit;

� a LAr recirculation unit forced with an immersed pump.

In order to have a comprehensive test of the LAr purity, the same wire chambers
module that we already tested at the beginning of 1998 for cryo-mechanics with the
previous version of the prototype [121], was inserted in the 10 m3 prototype equipped
with the readout cables. A standard feedthrough ange (576 channels) was also installed
and connected to some cables.

The prototype is equipped with an automatic control and regulation system identical
to the one foreseen for the T600. The control system automatically regulates the various
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Figure 9.3: Cross sectional view of the Nomex insulation panels.

processes during the run (cooling process, pumps, valves opening and regulation, �lling
of dewars, etc..); it provides a schematic display of the prototype with the status of the
various devices and the relevant cryogenic parameters (pressures, levels, temperatures of
the LN2 circuit) and it activates alarms in case of malfunctioning. It also provides an
automatic logging of the data on computer disk every 30 seconds.

Apart the instrumentation needed for the automatic control and regulation, in the
prototype have been installed several types of sensors that are intended to be also installed
in the T600:

� 4 continuous LAr level meters custom made;

� 3 commercial continuous LAr level meters (backup solution);

� 1 discrete LAr level meter (12 points);

� 1 position sensing device to measure the movement of the shock absorbers of the
chambers module custom made;

� 2 commercial cryogenic pressure sensors;

� 30 PT1000 temperature probes;

� 5 LAr purity monitors (one external), 4 standard plus one with semiconductor
photocathode.

Despite the redundancy, practically all these instruments performed according to the
expectations giving very cross compatible results.
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Figure 9.4: Cross-sectional view of the structure of the aluminum honeycomb panels.

9.1.1 Cryogenics

After about 20 days of vacuum pumping (see next paragraph) we started cooling the
cryostat. The basic constraint of the cooling procedure was that the maximum di�erence
between the temperatures of any two points of the chambers module never exceeds
40 oC. Given this constraint we estimated a mean cooling speed between 1 oC/hour
and 2 oC/hour.

To avoid large thermal stresses due to the abrupt injection of LN2 into the cooling
circuit, the �rst part of the cooling, down to about -30 oC on the cryostat walls, was
made using a dedicated device (pre-cooling unit: PCU) injecting a controlled temperature
mixture of liquid and gas nitrogen. During this phase, which lasted about 2 days
(cooling speed� 1oC/hour), the cryostat was under vacuum and the internal temperatures
decreased slowly to about 0 oC. We then �lled the cryostat with puri�ed gas argon (GAr)
and continued the pre-cooling. Thanks to the thermal exchange of the GAr, the internal
temperatures rapidly uniformed with those on the walls.

At about -60 oC we stopped the PCU, and started circulating LN2 using the circulation
pump. After other 2.5 days, when all the temperatures were below -150 oC, we
started �lling the cryostat with puri�ed LAr. During all the cooling, according to our
speci�cations, the internal temperatures maximum gradient never exceeded 40 oC.

The position meter installed on one of the three tensioning devices of the chamber
module, measured a total elongation of the spring of about 1.2 mm (Figure 9.7b). This
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Figure 9.5: Picture of the wire chamber module taken before the installation of the various
sensors and devices listed in the text.
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Figure 9.7: a) Cooldown curves measured on some of the temperature probes; in b) the
corresponding motion measured on the tensioning device is shown: the �rst ramp is the
e�ect of the motion of the spring during the cooling in GAr, while the second is due to
the capacitance increase of the instrument during the �lling of LAr.
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corresponds to about 200 grams of tension increase on the wires of which about half was
compensated by the tensioning device. As expected due to the low cooling speed the
tension increase was quite modest, and, for such a low elongation, the static friction of
the moving devices prevents the system to return at the original position after the end of
the cooling. This e�ect was already observed at the end of previous tests, last year, as a
systematic increase of the tension on the wires after the immersion of the chamber module
in LAr [121]. Our measurement directly con�rms our previous interpretation of the e�ect
and also con�rms the functionality of the variable geometry mechanics in maintaining a
uniform and as constant as possible tension on the wires.

Most of the basic cryogenic parameters were within our speci�cations. The cooling
circuit was able to maintain the internal temperatures uniform within 1 oC, as required
by our speci�cations.

9.1.2 Puri�cation

Vacuum tightness is mandatory to obtain a good LAr purity. The main LAr container
was tested in the workshop according to a procedure which was de�ned in agreement
with Air Liquide. Welds on the aluminum panels have been individually tested for helium
tightness during the construction and an overall test of the container was made before its
transportation to Pavia.

As soon as the argon circuit was sealed we started pumping vacuum inside the cryostat
and all the auxiliary units (lines and recirculators). We used a 1000 lt/sec turbomolecular
pump backed by a 20 m3/hour dry scroll pump; 4 units of the same type will be used to
pump each one of the two T600 half modules. An helium leak test was made on all the
anges and the added circuits, small leaks were detected and sealed; the �nal tightness was
below the detection limit of the leak detector (10�8 mbar lt sec�1). The �nal vacuum after
about 20 days of pumping was around 10�5 mbar, which, considered the large dimensions
of the cryostat, is a very good result.

The pump down curve is almost perfectly compatible with the one obtained with the
simulation used to dimension the pumping system for the T600 [122]. The analysis of
the residual gases within the cryostat, obtained using a mass spectrometer installed on
the prototype, shows that the gas composition is dominated by water (� 60%) nitrogen
(� 30%) and oxygen (� 10%). No signi�cant percentages of other materials have been
found indicating that the adopted cleaning procedures are appropriate and that the
plastics (of the cables) are mostly releasing water or air as expected from previous
dedicated tests on small samples [123]. We notice that the situation in the prototype
is considerably worse than the one foreseen for the T600. The surface to volume ratio is
much higher and the chambers module (but not the cables and the added instrumentation)
have been just cleaned super�cially with acetone and alcohol after being left in air for
more than one year. During the �rst phase of the pre-cooling the vacuum decreased to
about 5� 10�6 mbar demonstrating again that the �nal vacuum was limited by materials
outgassing and that no detectable leaks were induced by thermal stresses during the
cooldown.

To reduce the GAr contamination during the cooldown, when the internal
temperatures were suÆciently low (< �100 oC) we started to purify the gas with the
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Figure 9.8: Pump down curve.

GAr recirculation unit. This also helped to speedup the internal cooling. The total �lling
time was about 36 hours and the maximum �lling speed (at 6 bar prevalence) exceed the
nominal 500 liters/hour foreseen for a single purifying �lter for the T600.

The free electrons lifetime, measured just after the �lling, was between 200 �s to
300 �s with no relevant strati�cation observed on the various purity monitors. This value
is consistent with the starting values that we obtain in most of our small sized prototypes
and is already a major milestone which demonstrates that the required LAr purity can
be obtained with the adopted industrial methods.

No signi�cant degradation of the lifetime was observed in the four days following the
�lling. At this point we started the forced LAr recirculation with the immersed pump.
The free electrons lifetime rapidly increased with a slope consistent with a one volume
recirculation time of about 40 hours. The �nal electrons lifetime, after about 4 days
of recirculation, was between 2 ms to 3 ms, at the limit of our sensitivity. Taking into
account that the maximum drift time in the T600 will be about 1 ms, we conclude that
our goal for purity is reached and exceeded.

In the 30 hours following the stop of the LAr recirculation we observed a relatively
fast decrease of the lifetime down to about 1 ms. The lifetime then continued to decrease
with a larger time constant (� 300 hours). We then decided to turn on again the LAr
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Figure 9.9: Mass spectrum distribution of the residual gas inside the LAr container during
the pumping.

pump. The lifetime suddenly decreased to less than 200 �s and then restarted to increase
with about the same time constant that we observed at the beginning of the process. We
then concluded that the particular con�guration of the dewar with the pump allows the
concentration and strati�cation of the impurities. As a consequence we decided to modify
the layout for the T600 to allow a closed loop recirculation of the LAr recirculation unit
to be performed each time before the start of its operation.

9.1.3 Electronic noises

The �nal point of our test program concerned the investigation of the noises induced by
the cryogenic system on the wires chamber electronics. We were in particular interested to
eventual microphonic noises induced by LAr boiling and/or convection, pumps vibrations,
etc.. To this purpose we connected to the feedthroughs ange the channels corresponding
to the longest wires of the wires chamber module. The wires were readout using our
standard analog + digital boards followed by the hit �nder/data reduction board [100, 99].

We found an already known source of noise producing peaks at multiples of 150 kHz
which is due to a nearby TV emitter. This noise is clearly location dependent and only
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a�ects external shields and grounds. We found indeed that this noise was greatly reduced
(by at least a factor of four) by improving the external shields and the ground connections
and we concluded that the contribution due to the internal portion of the cables and the
wires was rather low. This con�rms that the aluminum container provides an e�ective
shield against ambiental noises.

This was the largest source of noise that we observed. Low frequency noise (baseline
uctuations) was quite small (few ADC counts). No signi�cant variations on the signals
spectrum were observed by turning on and o� the various devices of the cryogenic system
(vacuum pumps, LN2 pump, LAr pump, etc.). Also no e�ect was observed when the
polarization �eld on the wires was turned on. We conclude therefore that, with the present
con�guration of the readout electronics (current mode preampli�ers), the noise, both high
and low frequency, induced by the cryogenic and puri�cation systems is negligible.

9.1.4 Conclusions

The successful operation of the 10 m3 prototype concludes the R&D and prototyping
phase for the ICARUS T600 detector. All the goals for cryogenics and puri�cation and
the internal detector mechanics have been reached:
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� with a LAr temperature uniformity below 1 oC, the speci�cations for the cooling
circuit are fully met;

� the wire chamber mechanics, already tested last year, con�rms the expected
behaviour and the functionality of the variable geometry frames is con�rmed by
direct measurement in LAr;

� the auxiliary instrumentation was fully functional and reliable;

� the LAr purity exceeded the required value with a �nal electrons lifetime larger than
2 ms;

� no signi�cant noise is induced on the readout electronics by the cryogenics and the
puri�cation systems.

We can conclude that the transfer to industry of the ICARUS technique and experience
is complete and with the above results in our hands we can look con�dently to future
extensions to larger detector masses.

9.2 Readout

Ionising events, taking place in the volume, will produce free electrons that will drift
parallel to the electric �eld, inducing a current on the electrodes. The readout is based on
wire planes placed at the end of the drift volume. A three dimension view of an ionising
event can be obtained by correlation of di�erent plane signals and drift time.

9.2.1 Hit �nding algorithm and readout

The readout system is structured as a multichannel wave form recorder that stores the
charge information collected by each sense wire during the drift of the electrons. Each wire
is equipped with a current integrating ampli�er followed by a 10 bit ADC that samples
the signal every 400 ns. The converted data are stored in a digital memory.

The collected data can be highly reduced by recognizing Regions Of Interest (ROI)
of the signal, by means of a dedicated hit �nding unit, pipelined in the data acquisition
path. Only data inside ROI's will be saved, obtaining a highly eÆcient zero skipping.
Contiguous ROI's can be correlated to enhance detector self-triggering capability.

The developed hit �nding algorithm can be easily implemented in hardware. It
has been extensively tested on real and simulated events to evaluate its eÆciency and
robustness as a function of the signal shape with di�erent S=N ratio.

9.2.2 The hit �nding algorithm

The 3D imaging of ionising events in the active volume of the ICARUS LAr TPC is built
exploiting the free electrons produced along the tracks and drifting toward the readout
planes. Each wire of the readout planes senses a segment of track by reading the charge
induced on the wire itself by the electrons drifting. Drifting electrons can be read by
several wire planes as the readout is non distructive. The electrons are collected on the
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last wire plane (collection plane). The di�erent orientation of the wires on the successive
readout plane provides a di�erent 2D view of the event; the arrival time of the electrons on
the wire plane gives the space coordinate in common to all the 2D views. The combinations
of at least two 2D views allows a three dimensional reconstruction of the event.
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Figure 9.11: a) First induction signal (no grid in front), b) second induction signal, c)
collection signal.

In the present ICARUS con�guration there are three readout planes with wires
directions at 60 degrees in one plane with respect to the next. When drifting electrons
cross the �rst induction plane the signal is as in Figure 9.11a (�rst induction signal);
when they cross the second induction plane the shape of the signal is a triangular pulse
lasting few microseconds (Figure 9.11b, second induction signal); when the electrons reach
the last plane they are collected on the wires and give a step signal proportional to the
collected charge (Figure 9.11c; collection signal).

A ROI has been de�ned as a time window around a rising edge (hit). Only data
around the detected peaks are then stored for a later analysis. The relevant information
carried by signals are: peak time that gives the track position inside the volume; pulse
height which is proportional to the track ionisation; rise time, that depends both on track
angle and on the distribution of the electron cloud.

To identify a hit a time-sliding window strategy has been adopted. Inside the window,
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of �xed size, the positive di�erences, between every two consecutive signal samples, are
summed and stored in an accumulator register while negative and zero di�erences are
counted in two separate counters.

During this search another time window, whose size can be stretched, mirrors the
�rst one keeping memory of the same sum and counter values. When the �xed size
window overlaps a rising edge, the positive sum increases quickly its value while the
negative and zero counters keep low. A hit is found as soon as the positive sum is
above a given threshold (rising sum threshold) and the two counter values are below
two other thresholds (rising zero count and rising negative count). Once the hit has
been recognized, the second window �xes its lower bound and continues to accumulate
the positive di�erences, stretching its size step by step, until it covers the whole rising
edge. The end of the rising edge is detected when, in the �xed window, three conditions
are met: the positive sum is below a given threshold (falling sum threshold) and at
least one of the two counters is above its corresponding threshold (falling zero count or
falling negative count). The size of the stretched window is then restored to its original
value and the hit �nding procedure restarts.
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Figure 9.12: Collection signal and �ltered output. Horizontal axis is drift time in clock
counts.

The end of the rising edge gives the time information for saving a suitable number of
samples around the signal peak position. The accumulated di�erences inside the stretched
sliding window, that now on will be called �ltered output, mirror the signal rising edge
as shown in Figure 9.12. Drift time is given in 400 ns sampling time units (clock counts).

This process is made exible through the parametrization of all the thresholds and the
window size. Their values can be tuned depending on signal characteristics and signal to
noise ratio. Furthermore it allows to resolve signals of di�erent tracks that hit the same
wire closely in time. Figure 9.13 shows a four tracks collection signal and the related
�ltered outputs.

The procedure is applied to detect both the induction and the collection signals. In
the following sections the performance on both will be presented.
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Figure 9.13: An example of multiple hits detection. Horizontal axis is drift time in clock
counts.

9.2.3 EÆciency measurements on the 3 ton detector signals.

As a part of the R&D ICARUS program, a 3 ton prototype detector has been built in the
early nineties and had been in operation for several years [111]. It was equipped with two
readout wire chambers of two coordinates each and a wire pitch of 2 mm. The length of
induction and collection wires was 2.4 m and 0.9 m respectively.

In Figure 9.14 the upper part shows the image of a crossing muon track raw data
recorded from the collection plane. The lower part shows the �ltered image after analysis.
The vertical axis corresponds to 192 wires and the horizontal axis spans a drift time of
200 �s. The gray level is proportional to signal amplitude.

The eÆciency of the algorithm has been evaluated both on collection and induction
data extracted from cosmic ray muon events collected in '94 and '95.

Some 120 collection signals with a single hit per wire and 80 induction signals have
been selected from muon crossing and muon stopping events. In both cases the signals
have eight bit resolution and sampling time of 400 ns.

Performance of the algorithm on collection signals

The amplitude and the rise time distribution of the collection signals, with 10% accuracy,
are given in Figure 9.15 and 9.16. The rms noise is 2.3 (in ADC counts) and the mean
noise spectral density is shown in Figure 9.17.

It is important to stress, before discussing the eÆciency, that although the described
algorithm is suitable for exhaustive analysis, as it could be inferred from Figure 9.13,
the actual purpose of this procedure is not the extraction of the relevant information
(pulse height, peak timing, and rising edge) in compressed form, but rather the eÆcient
recognition of every ROI. It means that the algorithm parameters must be chosen in order
not to loose signi�cant data that will be later analyzed o�-line.
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Figure 9.14: A track image of a crossing muon as seen on the collection plane. A pair
from gamma conversion is also visible to the left of the muon. The horizontal axis is the
drift time (the full scale corresponds to 200 �s or 30 cm); the vertical axis is the wire
numbering (full scale corresponds to 192 wires or 40 cm). The top view are the raw data;
the bottom view is the image �ltered with the algorithm described in this paper.
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Figure 9.15: Amplitude distribution of collection signals (amplitude in ADC counts).
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Figure 9.17: Mean noise density of collection signals.

As the hit �nding is based on local calculation, it is largely a�ected by high frequency
disturbances. To reduce them a non recursive median �lter [96] has been applied to the
raw data. The output of the median �lter is the sequence of median values obtained on
a �xed size time window running over the entire raw data sample. The size of the �lter
is the length of the time window. Its most important characteristic is the capability to
preserve sharp edges of a signal, removing eÆciently impulsive noise. The performance of
the median �lter as a function of its size, is shown in Figure 9.18. The rms noise values
are plotted versus the �lter size in Figure 9.19.

To evaluate the hit detection eÆciency a few a priori decisions have been taken.
The median �lter size has been set to 9 as a reasonable trade o� between amplitude
preservation and noise reduction. The amplitude threshold, rising sum threshold, for
the minimum detectable signal, has been set to 6 as a trade o� between the noise level
and the minimum amplitude. It is worth to point out that in our sample a minimum
ionising particle corresponds to 24 counts as set by the overall DAQ gain.

Given the median �lter e�ect it is easy to observe that in the rising edges there are
no negative slopes. So the rising negative count is set to 0. For events with a worse
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Figure 9.18: E�ects of the median �lter size on the collection signal shape: a) no �lter,
b) 7 points, c) 9 points, d) 11 points. Horizontal axis is drift time in clock counts.
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Figure 9.19: Rms noise value as a function of �lter size (0 means no �lter applied).

S=N ratio, it could be necessary to accept some negative di�erences. For the same reason
the rising zero count is not controlled to make the decision. Therefore a signal has been
found if, inside the window, the sum of positive di�erences is over 6 counts and there are
no negative di�erences while the zero di�erences count can be of any value.

To detect the peak, the end of the rising edge of the signal has to be identi�ed. The
requirement is that the sum of positive di�erences has to be less than the one on the rising
edge to avoid, through some digital histerysis, multiple detection of the same signal. The
falling sum threshold is then set to 4. To take into account both atness at the peak
and negative slopes the falling zero count is set to 3, while falling negative count is set
to 0.

Therefore the peak of the detected signal is reached when the sum of positive
di�erences is less than 4 and either zero di�erences count is over 3 or there is at least 1
negative di�erence.

The peak detection eÆciency is then evaluated as a function of only the size of the
searching window. To check how many signals of the sample are detected and how
many are noise generated, the position of the peak is compared to the one obtained
from the o� line analysis within a given tolerance. The tolerance is set to 10 counts.
Figure 9.20a and 9.20b report the eÆciency and the false detection's versus the �lter
window size.

The detection eÆciency is 100% for a searching window size larger than 4 counts while
the false detection does not exceed 2.5%.

We recall that this performance is evaluated on real data and that the eÆciencies are
veri�ed event by event by visual inspection. The same eÆciencies are found on MonteCarlo
simulations of these events.

This algorithm can be applied with similar parameters to the \�rst induction" signal
since the shape of it is close to that of the collection signal (but of reverse polarity). As
a consequence the extraction eÆciency and false detection's are much the same as that
found for the collection signals.
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Figure 9.20: (a) Detection eÆciency as a function of the window size, (b) percentage of
false detection as a function of the window size. Horizontal axis is window size in clock
counts.
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Performance of the algorithm on induction signals

The same hit �nding strategy is applied although the signal shapes are quite di�erent
(see Figure 9.11). In Figure 9.21 and 9.22 the amplitude and the width distributions of
the induction signals are shown. The width has been measured at 10% of the amplitude
value. Due to the large low frequency noise the accuracy is within 15%. The rms noise
(in ADC counts) is 4.1 and the mean spectral density is shown in Figure 9.23.

The e�ect of the median �lter as a function of its size is shown in Figure 9.24 while
the rms noise value is plotted versus the �lter size in Figure 9.25.

The detection eÆciency has been evaluated applying a median �lter of 5 points as a
reasonable trade o� between noise reduction and amplitude preservation. The algorithm
parameters have been set at the same values used for the collection signals, apart the
rising and falling sum thresholds set to 12 and 10 respectively. Figure 9.26a and 9.26b
report the eÆciency and the false detection versus the �lter window size.

The optimum search window is around 6 and this is easily understood keeping in mind
the induction signal shape that has a mean width of about 15 counts.

It has been extensively veri�ed that the algorithm performance does not depend on a
�ne tuning of the parameters both for collection and induction.

We can conclude that a maximum detection eÆciency (100%), with a reasonable
number of false detection (within 2%), can be obtained in a rather wide interval of the
selection parameters values. It must be noted that in both cases the S=N ratio is around
5.

EÆciency versus S/N ratio

Simulations of the ICARUS 600 ton detector indicate that the signal to noise ratio
should be of the order of 10, because of the increased input capacitance of the front-
end electronics (due to longer wires and cables). Hence, it is important to evaluate the
algorithm performance for decreasing signal to noise ratio.

For this purpose a sample of 100 events with amplitude and noise parametrized have
been generated. Amplitude is variable between 10 and 37 in 10 steps of 3 counts. The
noise is the superimposition of a 1=f component of �xed value and a white component
whose rms. value can be varied from 1 to 8 counts; a cut of 500 KHz has been provided
to take into account the front end ampli�er bandwidth.

Figure 9.27 shows the mean spectral density for a white noise of 2 counts while
Table 9.1 gives the total noise versus the white noise.

The shape of the simulated signals is given in Figure 9.28. The rise and decay time
of the collection signal are 8 and 90 counts respectively while the width of the induction
signal (at 10% of its maximum) is 12 counts.

Performance of the algorithm on collection signals.

Due to the rather sharp rising edge, the search window has been set to 6, while the other
parameters are the same as for the experimental data, with the exception of the rising
and falling sum threshold that are increased for increasing noise. It is important to
de�ne the minimum detectable signal. A rather demanding condition has been de�ned
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Figure 9.21: Amplitude distribution of induction signals (amplitude in ADC counts).
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Figure 9.23: Mean noise density of induction signal.
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Figure 9.24: E�ects of the median �lter on the induction signal shape; a) no �lter, b)
3 points �lter, c) 5 points �lter, d) 7 points �lter. Horizontal axis is drift time in clock
counts.
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Figure 9.25: Rms noise value versus �lter size (0 means no �lter applied).
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Figure 9.26: a) Detection eÆciency as a function of the window size, b) percentage of
false detection's as a function of the window size. Horizontal axis is window size in clock
counts.
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Figure 9.27: Mean noise density for white noise value of 2 counts.

White noise Total noise
1 2.2
2 3.0
3 3.5
4 4.1
5 4.7
6 5.6
7 6.2
8 7.2

Table 9.1: Total noise versus white noise.

to detect a signal: the eÆciency has to be 100% for three contiguous thresholds and the
false detection for the highest threshold, must not be greater than 1%.

Figure 9.29 gives the amplitude of the minimum detectable signal and the related false
detection versus the total noise.

A 100% eÆciency is obtained with a S=N ratio of 5 as shown by the slope of the curve
in Figure 9.29a.

Performance of the algorithm on induction signals

As the signal has been chosen rather short to simulate severe conditions, the median
�lter size have been set to 3. For the same reason the search window is set to
5. The rising negative count is 0 for noise less than 5 counts, 1 for larger noise,
falling negative count is set to 1, while the zero counts parameters have no inuence.
The rising sum threshold increases for increasing noise.

To detect a signal the conditions are more relaxed: the eÆciency has to be 100% for
three contiguous thresholds and the false detection for the highest threshold, must not be
greater than 20%. Figure 9.30 gives the amplitude of the minimum detectable signal and
the false detection's versus the total noise.

From the Figure 9.30a the minimum S=N ratio required is around 5. However the
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Figure 9.28: Simulated signals shape; a) collection signal, b) induction signal. Horizontal
axis is drift time in clock counts.

false detection is much higher than the one of the collection signals.

As expected, the hit �nder appears to be less e�ective for induction events, whose
shape has been chosen close the one of impulsive noise, than for collection events.

9.2.4 Hardware implementation

As the selection of the ROI's has to be done in real time, a speci�c hardware signal
analyzer, named DAEDALUS, has been designed in VLSI CMOS technology [97]. To
preserve the signal shape and to have, at the same time, a compact hardware structure,
data acquisition is performed grouping channels in set of 16 and multiplexing then to one
40 MHz ADC in order to sample each channel every 400 ns. As shown in the block diagram
of Figure 9.31, the signal analyzer processes four groups of four channels, demultiplexing
the 10 bits input data.

The chip architecture is a six stage pipeline; one stage is dedicated to demultiplex
inputs, one to multiplex outputs, one to perform median �ltering, while the hit �nder
requires three stages. Data move through the pipeline at a frequency of 2.5 MHz that
matches the input data rate. The chip features programmable operating parameters:
median �lter size (up to 15 points), window size (up to 15 counts) and all the threshold
values. The median �lter implementation is worth to be described in some details for its
original architecture in the next paragraph.
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Figure 9.29: a) Minimum detectable collection signal versus total noise, b) false detection
percentage for the lower (cross) and the higher (diamond) threshold values versus noise.

Few prototype chips, operating on four channels, have been designed in VLSI
0.7�m CMOS standard cell technology [98]. They performed according to the
speci�cations and a 16 channels prototype readout module (named ARIANNA) has been
designed and built in VME standard as a demonstrator for functionality and performance
test [100, 101, 102].

The �nal version of the chip, now in production, has been designed in VLSI
0.5�m CMOS gate array technology and it operates on a set of 16 channels [99]. The
�nal readout module serves a set of 32 channels.

Median Filter

The scheme of the median �lter implementation in the DAEDALUS chip is given in
Figure 9.32. Input data is loaded into the top D-register at the frequency f, typically
2.5 MHz, while the shift register formed by the full register �le, up to 15 registers, is
clocked at a frequency 10 f. As each register is 10 bit long, as soon as all the bit are
shifted out from the top register a new data is loaded in it.

The unit that implements the median �lter (Median Filter Processor) is connected to
the serial outputs of each register so it can process in 10 clock cycles all the bits of the
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Figure 9.30: a) Minimum detectable induction signal versus total noise, b) false detection's
percentage for the lower (cross) and the higher (diamond) threshold values versus noise.

registers in parallel, starting from the MSB. The odd number of the processed registers
is programmable from 3 to 15.

The Median Filter Processor starts its operation from the MSB of a odd number of
registers. There are two possible cases: either all these bits are the same, zeros or ones,
or they are di�erent. In the �rst case no decision is taken, while in the second case the
median �lter value is recognized to belong to the larger subset of zeros or ones. The
process then proceeds for the next bit but only inside the recognized subset and so on
until the LSB is processed. The last subset contains only the median �lter value(s). It is
easy to understand that while the process proceeds bit by bit also the corresponding bit
of the median value is found, in fact this is either the common value or the value that
belongs to the larger subset. Instead of extracting step by step the smaller subset that at
the end contains the median value, an equivalent procedure has been implemented. All
the bits of lower weight of the data excluded from further processing are set to their actual
value, that is equivalent to push the excluded data to the borders, highest or lowest, of the
�lter window. This algorithm is easily implemented with combinatorial logic and state
machines in the VLSI chip. It is relevant to note that the processing time is independent
from the �lter size as it is only function of the data length.
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Figure 9.31: Block diagram of the hit �nder chip.

Conclusion

It has been proved that the hit �nder algorithm for the ICARUS detector implemented
in the DAEDALUS chip, provides a data reduction scheme that allows the storage of
only few hundreds bytes per wire hit (as required for a full o�-line reconstruction of the
relevant physical parameters) with hit �nding eÆciency close to 100%.

This allows to decrease the total throughput of the ICARUS 600 ton at Gran Sasso
of several order of magnitudes (from hundreds of Gbyte/s to few Mbytes/s). This data
ow is fully compatible with the present DAQ capability.

Recent developments of the ICARUS R&D activity suggest that the detector signals
could be read in "current mode". This would provide clear advantage on the dynamic
range of the data acquisition chain and the tracking ability of the detector.

The signal shape would be the discrete derivative of that in charge mode (hence the
collection signal will look like the induction signal in "charge" mode and the induction
signal will have bipolar shape). From the point of view of the signal extraction and the
zero suppression described in this paper, this alternative makes the task easier. This is
mainly due to the fact that the low frequency noise (responsible of the baseline variations)
is highly reduced. This feature largely overcompensates the lower signal to noise ratio of
the current mode con�guration.

Simulations and tests on real signals are underway; preliminary results are very similar
to those described here.

9.3 Performance of DAEDALUS chip on real events

We have studied the response of the DAEDALUS chip as zero suppressor and local trigger
enabler and the response of the ARIANNA readout module logic on a variety of events
collected with the 50 liter prototype and the most recent 140 cm drift TPC.
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Figure 9.32: Block diagram of the median �lter.
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A description of the chip behaviour and of the logic of the readout module has
been written in C language. The program can be applied on events collected with the
present readout system logic, that does not include zero suppression mechanisms online,
simulating the application of the logic that will be installed on the 10 ton and 600 ton
detectors.

All the parameters a�ecting the response of the DAEDALUS chip and the
characteristics of the ROI saved around every hit found are programmable. This let
us understand how to tune the parameters on single wire signal characteristics.

The main parameters are:

� the median �lter size: it depends on the rms noise value and its e�ect does not have
to sensibly reduce the amplitude of the typical signal (see �gure 9.24);

� the search window size: it has to be chosen of the order of the typical signal rise
time value;

� the size of the ROI and the minimum number of samples that are required before and
after the signal in order to extract o�ine its relevant parameters from the digitized
data (pulse height and rise time).

In �gure 9.33 we show an event collected with the 50 liter prototype at the CERN �
beam and the same event as recognized by DAEDALUS chip. In �gure 9.34 we show the
image of the event as it would have been recorded saving ROIs of 128� 16 samples, since
one hit found on one wire determines the acquisition of data on a group of 16 adjacent
wires [102]. There is also the possibility to propagate the local trigger to the two nearest
adjacent groups of wires in order to extend the acquisition to the two ROIs nearest in
space once a hit is found. This e�ect is reported in �gure 9.35.

We show also an event collected with the 150 liter protoytpe con�gured with a
three-wire-plane readout (see section 8.6). The intermediate plane is con�gured to run
in induction mode and in the �gures only the two induction views are reported. In
Figure 9.36 the complete event as recorded with the present readout system is shown,
together with the DAEDALUS �ltered view. In Figure 9.37 the image of the event as
it would have been recorded saving ROIs of 128 � 16 samples around the hits found is
reported, while the Figure 9.38 shows the event saved extending the acquisition to the
two nearest adjacent groups of 16 wires.

9.4 Status of the production of the electronics

At the end of 1998 (September) the project has been frozen after the approval of the
prototype performances. The S=N ratio for the complete channel (Decoupling Board,
Analogue Board, Digital Board) is respectively 9.53 in charge mode and 13.1 in current
mode. All those data have been obtained assuming a detector capacitance of 400 pF,
signi�cantly larger than the capacitance of the real system.

Immediately after this approval the production of the analogue ASICs and digital
ASICs has started. The analogue ASIC in BiCMOS technology houses two low noise
ampli�ers, while the digital ASIC, CMOS gate array technology, DAEDALUS, provides
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Figure 9.33: An event recorded in the 50 liter LAr TPC on the CERN � beam. In the top
�gure there are the raw data, in the bottom there is the image �ltered by DAEDALUS.
In both of them the top half of the �gure shows the induction time-projection read in
current mode, the bottom half is the collection time-projection read also in current mode.
The horizontal axis is the drift time (2000 samples corresponding to 800 �s), the vertical
is the wire numbering (128 + 128 wires corresponding to 325 + 325 mm).
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Figure 9.34: The event of Figure 9.33 as would have been recorded saving ROIs of 128�16
samples around the hits found. In this case the 42.4% of the collection view (bottom half)
and the 28.8% of the induction view (top half) would have been saved.

Figure 9.35: The event of Figure 9.33 as would have been recorded saving ROIs of 128�16
samples around the hits found and extending the acquisition to the two nearest groups of
wires. In this case the 70.4% of the collection view (bottom half) and the 52.0% of the
induction view (top half) would have been saved.
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Figure 9.36: An event recorded in the 150 liter LAr TPC with the intermediate plane
running in induction mode. In the top �gure there are the raw data, in the bottom there
is the image �ltered by DAEDALUS. In both of them the top half of the �gure shows
the �rst induction time-projection read in current mode, the bottom half is the second
induction time-projection read in charge mode. The horizontal axis is the drift time (1000
samples corresponding to 400 �s), the vertical is the wire numbering (128 + 128 wires
corresponding to 325 + 325 mm).
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Figure 9.37: The event of Figure 9.36 as would have been recorded saving ROIs of 128�16
samples around the hits found. In this case the 38.4% of the �rst induction view (top
half) and the 24.0% of the second induction view (bottom half) would have been saved.

Figure 9.38: The event of Figure 9.36 as would have been recorded saving ROIs of 128�16
samples around the hits found and extending the acquisition to the two nearest groups of
wires. In this case the 57.6% of the �rst induction view (top half) and the 51.2% of the
second induction view (bottom half) would have been saved.



9.4. STATUS OF THE PRODUCTION OF THE ELECTRONICS 239

Figure 9.39: The signals feedthroughs have been realized with a standard CF200 anges
and a set of multilayer printed circuits that assure the connectivity between internal and
external connectors. In the photo the 9 boards that allow connection of 18 cables, each
serving 32 channels (total of 576 channels per feedthrough) are shown together with two
shorter boards that are forseen for connection of analogue signal via coax cables (8 lines).

�ltering and feature extraction on the digital data of 16 channels. All those units are
presently delivered and ready for mounting on electronics cards.

The green light for the construction of the �rst set of electronics modules serving
55,000 channels has been given at the end of second quarter of 1999. The delivery of
the �rst production is expected in late September '99. The �nal readout is organized in
units; each unit is made of a 30 Unit Rack that houses the analogue crate (18 analogue
modules), the digital crate (18 digital modules), the relative power supplies and their
control and monitor. Each unit will serve 576 channels (18� 32) and will be mounted on
top of the dewar close to each feedthrough ange.

Almost at the same time the construction of some 100 signal feedthroughs has started.
Five prototypes unit are already available and they are used for tests on the 10 m3

prototype.
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Figure 9.40: The three basic electronics modules: -the small Decoupling Board (DB)
that receives 32 analogue signals from the chamber via the feedthrough and passes them
to the analogue board. It also provides biasing of the electrodes and distribution of
the test signals. It is housed (not shown in the photo) in the back side of VME-like
crate that houses in front the analogue board. The Analogue Board (V791 by CAEN)
houses the ampli�ers for 32 channels, based on the proprietary analogue BiCMOS VLSI
(2 channels per chip) and provides the data convertion (10 bit) at 40MHz rate. The data
are transmitted to the digital module via the cable connected to the front panel connector.
The Digital Board (V789 by CAEN), Arianna, has the two DAEDALUS VLSI, mounted
on small piggy back PCBs. The board serves 32 channels and receives the digital data
(multiplexed) via the small cable plugged in the front panel. The data out are available
via the VME bus.

9.5 The approved T600 module: design

characteristics

The successful completion of the ICARUS R&D program demonstrating the feasibility of
a large volume LAr TPC has allowed the collaboration to proceed to the following phases,
namely the engineering and the construction of a multi-kiloton detector to be run at the
Gran Sasso underground laboratories optimised to study the wide class of events foreseen
by the ICARUS scienti�c program.

The �rst step of this program will be the construction a 600 ton module (T600).
The T600 is an approved programme and it is foreseen as the �rst underground physics
detector based in liquid Argon Imaging. The detector is now in the phase of construction
in Pavia (see Figure 9.41) and it will be later transported to the LNGS. The experience
to be gained in the realisation of such a massive detector will be the natural platform on
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which to base the realisation of the present proposal.

Figure 9.41: Picture of the assembly island and the surrounding clean room taken during
the assembly. On left side one can see part of the 10 m3 prototype.

During the �rst half of 1999, while we were completing the tests on the 10 m3 prototype,
the �rst mechanical components of the internal detector started to be delivered in the
assembly hall in Pavia. The wiring of the chambers (an operation which is independent
on the chambers assembly) started in April and, after some tune up, is now proceeding
with the planned rate (about 300 wires per day are produced).

The ordering and the construction of the tooling and auxiliary instrumentation needed
for the internal detector assembly, i.e.

1. a 1000 m3 100,000 class clean room;

2. the assembly island located inside the clean room;

3. special tools, etc.

has been completed.
Air Liquide is presently completing the construction of the �rst half-module (�nal

welds and relative tests for vacuum tightness). In Figure 9.42 a picture of the �rst half-
module taken during the assembly in the Air Liquide workshop is shown. The �nal vacuum
test is planned, after the cryostat pickling, in September 1999. Delivery in the assembly
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hall in Pavia is foreseen also for September 1999. In the meantime, the installation of the
cryostat supports and of the insulation bottom part was started.

Assembly of the internal detector structures is therefore also planned to start next
September.

The �rst readout electronics boards will be delivered at the end of September 1999),
the production will continue at a rate of about 3000 channels per month.

All the remaining components of the detector (feedthroughs anges, cabling,
instrumentation, etc..) have been commissioned or are under construction and are
expected to be ready in due time.

We expect to be ready for transportation and installation of the T600, after complete
assembly and test in Pavia, in the Gran Sasso Lab for the end of year 2000.

9.5.1 General description

A schematic view of the T600 prototype is shown in Figure 9.43 and its geometrical
characteristics are summarized in Table 9.2. A brief description of its components follows
with an emphasis on the items that are of most interest for the current discussion and on
recent results. For all other details, we refer to the publications and technical papers by
the ICARUS Collaboration [12].

The LAr is contained in two identical, independent, reservoirs (half-modules), with
parallelepiped shape and made of a structure of aluminum honeycomb panels reinforced
by aluminum frames (Figure 9.4). The two half-modules are surrounded by a common
insulation layer made of Nomex (aramid �ber pre-impregnated paper) honeycomb panels
(Figure 9.3). There is an additional insulation layer (thickness = 480 mm) in between
the two reservoirs to allow for the �lling or the emptying of one half-module at a time.
During normal run conditions (both half-modules �lled with LAr) this extra layer has no
e�ect, the heat exchange between the two intermediate walls being nominally zero.

The design of the T600 dewar was dictated by the following requirements:

� The shape and dimensions of the LAr reservoirs are �xed by the requirement that
each half-module, without insulation, has to be transported through the Italian
highways inside the Gran Sasso Hall C. One half-module is actually the largest
monolithic volume that can be transported inside the Hall C.

� The choice of a structure made of aluminum honeycomb panels was also dictated
by the transportability requirement. This solution, compared to the traditional
reinforced structures made of stainless steel, requires much less material for the
same mechanical stability and strength; the material is mostly concentrated along
the edges where the reinforcing frames are located. The own weight of each reservoir
is about 21 tons to be compared to about 70 tons for an equivalent container made
of stainless steel. In addition, aluminum o�ers a better shielding against external
electronics noises, and a better temperature uniformity inside the LAr.

Cooling of the LAr containers is provided by a forced circulation (with a transfer pump
for cryogenic liquids) of LN2 inside aluminum pipes directly inserted into the aluminum
honeycomb panels (Figure 9.4). LN2 pressure and circulation speed are �xed in such
a way to maintain the LAr at about 89 K (LAr equilibrium pressure � 1.25 bar abs)
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Number of independent containers 2
Single container internal dimensions:

length 19.3 m
width 3.6 m
height 3.9 m
internal volume 271 m3

Single container external dimensions:
length 19.6 m
width 3.9 m
height 4.3 m

Container material (honeycomb structure) aluminum
Walls thickness 150 mm
External insulation thickness (honeycomb+cold shield) 465 mm
Single container own weight 21.0 ton
Dimension limits for transportability on the Italian highways:

length 25 m
width 5.9 m
height 5.2 m

Minimum cross section of the entrance doors to the Gran Sasso Laboratory:
width 4.95 m
height 4.67 m

Total external dimensions:
length 20.6 m
width 9.3 m
height (not including supports) 5.4 m

Total (cold) internal volume 534 m3

Total LAr mass 735 ton

Table 9.2: Geometrical characteristics of the ICARUS T600.

with a maximum temperature non-uniformity into the LAr smaller than 1 0C. Additional
cooling is obtained by circulating GN2, coming from the evaporation of LN2 from the
main cooling circuit, into an aluminum shield inserted in the middle of the insulation
panels (Figure 9.3).

The argon circuit is composed by four elements:

1. the two main LAr reservoirs;

2. the main argon puri�er;

3. the GAr recirculation units (2 per each half-module);

4. the LAr fast recirculation units (1 per each half-module).

LAr is puri�ed by means of standard Oxisorb/Hydrosorb �lters. According to our
experience, the concentration of electronegative impurities in the liquid after the �lling,
due to the outgassing of materials present in the volume (the chambers, cables, etc.),
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Design LAr pressure Min.: 0 bar abs
Max.: 1.5 bar abs

Working LAr pressure 1.25 bar abs
Cooling Liquid LN2 2.7 bar abs

LN2 circulation speed 12.5 m3 / hr
Maximum temperature gradient on the cryostat walls 1 0C
Nominal heat losses through the insulation 16 W / m2

LN2 consumption (for the whole T600):
Heat losses through the insulation 220 lt / hr
Heat losses through cables & anges 40 lt / hr
Consumption due to the pumps, transfer lines, valves 140 lt / hr

Total LN2 consumption 400 lt / hr
LAr �lling / puri�cation speed 2 m3 / hr
LAr fast recirculation units per half-module 1
LAr forced recirculation speed 2 m3 / hr
GAr recirculation units per half-module 2
GAr maximum recirculation speed 100 m3 / hr
Target LAr purity (concentration of electronegative impurities) 0.1 ppb O2 equiv.

lifetime � 3 ms

Table 9.3: Working parameters of the T600 cryogenics and puri�cation systems. Filling
and recirculation speeds are for one half-module.

will be of the order of 1 ppb O2 equiv. or less [126]. The fast LAr recirculation units,
using a transfer pump for cryogenic liquids, allow to gain an additional factor of 10 in
the impurities concentration (� 0:1 ppb O2 equiv.) in a relatively short time (about 20
days). When the target purity is reached the LAr recirculation units can be stopped and
the purity is maintained by means of the GAr recirculation units, which will prevent the
di�usion of impurities in liquid from the gas where they are expected to be produced by
the outgassing of hot portions of the cables or by microleaks. In Table 9.3 the working
parameters of the T600 cryogenic and puri�cation systems are summarized.

The strategy for the mechanical design of the internal detector (wires chambers and
HV system) is based on two basic concepts:

1. the internal detector has to be structurally independent from the LAr container;

2. variable geometry frames for the wire chambers.

The �rst concept has to do with the mechanical rigidity required for the wire chamber,
i.e. for the alignment precision of the chambers and also to avoid overstress on the
wires. By making the internal detector independent of the chamber, we avoid imposing
demanding conditions on the cryostat structure.

Variable geometry frames have been introduced to avoid the risk of wire breaking due
to overstress during the cooling phase, when the faster thermal contraction of the wires
could produce a tension increase above the elastic limit. Variable geometry is realized
by means of a set of calibrated springs attached on the backside of the rocking frames,
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that hold the wires. With this solution a tension increase on the wires is compensated
(halved) by the elongation of the springs. An additional feature of the present solution
is that it permits to release the tension on the wires allowing for transportation in much
safer conditions.

For each wire chamber there are three wire planes, the �rst, facing the drift region,
with horizontal wires, the other two with the wires at �600 from the horizontal direction.
The pitch of the wires is 3 mm orthogonal to the wires direction and the distance between
the planes is also 3 mm. Each one of the three wire planes is readout and provides
an independent view of the event (projection on the plane Wires Coordinate { Drift
Coordinate). The geometrical redundancy allows for a fast 3D reconstruction by means
of simple algorithms. Other data on the internal detector are reported in Table 9.4.

Signals from the wires are transported outside the LAr containers through a set of
anges located on top of the cryostat. Custom ultra-high vacuum tight feedthroughs
(576 signals per ange) have been developed to this purpose.

The readout electronics boards are located on top of the cryostat just in front of
the signal anges, to minimize the input capacitance due to the cables. The readout
electronics is the latest evolution of the traditional solution developed in the past years by
the ICARUS collaboration and tested on many prototypes [108]. The front-end electronics
chain is composed by:

1. low noise charge preampli�ers (based on B-CMOS technology);

2. analog multiplexers (8x);

3. commercial 40 MHz, 10 bit digitizers (FADC);

4. custom chip (DAEDALUS) for hit �nding, zero-skipping (level-0 trigger);

5. level-1 trigger logic (localized signal multiplicity).

Additional electronics components are: circular memory bu�ers for continuous data
recording with zero dead time; test circuits for signals calibration and routine checks on
all the electronics components; HV distribution on the wires. Distributed intelligence
(1 CPU per each crate/feedthroughs ange) provides higher level triggers (deposited
energy, signal multiplicity), and a basic networking interface. The networking system
has been designed for a total bandwidth of 100 kHz of small sized events and a data
throughput of 100 Mbit/s. These �gures largely exceed the data rate that we expect to
have in the underground lab, on the basis of our background measurements.
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Number of readout chambers 4
Number of wires planes per chamber 3 (all readout)
Wires orientation respect to horizontal 00; �600
Wires pitch 3 mm
Wires length:

horizontal wires 9.40 m
wires @� 600 3.77 m
wires at the borders (�600) 0.24 m � 3.77 m

Wires diameter 150 �m
Wires nominal tension 12 N
Number of wires / construction module 32
Number of modules / chamber:

Horizontal wires 66
Wires @� 600 2� 145
wires at the borders (�600) 2� 34

Number of wires / chamber:
horizontal 2112
@� 600 2� 4640
at the borders (�600) 2� 1088
Total 13440

Total number of wires 53760
Maximum drift length 1.5 m
Maximum drift time @500 V / cm 1.0 ms
Distance between race tracks 50 mm
Number of race tracks / sensitive volume 29
Sensitive volume / chamber: 85.1 m3

length 17.95 m
width 1.5 m
height 3.16 m

Total sensitive volume 340 m3

Total sensitive LAr mass 476 ton

Table 9.4: Main parameters of the internal detector mechanics of the T600 detector.
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Figure 9.42: Picture of the �rst half-module taken during the assembly in the Air Liquide
workshop.
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Figure 9.43: Schematic view of the ICARUS T600 cryostat.



Chapter 10

THE NOE CALORIMETER

In Genesi 7:1 leggiamo:
Il Signore disse a No�e: Entra nell'arca tu con tutta la famiglia, perch�e ti ho visto giusto

dinnanzi a me in questa generazione.

10.1 Introduction

As discussed in section 3.2 ICANOE magnetized calorimeter performs important tasks as
muon momentum and sign measurements and as well as hadron calorimetry.

10.2 The NOE calorimeter

In this section we summarize the main features of the possible calorimetric designs
developed for the NOE detector in the last few years. Di�erent calorimeter layouts, based
on the use of scintillators, have been carefully examined. Features as light yield, sampling,
resolution and reliability have to be compared. Several detector prototypes have been built
and extensively tested. More details are reported in the NOE letter of intent submitted
to the Gran Sasso Scienti�c Commitee [51].

At present, it turns out that the use of scintillating �ber technique represents the best
choice for the calorimeter. Nevertheless, an active part consisting of scintillator strips
with wavelength shifting �bers (WLS) have been recently taken in consideration and
tested also by NOE collaborators [48]. The main drawback of such a technique is that
the light yield is strongly suppressed by the low light capture probability in the �ber.

10.2.1 Crossed Fiber-Bars option (C.F.B.)

A preliminary calorimeter set up has been described in the letter of intent submitted
to the Gran Sasso Committee in the occasion of a call for long baseline neutrino beam
proposals [49].

At that time the NOE detector was composed by calorimetric bars with scintillating
�bers and iron ore as active part and radiator respectively. The calorimetric technique of
embedding scintillating �bers into the absorber has been developed in the past years and

249



250 CHAPTER 10. THE NOE CALORIMETER

Figure 10.1: Details of the NOE calorimeter (C.F.B. option)

Cell fibers; �I ; X0

(cm2) (number/cell)

4� 4 28 0:21 1:6

5� 5 44 0:26 1:8

6� 6 64 0:32 2:4

Table 10.1: Main features of calorimetric bars

recently used in CHORUS [131] and KLOE [132] experiments. The calorimeter described
in the following is an evolution of this technique addressed to massive detectors. In the
previous letter of intent the basic calorimetric element was made by an 8 meters long bar
having iron ore and scintillating �bers suitably distributed in the bar and parallel to its
axis. The whole detector was made by many alternate planes of crossed calorimetric bars
(Figure 10.1) [129, 130].

The calorimetric bar has a square cross section of � 5 � 5 cm2; the iron/iron-ore
volume ratio is 0.3. In Table 10.1 the main features of the calorimeter in three di�erent
cell dimension hypotheses are shown.

Figure 10.2 shows the percentage of the active part (scintillator) crossed by a minimum
ionizing particle (muon) going through the calorimeter.

At present the latest production developments of 2 mm diameter scintillating �bers
leads to an attenuation length � = 4:5 m (Figure 10.3) and to an increase in light yield
of 10-15%. These �gures allow to build 9 m long bars. Further investigations to improve
�ber features are in progress.
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Figure 10.2: Thickness of scintillator crossed per cm of calorimeter by a minimum ionizing
particle (muon)

%Fe Xo �I < � > < Z > Ec

(Weight) cm cm g/cm3 MeV
70 5.6 44.5 3.0 15.2 37.

Table 10.2: Main features of the iron ore (hematite).

In a very simple and well proven way, for each calorimetric cell, all �bers are grouped
together at each side of the calorimetric bar and then sent to single or multipixel
photodetector.

The use of iron ore as absorber material has two main advantages: it is practically
cost free and has a very low radioactive activity.

Figure 10.4 shows the radioactivity spectrum of an iron ore sample. It can be inferred
from the �gure that iron ore acts as a screen against natural rock radioactivity and does
not present any signi�cant radioactive line above 700 keV. The very low background level
leads to a low single counting rate particularly suitable to implement soft triggers for
atmospheric neutrino events.

The main features of the iron ore absorber are shown in Table 10.2.

The extreme modularity of this solution for the NOE calorimeter allows to assemble
the detector outside the gallery, greatly improving the construction eÆciency.

Figures 10.5, 10.6 and 10.7 show typical pion, electron and muon event patterns inside
the calorimeter, segmented in 4�4 cm2 readout cells. In Figure 10.6 �red �bers inside the
cells are also shown; the average distance between the �bers inside the absorber is only
a few millimeters. It is clear that the sampling capability due to the intrinsic granularity
of the proposed calorimeter is very good.
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Figure 10.3: Experimental measurement of the �ber attenuation length. The attenuation
lenght, given by P4 parameter, is 4.525 m.

%Fe Xo �I < � > < Z > Ec

(Weight) cm cm g/cm3 MeV
72.4 5.5 45 3 21 27.4

Table 10.3: Average features of the calorimeter absorber.

10.2.2 Crossed Fiber-Planes option (C.F.P.)

A detail of the calorimeter is shown in Figure 10.8. Very thin iron sheets (� 2 mm) provide
the mechanical support for two planes of �bers embedded into the absorber. Fiber planes
are positioned at both sides of the iron sheet, rotated 90Æ one with respect to the other.
Each plane consists of self-supporting slabs made of extruded iron ore and low cost plastic.
The 6.5 mm thin slab is made of two identical pro�les which provide the �ber housing
(Figure 3.15).

The iron sheets are hung to a supporting mechanical structure. The general features
of this calorimeter are shown in Table 10.3.

Such a layout allows a very �ne sampling in the two views, which improves the accuracy
of the shower axis determination. Moreover each pattern element is seen at the same time
in the X and Y projections. With respect to the previous option, the �ber density is
unchanged, therefore half of the �bers are X (and half Y) oriented, thus doubling the
read out channels. Table 10.4 shows the main parameters of this calorimeter layout. In
order to have a resonable response uniformity, each calorimetric cell has to be read out
at both ends.
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Figure 10.4: The radioactivity spectrum of an iron ore sample, after the subtraction of
the environmental radioactivity.

Figure 10.5: A typical 5 GeV simulated charged pion.

Figure 10.6: A typical 1 GeV simulated electron.
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Figure 10.7: A typical 1 GeV simulated muon; the decay electron is clearly visible.

Cell fibers; �I ; X0=cell
(cm2)

4� 4 14 0:14 :97

5� 5 22 0:18 1:2

6� 6 32 0:21 1:4

Table 10.4: Main calorimeter features in the Crossed Fiber-Planes option
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Figure 10.8: NOE calorimeter details for the C.F.P option (�bers, absorber and
mechanical supports)
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Figure 10.9: Extruded absorber grooved for �ber housing.

Cell Fe �I ; X0=cell
(cm2) (cm)

1� 4 1.5 :1 :89

1� 2 1.5 :1 :89

Table 10.5: Main calorimeter features in the Crossed Scintillator Strip option

The plastic and iron ore extrusion has been extensively developed and tested by two
di�erent factories that manufactured very high quality products with a density up to
� = 3:6 g/cm3 (see Figure 10.9).

The additional cost of the extruded plastic and iron ore slab, only partially
compensated for thinner iron sheet, is the major drawback of this solution.

10.2.3 Crossed Scintillator Strip option (C.S.S.)

Recently the interest towards extruded scintillator strips with wavelength shifter rods or
�bers (WLS) has been rising and such devices have already been employed [134, 135, 136]
(among others, also by some NOE collaborators).

Light produced by the passage of particles through the strip may be captured inside a
WLS �ber. The �ber re-emits the light isotropically and some of that will be transmitted
out to the photodetector. The device is simple, robust and not expensive. Moreover, the
extrusion reduces the manpower required for assembly. These considerations lead to the
iron sampling calorimeter shown in Figure 10.10. In the NOE calorimeter all extrusion
strips can be 9 m long arranged in X,Y planes faced to the iron slab absorber.

The main disadvantage of the scintillating strips with WLS �bers is the light yield
strongly suppressed by the light capture probability in the �ber. More tests have to be
done to optimize the strip dimension and the �ber diameter, as well as the scintillator
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Figure 10.10: Calorimeter stratigraphy in the crossed scintillator strips (C.S.S.)option:
iron slabs are reported in color.

chemical composition in order to collect enough photoelectrons to achieve good eÆciency
and resolution. The main calorimeter parameters are reported in Table 10.5.

10.2.4 Conclusions

The advantage of the last two solutions is the possibility to magnetize the iron plates
thus allowing to perform muon momentum measurements and muon sign identi�cation.
Taking into account the �ner sampling and the better achievable resolutions of the C.F.P
option with respect to the C.S.S., the C.F.P. calorimeter design is the best candidate for
the magnetized ICANOE detector.

10.3 Photodetectors

The conservative solution of the NOE calorimeter readout is based on the commercially
available single PMT or 16 channel Hamamatsu R 5900 00 M16 multianode
photomultiplier which has 4 mm � 4 mm pixel size.

Recently, the technology of multichannel photodetectors had a signi�cant
improvement.

These devices are becoming more and more available and the NOE calorimeter could
bene�t of such a superior technology, thus improving the quality of the event pattern
reconstruction. Taking into account reliability, cost and power dissipation, 100k read out
channels are the extreme limit in the use of single photomultipliers. For higher numbers,
the use of a new high technology multipixel device at low cost is mandatory.

Two new optical devices will be examinated: hybrid photodiodes (HPD) and
multipixel Electron Bombarded CCD (EBCCD).
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10.3.1 HPD's

HPD tube [133] is a fast device with very simple structure, high linearity and great
reliability, made of an ordinary photocathode mounted in front of a semiconductor diode.
Between them there is a vacuum gap and they are held at a voltage of few kilovolts. An
incoming photon is converted on the photocathode into a photoelectron, then accelerated
and focussed towards a reverse biased silicon diode by an electrostatic focusing system.

Two focusing systems can be used:

� An electro-statically focused HPD, that demagni�es the spherical shaped input
photocathode (e.g. 40 mm diameter) to a smaller spot anode (e.g. 11 mm), where
the diode is located.

� A proximity focused HPD, with photocatode and diode of identical size active area,
separated by a small gap where the electric �eld is planar and uniform.

In both devices the accelerated photoelectrons bombard the diode generating electron
hole pairs gain, proportional to the accelerating voltage. The current can be detected and
ampli�ed by a charge ampli�er.

Without power consumption, that is a fundamental feature for many channel
experiments, the HPD shows high linearity (many orders of magnitude), stability (0.1%),
good timing and extremely high photoelectron resolution.

Since the photocathode is imaged onto a silicon chip, by subdividing the silicon diode
in pixels, HPD can become a position sensitive device very useful for NOE purposes in
order to reconstruct the event topology. It is worth remarking that the ability to measure
as correctly as possible kinematical and geometrical parameters of the event (energy,
coplanarity, direction of the shower axis, etc.) allows to improve the event reconstruction
when the � lepton coming from �� CC is produced in the calorimetric target.

The photoelectron pattern is imaged onto the silicon chip anode with micron accuracy.
The silicon diode segmentation is not a limit, since with appropriate bias voltage very
little di�usion can occur within the chip, so the HPD position resolution are limited only
by the light concentration on the photocathode. Recently, 20-150 pixel tubes have been
made available from DEP.

10.3.2 Electron Bombarded CCD (EBCCD)

This device consists of an electrostatically focused image intensi�er vacuum tube with
a backside bombarded thinned silicon pixel array CCD in place of the phosphor
screen. Single photoelectron detection capability and inner gain (electron-hole pairs
per photoelectron) tunable from 500 to 4000 are achievable. The front end electronics
performs fast image read out (10 MHz clock).

A megapixel Electron Bombarded CCD (EBCCD) has been developed by INFN and
Protvino in collaboration with the russian industry Geosphaera. As in HPD device the
restriction on the number of channels per EBCCD tube comes from the maximum number
of �bers that can be seen by the photocatode. New samples of EBCCD tube with the
same features but with a photocatode diameter of 80 mm and an image demagni�cation
of 5 have been designed and are under test.
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10.4 Calorimeter read out

Crossed Fiber Bar Option

In the crossed �ber bar option the calorimeter light signals can be read by classical,
reliable and low cost photomultipliers. In a 5� 5 cm2 cell about 25 � 30 photoelectrons
are produced by a minimum ionising particle. The good signal features and the number
of channels to read out, make the single PMT the most safe and convenient solution for
this layout.

In this option, for each calorimetric cell, all the �bers can be grouped together at
each side on 3/4 inch R4125 HAMAMATSU PMT's, thus collecting all the light and
maximizing the electronic signal. In fact, unless the calorimeter segmentation is further
pushed, the end �ber spot to photodetector pixel area ratio could be too large for a
multipixel read out solution. As a consequence, the use of multipixel devices (R5900M16
HAMAMATSU PMT or HPD) needs a Winston cone light concentrator [137] to carefully
match up the �ber spot to the multipixel photodetector.

Crossed Fiber Planes Option

In the �ber planes option, the �ner sampling requires more readout channels and the use
of a multipixel photocatode seems to be mandatory. For each channel, a Winston light
concentrator is coupled to a clear �ber (1 � 2 mm) or/and to a demagnifying system,
such as electrostatically focusing HPD or EBCCD. Using thinner �bers, the number of
multipixel devices can be reduced by the square of the �ber diameter. It is worth noting
that high density channels/photocatode-area largely reduces the cost per channel making
possible high granularity readout. As an example, the use of 1:5�1 instead of 2 mm �ber
diameter, results in a reduction 2� 4 respectively in the number of photodetectors, thus
lowering considerably the cost.

Crossed Scintillator Strip Option

Finally, in the crossed scintillator strip option, multipixel readout like EBCCD, HPD and
multi-PMT's can be easily implemented: the small WLS �ber (1�2 mm of diameter) well
matches up the pixel dimension without the need of a light concentrator or demagnifying
input diameter tubes (electrostatically focusing HPD). In fact, the physical light collection
process automatically determines the end detector/pixel area reduction. However, in this
process, a large fraction of photoelectrons are lost, thus making the light signal a bit
critical for long size detector (few photoelectrons). Shape of the strip, WLS �ber diameter
and reectivity as well, must be carefully considered in order to optimize the scintillator
strip to clean �ber light collection.

Either EBCCD or even proximity focusing HPD without demagni�cation are the best
devices for this calorimeter option.
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Chapter 11

THE NOE CALORIMETER

PROTOTYPE TEST RESULTS

In Genesi 8:13 leggiamo:
No�e tolse la copertura dall'arca ed ecco la super�cie del suolo era asciutta.

The development of the NOE calorimeter has undergone four years of intense R&D
activity that eventually led to the present magnetized calorimeter for ICANOE.

In the following we describe the tests performed to optimize the elementary cell of
the scintillating �ber calorimeter and the performances of a 4 tons calorimeter prototype
exposed to a test beam at CERN PS.

11.1 Scintillating Fibers

In order to optimize the �ber attenuation length and light yield, careful and intensive
tests of �bers of di�erent diameter and scintillating material have been performed. The
cross-section of the calorimeter requires the 9 meter long �bers so that light yield and
and attenuation length are the relevant parameters for the correct choice of the �bers.

A wide variety commercially available �bers (from Bicron, Kuraray and Pol.hi.tech.)
has been compared. Further investigations are still in progress.

The �bers used in the tests were manufactured by the Pol.hi.tech. and are of the type
POLIFI 0244-200. They emit in the blue with a maximum at 440 nm and have a double
cladding in order to improve light yield and the attenuation length which are the most
critical parameters for this application. The measured attenuation length is bigger than
4.5 m (see Figure 10.3).

11.2 Long bar light yield optimization

In order to optimize the number of �bers inside the elementary calorimetric cell, three
6 m long calorimetric bars with 4:2 � 4:2 cm2 cross-section were built. The number of
�bers inside the bars was 14, 23 and 33, which corresponds respectively to 0.9, 1.5 and
1.9 �bers/cm2. Figure 11.1 shows the �bers position inside the bars.
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Figure 11.1: The �bers position inside the three bars.

The bars have all �bers grouped at each end, and directly coupled to the phototube.
Hamamatsu R4125S phototubes were used. The performances of the bars were measured
using a simple cosmic ray telescope. The scintillator telescope was placed in seven di�erent
positions along the three bars. For each position the number of photoelectrons was
measured at the two sides. Figure 11.2 shows the resulting attenuation length. In order
to check the uniformity of the response, the photoelectrons measured at the two side
were summed and plotted as function of the distance from PMT. Figure 11.3 shows the
result. The con�guration with a �ber density of 1.9 �bers/cm2 has a light yield of 26
photoelectrons in the worst condition (particle crossing the bar in the middle). Excluding
the �rst and the last point in which the \cladding" light is a big fraction of the total, a
uniformity better of 15% is obtained.

11.3 Calorimeter test at the CERN PS beam

The test of the calorimeter prototype was performed in the T7 area at CERN PS. The
beam available in this area has energies ranging between 0.5 and 10 GeV. The trigger
is provided by the time coincidence of 4 scintillators suitably arranged along the beam.
Two �Cerenkov counters allow to distinguish electrons by pions and muons up to 10 GeV.

11.3.1 Detector description

Figure 11.4 shows a schematic view of the calorimeter prototype.
The calorimeter is composed by 216 bars arranged in planes. Bars in adjacent planes

are rotated of 90o in order to reconstruct two orthogonal views, Figure 11.5 shows one of
the calorimeter planes during the assembly phase.

Each bar, containing 33 �bers, 2 mm diameter, has dimensions 5 cm � 5 cm � 140
cm. Only the one view, containing 108 bars, was equipped with PMTs, since results on
electrons and � energy resolution can easily be extrapolated by rescaling with a proper
factor. The 108 calorimeter channels were read out using PMTs Hamamatsu R4125,
working at a nominal gain G=107. An external frame of 21 bars 13 cm � 13 cm � 140
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Figure 11.3: The sum of the photoelectrons measured at the two sides.

Figure 11.4: Schematic view of the calorimeter prototype.
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Figure 11.5: A calorimeter plane during construction.

cm, was read using PMTs R5686. The �ber density of external and internal bars was
identical. The interaction length of the calorimeter is �=38 cm, the radiation length Xo

is 5 cm and the density is 3.5 g/cm3. The total calorimeter thickness in Z direction is
therefore 3.7 � and 31.4 Xo. The calorimeter was closed by a 10 m

2 streamer tube carpet,
acting as a tail catcher, to select contained or not contained hadronic showers. Figure 11.6
shows the complete calorimeter.

11.3.2 Calorimeter performances

The calorimeter performances in terms of linearity and resolution were studied by using e
and � and � beams. Events in an energy range from 1 GeV to 9.5 GeV were collected. The
calorimeter equalisation was performed by using a LED system, cosmic rays and muons
from the beam. Pedestal runs were performed every 4 hours. Figure 11.7 and Figure 11.8
show the event display of a 3 GeV electron and pion detected by the calorimeter.

The total energy is reconstructed summing all the ADC channels in the calorimeter,
after pedestal subtraction. Figure 11.9 shows the energy resolution for electrons and
hadrons in good agreement with the Monte Carlo prediction.

Data points can be easily �tted using the usual relation �/E=a/
p
E+b, giving:

�(E)

E
=

p
2 � 43:3%p

E
+ 1:5%

and

�(E)

E
=

p
2 � 20:0%p

E
+ 1%
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Figure 11.6: The complete calorimeter prototype.

The term
p
2 takes into account the instrumentation of a single view, so that

43:3%=
p
E and 20:0%=

p
E are the stochastic resolution terms for a fully equipped device.

The transverse energy (Et) resolution can be obtained by using single particles
impinging the calorimeter, nearly parallel to the detector axis. Since in this case a
Et=0 is expected, the reconstructed one Erec

t depends only on the detector capability
reconstruction. We used the algorithm:

Erec
t = �iK �QijXi �Xvj (11.1)

where Qi is the charge collected by the i-th bar, K is the constant pC/GeV, Xi is the
position of the i-th bar in the XZ plane and Xv is the particle coordinate when entering
the calorimeter; the relative resolution for 3 GeV pions is �Erec

t
=420 MeV, in excellent

agreement with the Monte Carlo prediction.
Further information can be obtained using the test beam data. For instance the

calorimeter critical energy and the radiation length Xo can be obtained looking at the
longitudinal pro�le of electron initiated shower. Such distribution can be parametrised
by using the relation:

dE

dt
= Eob

(bt)��1e�bt

�(a)
(11.2)

where t=x/Xo [52]. Figure 11.10 shows the distribution of the longitudinal pro�le of a 2
GeV electron initiated shower and the �t obtained using equation(1.2), giving Ec=59.66
MeV and Xo=4.99 cm.
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Figure 11.7: The event display of a 3 Gev electron.

A study of the timing capabilities of the prototype has been performed by selecting
single beam muons crossing the calorimeter. Figure 11.11 shows the time di�erence
between the signals coming from two di�erent calorimetric cells. To correct the time
spread due to the light propagation inside the bars, the signals coming from both PMT's
of a single bar are averaged. These data have not been corrected for the slewing due to
the pulse height jitter.

From this measure we estimate that a time resolution of about 1 ns for the 9 m long
bars is achievable if the time walk due to the amplitude jitter is taken into account.
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Figure 11.8: The event display of a 3 Gev pion.
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Figure 11.9: The electromagnetic and hadronic energy resolution.
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ID
Entries
Mean
RMS

      18
    2020

-0.5667E-01
  1.220

  161.5    /    50
Constant   283.7
Mean -0.1377E-01
Sigma  0.5158

(ns)

0

50

100

150

200

250

300

350

-10 -8 -6 -4 -2 0 2 4 6 8 10

Figure 11.11: Distribution of the time di�erence between two calorimetric bars.



Chapter 12

TIMETABLE

In Genesi 8:21 leggiamo:
Il signore ne odor�o la soave fragranza e pens�o: non maledir�o pi�u il suolo a causa

dell'uomo (...) n�e colpir�o pi�u ogni essere vivente come ho fatto.

12.1 Timetable for the liquid target

The time required for the construction depends on the number of independent groups
that can work at the internal detector assembly, cabling etc.. We assume here that there
will be two independent groups (the one already working in Pavia plus a new one at Gran
Sasso) working at the internal detector assembly. Other groups will carry on the wiring,
the installation in the Hall B, etc. We list here the various operations required for the
detector construction. We base our time estimates on the present experience with the
T600 module. We recall that, having preserved the present T600 basic layout, the time
required for engineering and materials ordering is minimized.

� Engineering: About 8 months are required, starting from the green light for the
experiment, for the full detector engineering.

� Orders: 4 months are required in order to place the orders (call for o�ers, bids, etc.).

� Primary materials supply: primary materials supply for the contractors varies
between 2 to 8 months (longest time is for the Nomex for the insulation panels).

� Components construction:

{ Insulation panels: 5 months for a full module

{ LAr containers: 8 months per module.

{ Internal detector mechanics: 6 months per module

{ Electronics: 40000 � 50000 channels per year (1 full module)

� Detector assembly:

{ Wiring: 2 months per sub-module (can be reduced signi�cantly by improving
the wiring table)
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{ Mechanics: 3 months per sub-module per working group ! 6 months per
module

{ Transportation and installation: 15 days per sub-module

{ Cryogenics installation in Hall B: 3 months per full module

{ External cabling: 2 months per full module

� Run start:

{ Vacuum: 10 days

{ Cooling: 10 days

{ Filling: 8 days (4 trucks per day)

{ LAr forced recirculation: 20 days.

Starting from the delivery of the �rst LAr container all the operations will be naturally
pipelined. We estimate that the time required to have the �rst full module completely
installed in Hall B is about 2.5 years (29 months). The subsequent modules will be
produced and installed at a rate of about 1 module every 12 months.

12.2 Timetable for the calorimeter

Since 1995 many e�orts have been done in order to choose the best solutions to balance
performance and cost, and to guarantee stability, reliability and safety on the long term
operation in the underground environment of the Gran Sasso halls.

As reported in chapter 11, in december 1999 a successful test of the NOE calorimeter
at the T7 PS CERN beam was carried out. A �nal test of the present magnetised ICANOE
version of the calorimeter is planned within 1999.

In early year 2000 a fully engineered design should be available. Fiber supply time
for the minimum size detector (4 sipemodules) takes 3.5 years. Nevertheless the MACRO
detector experience shows that that the modularity of the apparatus allows to operate
one supermodule immediately, and to continue the assembly of the following ones without
interference with the data taking.

The �rst module can be operated in 2003.



Appendix A

The ICARUS technology

A.1 Main features of the LAr-TPC measured in the

3 ton chamber.

We have fully described the three ton prototype detector, its construction and operation in
ref. [109], and simply recall here its principal characteristics. The inner volume (2:61 m3)
is split into two independent semi cylindrical sections. Both sections are equipped with
identical drift chamber systems. Each wire chamber covers a surface equal to 2:4�0:9 m2

and is supported by frames. The drift volume is de�ned by the chamber itself, a system of
"race-tracks", used to produce a uniform electric �eld in the drift region. The maximum
drift distance is 42 cm.

The monitor chambers we use for measuring and controlling the electron lifetime have
been described elsewhere [126]. We only mention here that the monitor is a doubly gridded
ionisation chamber; the maximum measurable lifetime is between 2 and 3 ms. A monitor
chamber is located at the bottom of the detector and is used to monitor continuously the
electron lifetime. With one exception that we will now describe, during the more than
two years long operation it has always been found to be between 2 and 3 ms. These values
have been checked, always �nding consistent results, by measuring the charge deposited
on the wires by vertical cosmic ray muons and observing the shift of the distribution peak
position for increasing distances of the track from the collecting wires.

The ultra-pure liquid Argon, even in absence of any leak, can be contaminated by
outgassing of the walls and of the various materials (electrodes, chambers, spacers, cables,
high-voltage resistors, etc.) contained in the dewar. In practice the main outgassing
sources are the parts of the system that are not in direct contact with the liquid and
have as a consequence higher temperatures. The closing ange and the signal cables in
particular have large surfaces in the clean volume at almost room temperature and are
the main source of outgassing. To keep the liquid Argon at the necessary purity we have
provided a recirculation system. The naturally evaporating Argon is brought through a
pipe to a puri�cation system similar to the main one. The Argon is then recondensed in
a serpentine. The hydraulic circuit just described is ultra- clean. The system provides
a natural compensation of the thermal losses of the detector dewar. As we will show,
the recirculation system, described in ref. [109], proved to be an essential part of the
apparatus necessary to maintain the purity of the Argon.
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This conclusion has been strengthened by the incident and the subsequent recovery
that we will now describe.

During the night of Dec. 31 1992 a
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Figure A.1: Electron lifetime from 15/7/92
to 19/8/93 as measured using crossing tracks.

power-o� caused the stop of the pumping
system that keeps the vacuum in the
insulation space between the internal and
the external vessels of the dewar. The
fault was detected only after a few hours;
during this time excess heat owed into the
liquid. When we measured the electron
lifetime after the accident we found it to be
150 �s. Searching for leaks, we found that
the rupture disk (a 100 �m thick stainless
steel membrane used for safety reasons)
had a small crack.

Tests on ultra pure liquid Argon, in
separate containers, had shown that the
contamination of the liquid by oxygen

present in the gas above its free surface is extremely slow, provided there are no convective
motions in the liquid. It is on the other hand practically immediate in presence of motions
in the liquid [126]. This behaviour is due to the slowness of the di�usion from gas into
the liquid. It is of great importance for a reliable operation of the detector.

We then interpreted the lifetime degradation as due to the insurgence of convective
motions in the ultrapure liquid during the excess heat input period. These motions have
mixed the liquid with the oxygen rich gas above it that was contaminated with oxygen.

The proof that our interpretation is likely to be correct is given by the fact that,
after having repaired the rupture disk, the measured values of the lifetime started to
increase exponentially in time at the rate expected from the known evaporation rate.
This demonstrates clearly the power of the recirculation system. We display in Figure A.1
the electron lifetime, as measured with crossing muons tracks, as a function of time (the
values measured by the monitor chamber are compatible). During the exponential rise
the slope corresponds to an evaporation rate of 3.2 liters/hour. Subsequently the lifetime
reached, and even exceeded, the value it had before the accident.

We can conclude that, even in presence of an exceptional event that causes
contamination of the liquid, a suitably designed recirculation system can lead to a quick
recovery of the operational conditions.

A.1.1 Extraction of the signal

As mentioned above the charge signals are small and the signal to noise ratios is S=N � 10
for the collection wires and S=N � 6 for the induction doublets. We are discussing here the
software �ltering algorithms and procedures developed to extract the relevant parameters
(pulse time, rise time, height, etc.) from the digitised data.

We used data mainly obtained from cosmic ray muons crossing almost vertically the
detector: the information comes, as a consequence, mainly from the horizontal collection
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wires. We will describe the algorithms used to extract, from the digitised collection signals,
the relevant information and its evaluation based on a sample of simulated vertical tracks.

The collection signal carries three main characteristics (Figure A.2a) which are relevant
for the physics analysis: peak time position (pp), which gives the drift coordinate; pulse
height (ph), proportional to the collected charge; rise time (rt), which depends both on
the track angle with the plane, and on the di�usion of the electron cloud during the
drift. These parameters are extracted in two steps: �rst, the valid regions (those which
contain some signal over the noise) inside the large event data must be traced and a hit
table is built; then, a least-squares �t is performed locally on each single region traced
on the table, to recover the signal behaviour. The search region must be wide enough to
accept inclined track signals and multiple hits from close tracks: we take a range of �50
samples around the peak. Searching in a long (20 �s) window corresponds to accept the
low frequency part of the spectrum, where 1=f and microphonic noises give important
contributions (larger than the signal itself). The hit �nding algorithmmust then be robust
against noise and it must perform with an eÆciency close to 100% on the entire range of
collection signals.

th

ph
1

pp1
pp2

ph
2

rt2 rt
pp
ph

risetime
peak position
pulse heigth

rt1

th
oth

threshold
over threshold
lenght

oth1oth2

a)

b)

Figure A.2: a) shows a sketch of the signal of Figure 8.7, with the �lter parameters
symbols. b) shows the �ltered signal.

The hit �nder

To �nd the hits we have chosen a two stage non-linear �ltering procedure. A non-recursive
median �lter (5 samples long) is �rst applied to reduce high frequency disturbances
contribution (electromagnetic pick-up from surrounding devices, spikes due to FADC
output swing on most signi�cant bits). Then the local variance is calculated over a
narrow window that spans the entire signal. The output (Figure A.2b) is a at baseline
around the noise level, with a peak quickly rising up as the collection rising edge enters the
window. Given its small slope, the long (many window sizes) falling tail gives a negligible
contribution to the variance, and the output lowers back just above the noise level. This
allows for a clear separation of overlapping tracks. When the variance output stays over
a given threshold (th) long enough (oth), that region is tagged as ROI (region of interest)
and passed to the �tting algorithm.
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A MonteCarlo simulation has been developed to study the �lter performances
concerning signal and noise characteristics and to optimise the choice of the relevant
�lter parameters: window size, threshold level, over-threshold width).

Figure A.3 shows the eÆciency of the hit �nding algorithm, for two di�erent noise
levels, as a function of the threshold parameter. Units are ADC counts, one ADC count
corresponding to 350 electrons. A white noise is included in the MonteCarlo simulation.
Its rms value is 3 ADC counts in Figure A.3a, 4.5 ADC counts in Figure A.3b. As
mentioned previously, the ENC measured at 1 �s shaping time is typically 1000 electrons
corresponding to 3 ADC counts. From the �gures we see that, in both cases, the eÆciency
is close to 100% in a wide range of the parameter. We �x the threshold parameter at four
times the noise level (i.e. at 12 ADC counts in Figure A.3a, and at 18 in Figure A.3b).
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Figure A.3: EÆciency of the hit �nding algorithm as a function of the threshold parameter.
The rms noise is di�erent in the two �gures: 3 ADC counts in a), 4.5 ADC counts in b).
One ADC count = 350 electrons.
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Figure A.4: EÆciency of the hit �nding algorithm as a function of the window width.
The threshold is four times the noise rms, the noise rms is 3ADC counts. One clock count
is 200ns.

We then consider the hit �nder eÆciency (Figure A.4) (the rms noise is 3 ADC counts)
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changing the window width parameter. Again the eÆciency is close to 100% in a wide
range and, as expected, the parameter must be chosen close to the rise time value, typically
between 1:2 �s (6 clock counts) and 1:6 �s (8 clock counts). We �x the window width
parameter at 13 clock counts (arrow in Figure A.4).

Having �xed the threshold and the window width, we now study the hit �nder eÆciency
as a function of the width over threshold in Figure A.5 (the rms noise is 3 ADC counts).
Again the eÆciency is close to 100% over a wide range. The value we chose for this
parameter is 7 clock counts (arrow in Figure A.5).

In conclusion the eÆciency of the hit �nder appears to be high (>98%) and stable
around the chosen values of the parameters, which, as a consequence, are not critical. We
then can have con�dence in our algorithm for the analysis of cosmic ray muons. Some
adjustment of the parameters might nevertheless be necessary for tracks at vastly di�erent
angles.
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Figure A.5: EÆciency of the hit �nder vs. width over threshold. Noise rms=3 ADC
counts, threshold=4 noise rms, window width=12 clock counts. One clock count=200ns,
One ADC count = 350 electrons.

Fitting procedures

The best way of extracting the physical quantities from the raw data in the ROI is to
perform a least-square �t to the data with a set of theoretical functions numerically
computed by means of a simulation that incorporates the electron trajectories in liquid
Argon, the signal they induce on the sense wires and the electronic response function. In
practice, to speed-up the calculation we use an analytical shape that reproduces well a
wide range of signal shapes by means of few parameters (see Figure A.2): pulse height
(ph), position in time (pp), rise time (rt), ampli�er decay time (d) and includes a linear
baseline (a+ b� t).

In the least square �tting procedure we chose an error on the single point equal to the
rms noise used in the simulation. The minimum �2 is always close to the expected value,
showing that the assumed analytical shape reproduces the signal correctly.
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A.1.2 Electronic noise

The e�ective noise after o� line �ltering and �tting is relative to a large bandwidth
determined by the length of the search window and by the response function of the
ampli�er; its value may then be di�erent from that measured with 1 �s shaping time.
To measure it, we inject a series of test pulses of a �xed amplitude and a �xed rise time
(similar to those of the track signals) in all the channels. The digitised outputs are then
�tted with exactly the same procedures we used for the track signals. The distribution
of the pulse heights, obtained by the �t, is shown in Figure A.6 for a test pulse height
of 12,000 electrons. The curve is a gaussian �t to data: the �tted value of the rms is
1300 � 100 electrons. Notice also that any di�erence in the e�ective t = 0 amongst the
channels due to di�erent lengths of cables or di�erent rise times is included in the rms
value. We will see later that this is a small contribution.
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Figure A.6: Distribution of the measured charge for a test pulses of 12,000 electrons. The
width measures the electronic noise.

The shape and the height of the charge signals from the tracks depend on the energy
and angle of the track, on its distance from the wire plane and on the value of the electric
�eld (due to recombination).

The height of the charge signal depends on the energy deposited in a segment of track,
whose length projected on the wire plane in the direction normal to the wires is equal to
the pitch (2 mm). It also depends on the electric �eld, due to the recombination process
and, �nally, on the drift time for �nite values of the electron lifetime. For a constant
value of the rms noise the S=N ratio and the resolution in the drift time measurement are
correlated.

The resolution in the drift time measurement is also a function of the signal rise time:
for a given S=N ratio the resolution is of course smaller for shorter rise times. The rise
time of the charge signal from the track elements depends mainly on two e�ects: a) the
time taken by a point charge to cross the distance between the screening electrode and
the sense wire plane. (With our geometry and �eld intensities this time varies between
1 and 2 �s). b) the time taken by the actual electron cloud to cross a given point; this
is proportional to the diameter of the cloud and is an increasing function of the distance
of the track from the wire plane, due to the di�usion process. Notice that the e�ect
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of di�usion is more important for a liquid TPC than for a gas TPC, where, due to the
ampli�cation process, the resolution depends only on the uctuations in the di�usion.

We use test pulse data to study the
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Figure A.7: Resolution on the time
measurement as measured for test pulses
of di�erent rise times and of di�erent
amplitudes (di�erent signal to noise ratios).

dependence of the time measurement on
S=N and on rise time, by varying its
amplitude and its rise time. For a series
of test pulses of the same characteristics
we de�ne the resolution as the rms of
a gaussian �t to the measured time
distribution.

Figure A.7 shows the measured time
resolution as a function of the rise time
for two di�erent values of the S=N ratio.
As it can be seen, the resolution is a linear
function of the pulse rise time. Figure A.8
shows the time resolution as a function of
the S=N ratio for two di�erent rise times:
a very fast one (0:6 �s) and one typical of
our measurements (1:2 �s).
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Figure A.8: Contribution of the electronic noise to the resolution of the drift time
measurement for two di�erent values of the test pulse rise time. Curves are meant to
guide the eye.

A.1.3 Drift velocity measurements

We have measured the electrons drift velocity as a function of the drift �eld using the
purity monitor chamber outside the main dewar. The vapour pressure in the chamber
was 1 bar, corresponding to a temperature of 87 K. The charge pulse length from the
integrating ampli�er is equal to the drift time between the cathode and anode grids. For
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a given �eld the drift velocity is obtained dividing the grid distance (50 mm), by the
measured drift time. Results are reported in Figure A.9.

An independent measure was performed
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Figure A.9: Electrons drift velocity in
LAr as a function of the electric �eld.
Circles at 87K, squares at 92K. Curves
are to guide eye.

in the detector using muon tracks crossing
diagonally the drift volume. The distance from
the entrance point through the cathode (the �rst
point of the track) and the point where the track
crosses the collection plane (recognised as the
point where the track image reects) is known.
The drift time is measured and recorded by the
readout electronics. The vapour pressure was
1.5 bar corresponding to T = 92 K. Results are
reported in Figure A.9. Data show a strong
dependence of the drift velocity on temperature,
implying that an accurate control of the vapour
pressure is requested to have a reliable operation
of the detector.

At low �eld values the drift velocity is
approximately a linear function of the �eld, i.e.
the mobility is a constant. When the drift velocity reaches values close to the sound speed
(0:85 mm=�s) it increases less rapidly, approximately as

p
E. Mobility in the linear zone

is 545 cm2V �1s�1 at 87 K and 480 cm2V �1s�1 at 92 K. In the following analysis we will
use the mobility values measured at 92 K. Our data are consistent with those reported
by other authors [140, 141].

A.1.4 Electron di�usion

The trigger for cosmic ray events was made up of three scintillators placed two on the top
and one at the bottom of the dewar. They are in coincidence with the signals from two
groups of 16 horizontal wires each, one group at the top and one group at the bottom
of the wire chamber. The trigger for muons stopping in the detector was the same but
without the lowest scintillator and with the lowest group of wires in anticoincidence. The
external trigger provides the t = 0 to the system. Events were visually selected requiring
the absence of large multiple scattering and of delta rays to obtain a sample of minimum
ionising particle (m.i.p.) tracks (barring the relativistic rise). The sample was divided
in bins, 20 �s wide, of the measured drift time. For each drift time bin we plotted the
distribution of the charge collected on the (horizontal) collection sense wires, proportional
to the energy deposited by a m.i.p. in 2 mm length.

Figure A.10 shows, as an example, the distribution for the 20 � 40 �s bin of drift
time at 500 V/cm drift �eld. The distribution is �tted with the convolution of a Landau
distribution and a gaussian function; the latter (shown as a shaded area in the �gure)
takes into account of the e�ects of the electronic noise, of the muons spectrum (not all
the muons are minimum ionising) and of the e�ect of the �nite electron lifetime. The
�t gives, in the example, a peak value of 11,100 electrons and an rms of the gaussian of
1,400 electrons compatible with the above mentioned e�ects. The intrinsic width of the
Landau distribution is much smaller, 500 electrons; this implies that the energy resolution
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Figure A.10: Collected charge distribution for 2 mm samples of vertical muon tracks.
(E=500 V/cm; drift time = 20 � 40 �s). The continuous curve is the result of the �t
described in the text; the shaded area is the gaussian contribution of the 1400 electrons
rms.

for dE=dx is dominated by the electronic noise.
The sample of minimum ionising tracks crossing vertically the drift volume was used to

measure the electron lifetime, and to extract a second parameter, the longitudinal di�usion
coeÆcient D. This parameter is important because it can inuence the de�nition of track
images and the accuracy of the drift co-ordinate measurements. Accurate measurements
of the di�usion coeÆcient have been done by Shibamura et al. [142], but they are relative
to the transverse coeÆcient, that in principle can be di�erent from the longitudinal one,
and are at �elds above 2 KV/cm. We do not know of published measurements at lower
�elds.

We obtain the longitudinal di�usion coeÆcient from the analysis of the rise time (RT )
of the signal of the collection wires. The square of the latter is the sum of a constant
term (R2

T0) and of a term proportional to the square of the spread (�2) of the signal due
to di�usion. Also, if t is the drift time and v the drift velocity, we have �2 = 2Dt=v2.
In conclusion a linear �t of R2

T (or equivalently �2) versus drift time gives directly the
longitudinal di�usion coeÆcient D.

We took data at drift �eld intensities of 350, 250, 150 and 100 V/cm. For each sample
we �tted the signal rise shape with the convolution of a step function and of a gaussian.
The �tted values of the variance of the gaussian are shown in Figure A.11. Linear �ts to
the data give, at the di�erent �elds, values that are equal inside the errors. Taking their
average we obtain D = 4:8� 0:2 cm2=s.

At the relatively low �eld intensities of our data, the electrons are expected to be
thermal; in this case the Einstein relation qD=� = kT should hold. With the mobility
value that we have measured, � = 480 cm2V �1s�1, we then expect D = 3:8 cm2=s.
A further contribution to the di�usion is known to come from the Coulomb repulsion
amongst the electrons. Calculating their contribution with the approximated method
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Figure A.11: Pulse rise time squared vs. drift time for di�erent �elds.

of ref. [142] we �nd a value of about 2 cm2=s, that should be added (linearly not
quadratically). We can conclude that our measured value agrees with the expectations.

A.1.5 Free electron yield and recombination
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Figure A.12: Charge collected on 2mm length as a function of �eld for vertical muons.
The curve is the Onsager model normalise d at 500V/cm.

Using again the vertical muons sample we studied systematically the electron- ion
recombination at low �elds, namely between 100 an 500 V/cm. The vertical muons are,
in a �rst approximation, minimum ionising tracks, parallel to the co- ordinate planes.
The (horizontal) collection wires sample two millimeter long segments of the track. The
peak values of the charge distribution at each electric �eld are presented in Figure A.12:
it is, as expected, an increasing function of the �eld intensity.

The asymptotic value at high �elds is obtained from the known value of dE=dx through
MonteCarlo simulation. We calculate the most probable energy deposition in 2mm long
track to be 326 keV, corresponding to 13,800 electrons (23.6 eV/pair).
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In Figure A.12 we show also the prediction of the Onsager model (arbitrarily)
normalised at the highest �eld (500V/cm). As expected it disagrees with the data.
An interesting feature of the liquid Argon TPC is its ability to measure dE=dx, giving
important information for particle identi�cation and allowing to determine the direction
of a stopping particle. To study the capability of the detector of identifying particles
by dE=dx as a function of the range and the recombination dependence on dE=dx we
studied a sample of muons stopping within the chamber, with an identi�ed decay electron.
Figure A.13 shows how the ionisation increases when the muons slow down.
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Figure A.14: < dQ=dx > as a function of < dE=dx > at di�erent �elds (stopping muons
data). Curves are from �t described in the text.
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Figure A.13: Average collected charge as a
function of the distance from the end point
of stopping muons. Curve is the result
of a MonteCarlo calculation not including
recombination.

track the residual range is measured,
hence the muon energy is known. The
corresponding < dE=dx > is obtained, by
the MonteCarlo simulation. The average
value of dQ=dx for that value of the range
is extracted from the data sample. The
correlation between < dQ=dx > (data)
and < dE=dx > (MonteCarlo), for three
di�erent �elds, is shown in Figure A.14.
At each �eld the point at the lowest energy
loss is obtained from minimum ionising
muon tracks.

As
we lack a full theoretical understanding of
the recombination process, we �tted the
data in Figure A.14 at each �eld with
a phenomenological formula, called the
Birks law:

dQ =
AdE

1 + kb � dE
dx

(A.1)
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where A and kb are constant to be obtained from the �t: the constant A is the
asymptotic value of the collected charge per unit length corresponding to a unitary
speci�c energy loss. It is expected to be independent of �eld and approximately (given
the roughness of the model) equal to 42 electrons/keV. The \Birk" constant kb gives the
non linear dependence: it is expected to be a decreasing function of the �eld.

The curves in Figure A.14 are the result of the �ts, that describe well the data.
The corresponding values of the constants at 100, 350 and 700V/cm are respectively:
A = 36 � 1; 33 � 1and36 � 1 electrons/keV and kb = 0:326 � 0:019, 0:130 � 0:008 and
0:072� 0:004 cm/MeV.

The non linear dependence of the collected charge on the deposited energy at the
low �eld values, where the Liquid Argon TPC is operated, a�ects both the dE=dx
measurements and the energy resolution. Due to the recombination process, especially
at high speci�c ionisation values and at low �elds, part of the energy deposited by the
ionising particle appears not as free charge but as photons, that are not detected. We are
considering the possibility of doping the liquid Argon to recover as free charge part of the
energy escaping detection.

A.1.6 Space resolution

The space resolution along the drift co-ordinate has been measured using the tracks from
vertical muons at distances from the wire planes such that the maximum drift time is, for
each �eld, less than 250 �s.

To avoid the contribution of multiple
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Figure A.15: Space resolution in the drift co-
ordinate vs. drift �eld from vertical tracks
within 250�s drift time.

scattering we evaluate the resolution
taking in turn the drift times measured
on any three contiguous collection wires;
we then take the distance (in time)
from the line through the two outer
points to the middle one. If d is the
corresponding distance along the drift co-
ordinate, the resolution � is given as a
function of its root mean square value
by: � =

p
2 < d2 > =3. As can be seen

in Figure A.15, the resolution is around
150 �m and appears to be independent on
the �eld in our range of intensities. We
expect, on the other hand a dependence on
the drift time. The result at E=350 V/cm,

again for drift times less than 250 �s, is shown in Figure A.16 (data at di�erent �elds
show similar behaviour). The curve is the result of a MonteCarlo simulation taking into
account the contributions of the noise and of the di�usion.

Di�erent sources contribute to the measured space resolution in the drift di- rection:
1) the combined e�ect of electronic noise and di�usion of the electron cloud during drift
(rms�1), 2) the channel to channel di�erence in the e�ective origin of time due to di�erent
cables lengths and to di�erent slopes of the output signals (�2), 3) out of plane position
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of the wires (�3).
The convolution of contributions 1 and 2 (�t) has been measured by means of the

test pulse, as shown in Figure A.7 and A.8. The quantity �2 is evaluated measuring the
average time di�erence for the test pulse in neighbouring channels. It has a small value,
�2 = 18 ns. From Figure A.8 we see that, in our operating conditions (S=N = 7�10) this
is a small contribution to �t, and that it is reached at high values of S=N . The quantity �3
is evaluated, using vertical muons, measuring the drift time di�erence between a channel
and the average of the two contiguous ones. The result is �3 = 18 �m, again a small
contribution.

The remaining contribution to the space resolution comes from the combined e�ect of
longitudinal di�usion and electronic noise. The signal rise time comes from to two causes:
the longitudinal charge distribution due to di�usion and the time taken by the electrons
to cross the distance (2mm) between screening and sense planes.
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Figure A.16: Resolution in the drift co-ordinate measurement vs. drift time (350V/cm).
Curve is from the MonteCarlo simulation described in the text.

To interpret the data in Figure A.16 note that they are taken at 350 V/cm, where
we have a signal to noise ratio S=N � 8. The pulse rise time, averaged on the
sample, is 1:5�s. From test pulse data similar to those shown in Figure A.7 and A.8
we have for comparison �t � 120 ns. The measured drift velocity (see Figure A.9)
is v = 1:25 mm=�s. We can �nally calculate this contribution to space resolution as
vt = 1:25 �m=ns � 120 ns � 150 �m: In conclusion the calculated value is equal to the
measured total resolution shown in Figure A.16: the combined e�ect of the rise time and
electronic noise determines the space resolution.

As we have noticed the resolution is almost independent of the �eld intensity. To
understand this aspect we recall that the data are relative, for all �elds, to tracks at drift
times less than 250 �s. As a consequence the average signal rise time is the same for all
the samples. At lower �elds the signal is smaller, due to increased recombination, and �t
becomes larger (for example going from 500 V/cm to 250 V/cm S=N decreases by 20%
and �t increases by about 23%). On the other hand the drift velocity decreases (by 25%
in the above example) and both e�ects almost perfectly compensate each other.

The curve shown in Figure A.16 is the prediction of the MonteCarlo simulation and
agrees with the data.
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A.1.7 Energy resolution at a few MeV

The energy resolution for low energy electron tracks can be evaluated by studying the
Compton spectrum and the pair production peak produced by a monochromatic gamma
ray source placed just outside the dewar.

At energies higher than 3 MeV only composite sources are available able to produce
monochromatic gamma rays (e.g.: Pu-Ca giving a 6.13 MeV  or Am-Be emitting a 4.43
MeV ). Unfortunately these gamma rays are always accompanied by neutrons whose
interaction rate is equal or higher to that of the gammas. As the energy spectrum of the
neutrons extends from thermal energies to about 8-10 MeV, their interaction products
with the Argon nuclei (nuclear capture or inelastic collisions with subsequent emission of
gamma and beta rays) could result in a non negligible background not easily removable.
We have chosen to use an Am-Be source that emits monochromatic gamma rays of 4.43
MeV. Its n�  ratio is about one.

The source is placed outside the dewar, close to its lateral wall one meter below the top
ange and it is collimated by means of lead blocks in such a way that the Compton and
pairs electrons are produced as close as possible to the wire chamber. As the radiation
length in liquid Argon is 14 cm, nearly all the 's entering the active volume of the
detector (45 cm in radius) should produce a visible ionising event.

The source emits 2103=s as well as 2:5103neutron=s over 4�. The presence of
neutrons, increases the background due to the natural radioactivity. In fact, due to
inelastic and capture reactions both on Argon and stainless steel, the neutrons produce 
rays with a wide energy spectrum. The total background can be measured by shielding
completely the source with 20 cm of lead which absorbs all the  emitted directly by
the source and leaves the neutron spectrum practically unchanged. In this test it is
crucial to exploit the self triggering capabilities of our device. Our recent measurements
demonstrated that we can trigger on isolated events with energy down to � 1 MeV simply
using the integrated signal coming from the collection wires. We collected data with the
threshold at 1.8 MeV. With this threshold and using 16 wires the trigger rates are the
following: without source 5.1 Hz, with shielded source 5.6 Hz, with unshielded source 8.5
Hz.

Figure A.17: Collection view of a 7.5MeV and of a 2MeV electrons. The drift co-ordinate
corresponds to the horizontal axis.

In practice, to reduce the event size hence to maximise the acquisition rate, the
analogue signals from the collection wires are grouped sixteen by sixteen and are used
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independently to trigger the acquisition and to localise the chamber wires hit by the
ionising event. Only a small volume around the triggering track (16 wires times 51 �s � 4
kbyte) is stored on tape. The cosmic ray events are rejected with good eÆciency simply
requiring that only one group of sixteen wires has a signal above threshold.

We have collected data at a drift �eld of 500V/cm and analysed then using the
algorithms above. Figure A.17 shows as an example the collection view of two electrons
of 7.5 MeV and 2 MeV respectively.
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Figure A.18: Compton spectrum (background subtracted). The continuous curves are
�ts to the Compton edge with an integrated gaussian function (gaussian shown as dotted
line) and to the pair peak with a gaussian.

The Compton scattering theory predicts a slowly increasing energy distribution
of the scattered electron with a sharp falling edge corresponding to the 4.20 MeV
(� E � 2me=E, E = incoming  energy); the pair production peak should appear
as a narrow line centred at 3.41 MeV (E � 2me). The pair production probability versus
Compton scattering is at this energy about 30 %. In the experimental data this value
is somehow reduced because the 's having Compton-scattered once can subsequently
reinteract producing other electrons which in turn can trigger the data acquisition. The
ratio between the position of the Compton edge and the pair peak is a check that we are
really dealing with the interaction products of the 4.43 MeV  source; the smearing of
the edge and the peak in the experimental distribution is directly related to the detector
energy resolution.

Figure A.18 shows the background subtracted energy spectrum; it corresponds
to about 45,000 triggers with the unshielded source 28,000 with shielded source
(background). The Compton edge and the pair peak are clearly visible. To interpret
the data we have generated 100,000 events with a MonteCarlo program. The simulation
takes into account all the interactions of the photons and electrons in the detector; its
geometry is completely described in the program. The deposited energy is transformed
into detected charge taking into account the loss due to the �nite electron lifetime, taken
to be 2.5 ms (the data cannot be corrected for this e�ect, because we don't have a t = 0
signal, hence we dont know the distance of the event from the wire plane). The free
electron yield is adjusted to 66% to �t the data. The detected charge is then smeared
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with a gaussian shape with �Q=Q = 7% also adjusted to �t the data.
The MonteCarlo reproduces well the data. We conclude that, after subtracting

the electron lifetime contribution, the energy resolution for electrons around 4 MeV is
�E=E = 7%.

The main contributions to the energy resolution for an electron of � 4 MeV are:

1. The e�ective electronic noise contribution, including that of the o� line extraction
of the signal which is � 1300 electrons while the average number of wire hit is 6;
this gives a contribution to the energy measurement error of 3.8%.

2. Uncertainty on the charge ampli�ers calibration constants (2%).

3. Missing parts of the track: since the signal extraction algorithm has a threshold at
about 6000 electrons (in order to reject eÆciently the noise), we miss part of the
deposited charge especially at the start and end of the track; this translates into a
rms of � 3500 electrons corresponding to 3.5%.

The best results obtained in liquid Argon are those of Aprile et al. [143]. They
measured the energy resolution for the 976 keV internal conversion electrons from 207Bi at
di�erent �eld values, �nding a noise subtracted resolution of �4:7% at 500 V/cm. In order
to compare the two results we must subtract from our resolution the contribution, due not
only to the electronic noise, but also to points 2) and 3), absent in the measurement of
Aprile et al. Subtracting in quadrature we are left with �E=E = 4:3% in good agreement
with those authors.

As we have mentioned 66% of the ion pairs produced by electrons of a few MeV at a
�eld of 500V/cm, do not recombine. This value can be compared with the measurement
of Aprile et al. [143] at 1 MeV and a �eld of 500 V/cm, that found 67% and with the 60%
obtained by R.T. Scalettar et al. [144] using 364 KeV electrons, i.e. at a lower energy.
As already discussed, we have measured the free electron yield also for minimum ionising
particles; we �nd that the fraction of free ionisation charge at 500 V/cm is 83%. These
di�erences could be interpreted as consequences of the non linear dependence of the free
charge on the deposited energy at high values of dE=dx, because at lower energy the
ionisation increases rapidly near the end point of the track.

A.1.8 Conclusions

We have performed the analysis of the data taken with a three ton liquid Argon TPC,
that we operated smoothly and without interruptions for more than two years at CERN.
The detector is providing bubble chamber grade three dimensional pictures of events
induced by cosmic rays and radioactive sources. We have systematically investigated the
performances and the physical parameters of the detector analysing these events. The
physical parameters (electron drift velocity, electron lifetime, free electron yield, electron
di�usion coeÆcient) have been found to be consistent with the expectation, con�rming the
design detector performances. The space resolution in the drift co-ordinate, found to be of
the order of 100 �m, and the superior particle identi�cation capability are powerful tools
for the detailed study of rare underground events as forseen by the ICARUS experiment.
The energy resolution in the MeV region, as determined from the data from radioactive
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sources, is of a few percents, as expected and as needed for the solar neutrino program
of ICARUS. The in depth understanding of the basic physics aspects of the liquid Argon
TPC allows us to conclude that such a detector can be built in large sizes. The basic
assumptions we made in the original proposal of the ICARUS experiment have been
experimentally veri�ed. The experience gained in operating a medium size prototype has
shown that a multi-kiloton detector can be reliably operated over long periods of time.



290 APPENDIX A. THE ICARUS TECHNOLOGY



Bibliography

[1] The complete list of references can be found on the ICARUS Web page:
http//www.aquila.infn.it/icarus./

[2] The complete list of references can be found on the NOE Web page:
http//www.na.it/NOE/

[3] K. Scholberg [Super-Kamiokande Collaboration], hep-ex/9905016.

[4] C. Walter [Superkamiokande Collab.], \Results from Super-Kamiokande and the
status of K2K", to appear in the Proceedings of the EPS99 conference, Tampere,
Finland, 1999.

[5] C. Athanassopoulos et al., (LSND Collaboration), Phys. Rev. C 54, 2685 (1996);
C. Athanassopoulos et al.(LSND Collaboration), PRL 77, 3082 (1996); Phys.
Rev. Lett. 75, 2650 (1995). Updated results including 1997 data can be found at
http://www.neutrino.lanl.gov/LSND/papers.html.

[6] G. Drexlin [KARMEN Collaboration], \Results from KARMEN", to appear in the
Proceedings of the EPS99 conference, Tampere, Finland, 1999.

[7] CHORUS Collab., E. Eskut et al., Phys. Lett. B 434, 205 (1998). CHORUS Collab.,
E. Eskut et al., Phys. Lett. B 424, 202 (1998).

[8] NOMAD Collaboration (P. Astier et al.). CERN-EP-99-032, Feb 1999. J. Altegoer
et al. [NOMAD Collaboration], Phys. Lett. B431, 219 (1998).

[9] M. Sakuda [K2K Collaboration], \The KEK-PS long baseline neutrino oscillation:
Experiment (E362)," Submitted to APCTP Workshop: Paci�c Particle Physics
Phenomenology (P4 97), Seoul, Korea, 31 Oct - 2 Nov 1997.

[10] E. Ables et al. [MINOS Collaboration], \P-875: A Long baseline neutrino oscillation
experiment at Fermilab," FERMILAB-PROPOSAL-P-875.

[11] ICARUS Collab., 'ICARUS-II. A Second-Generation Proton Decay Experiment and
Neutrino Observatory at the Gran Sasso Laboratory', Proposal Vol. I & II, LNGS-
94/99, 1994.

[12] ICARUS Collab., 'A First 600 ton ICARUS Detector Installed at the Gran Sasso
Laboratory', Addendum to proposal, LNGS-95/10, 1995.

291



292 BIBLIOGRAPHY

[13] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562
(1998), hep-ex/9807003.

[14] W.W. Allison et al. [Soudan-2 Collaboration], Phys. Lett. B449, 137 (1999) hep-
ex/9901024.

[15] M. Aglietta et al., hep-ex/9907024 and references therein.

[16] M. Apollonio et al., hep-ex/9907037.

[17] A. Surdo et al.[MACRO Collaboration], \Low energy atmospheric neutrino events
in MACRO", hep-ex/9905028.

[18] F. Ronga et al. [MACRO Collaboration], \Neutrino oscillations at high energy by
MACRO", hep-ex/9905025.
The MACRO Coll. (M. Ambrosio et al.), Phys. Lett. B434 (1998), 451, hep-
ex/9807005.

[19] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B420, 397 (1998), hep-
ex/9711002.

[20] P. Lipari and M. Lusignoli, Phys. Rev. D60 (1999) 013003; hep-ph/9901350.

[21] H. Gallagher (Soudan2 coll.), Proc. of ICHEP98, (Vancouver, 1998), 579.

[22] P. Lipari, Talk given at the 8th International Workshop on "Neutrino Telescopes".
Venezia, february 1999, hep-ph/9905506.

[23] P. Lipari hep-ph/9903481 (1999)

[24] O.G. Peres and A.Yu. Smirnov, hep-ph/9902312 (1999)

[25] P. Lipari, T. Stanev and T.K. Gaisser, Phys. Rev. D58 (1998) 73003.

[26] The MACRO Coll. (M. Ambrosio et al.), Phys. Lett B434 (1998) 451.

[27] The MACRO Coll. (M. Ambrosio et al.), hep-ex/9905021.

[28] The MACRO Coll. (M. Ambrosio et al.), hep-ex/9812020, submitted to Phys. Rev.
D.

[29] ICARUS-CERN-Milano Coll., CERN/SPSLC 96-58, SPSLC/P 304, December
1996; J. P. Revol et al., ICARUS-TM-97/01, 5 March 1997, unpublished.

[30] A. Ferrari, and P.R. Sala, ATLAS Internal Note PHYS-NO-086, (1996).

[31] A. Ferrari and P.R. Sala, Trieste, ATLAS internal note ATL-PHYS- 97-113, Proc. of
the Workshop on Nuclear Reaction Data and Nuclear Reactors Physics, Design and
Safety, ICTP, Miramare-Trieste, Italy, 15 April{17May 1996, Proceedings published
by World Scienti�c, A. Gandini, G. Re�o eds, Vol. 2, p. 424, (1998).



BIBLIOGRAPHY 293

[32] A. Fass�o, A. Ferrari, J. Ranft and P. R. Sala, Proc. IV Int. Conf. on Calorimetry in
High Energy Physics, La Biodola (Elba), September 19-25 1993, A. Menzione and
A. Scribano eds., World Scienti�c, p. 493 (1994)

[33] Z. Ajaltouni et al., Nucl. Instr. Meth. A, 387, 333 (1997)

[34] M. Cobal et al., ATLAS Internal Note TILECAL-NO-98, (1998).

[35] G. Acquistapace et al., CERN 98-02 and INFN/AE-98/05

[36] R. Bailey et al., CERN-SL/99-034(DI) and INFN/AE-99/05

[37] D. Cavalli, A. Ferrari, and P.R. Sala, \ Simulation of Nuclear E�ects in neutrino
interactions " ICARUS-TM-97/18 (1997)

[38] A. Ferrari, T. Rancati and P.R. Sala, Proc. 3rd workshop on \Simulating Accelerator
Radiation Environment", SARE-3, KEK-Tsukuba, May 7{9 1997, H. Hirayama ed.,
KEK report Proceedings 97-5, p. 165 (1997)

[39] A. Ferrari and A. Rubbia, ICARUS collaboration.

[40] A. Ferrari et al., Zeit. Phys. C70 (1996) 413.

[41] GEANT Users' guide.

[42] H. Fesefeldt, \GHEISHA: The simulation of hadronic showers - Physics and
application", Report PITHA 85/02 (1985).

[43] A. Fass�o et al, proceedings of the Workshop on "Simulating Accelerator Radiation
Environment, Santa Fe, January 1993, A. Palounek ed., Los Alamos LA-12835-C,
p. 134 (1994).

[44] ICARUS Collaboration, Laboratori Nazionali del Gran Sasso (LNGS) Int. Note,
LNGS - 94/99 (Vols I-II), unpublished; LNGS 95/10, unpublished. P. Benetti et
al., Nucl. Instrum. Methods A 327, 173 (1993);Nucl. Instrum. Methods A 332, 395
(1993);

[45] F. Arneodo et al. [ICARUS Collaboration], \The ICARUS 50 l LAr TPC in the
CERN neutrino beam," hep-ex/9812006.

[46] The ICARUS collaboration, \ICARUS-Like Technology for Long Baseline Neutrino
Oscillations", CERN/SPSC/98-33 & M620, 1998.

[47] M. Ambrosio et al., LNGS/Note 94-112 (1994), unpublished; G.Barbarino et
al.,Nucl. Phys. B 48, 204 (1996).

[48] Bari Group, "Test of scintillator with wls read out" NOE internal notes 16/99
(1999).

[49] G. Barbarino et al., "NOE Atmospheric and long baseline Neutrino Oscillation
Experiment" INFN/AE-96/11 (1996).



294 BIBLIOGRAPHY

[50] M.Ambrosio et al., NIMA363(1995),p 604

[51] G. Barbarino et al., "The NOE detector for a long baseline neutrino oscillation
experiment" INFN/AE-98/09 (1998).

[52] C. Caso et al., Review of Particle Physics The European Physical Journal C3 (1998)
1

[53] M. Honda et al., Phys. Rev. D52 (1995) 4985.

[54] G. Barr et al., Phys. Rev. D39 (1989) 3532.

[55] G. Battistoni et al., Nuclear Phys. B (Proc. Suppl.) 70 (1998) 358.

[56] T. Futagami et al. [SuperKamiokande Collaboration], \Observation of the east -
west anisotropy of the atmospheric neutrino ux," Phys. Rev. Lett. 82, 5194 (1999)
astro-ph/9901139.

[57] V. Barger et al., hep-ph/9907421;
V. Barger et al., Phys. Rev. Lett. 82 (1999) 2640.

[58] Q.Y. Liu and A.Yu. Smirnov, Nucl. Phys. B 524 (1998) 505;
E.J. Chun, C.W. Kim, and U.W. Lee, Phys. Rev. D 58 (1998) 093003;
A.S. Joshipura and A.Yu. Smirnov, Phys. Lett. B 439 (1998) 103;
M. Bando and K. Yoshioka, Prog. Theor. Phys. 100 (1998) 1239;
V. Barger et al., Phys. Rev. D 58 (1998) 093016;
E.M. Lipmanov, Phys. Lett. B 439 (1998) 119;
J.P. Bowes and R.R. Volkas, J. Phys. G 24 (1998) 1249;
R. Foot and R.R. Volkas, Phys. Rev. D 52 (1995) 6595;
R. Foot, Mod. Phys. Lett. A 9 (1994) 169;
J. Bunn, R. Foot, R.R. Volkas, Phys. Lett. B 413 (1997) 109;
M. Kobayashi, C.S. Lim and M.M. Nojiri, Phys. Rev. Lett. 67 (1991) 1685;
C. Giunti, C.W. Kim and U.W. Lee, Phys. Rev. D 46 (1992) 3034;
W. Krolikowski, Acta Phys. Polon. B 30 (1999) 227;
Y. Koide and H. Fusaoka, Phys. Rev. D 59 (1999) 053004;
Y. Koide, Phys. Rev. D 57 (1998) 5836.

[59] A. Bueno and A. Rubbia, \Detecting the presence of �� in the atmospheric neutrino
ux", ICARUS/TM-99/11, April 1999.

[60] CERN-Harvard-Milano-Padova-Roma-Tokyo-Wisconsin Collaboration, INFN/AE-
85/7 (1985).

[61] R.V. Etvs, D. Pekar, F. Fekete, Ann. Physik 68 (1922) 11; J. Renner, Mat. Term.
Ert. 53 (1935) 542; P.G. Roll, R. Krotkov, R.H. Dicke, Ann. Phys. 26 (1964) 442;
V.B. Braginsky, V.I. Panov, Sov. Phys. JETP 34 (1972) 463.

[62] See e.g. A.D. Dolgov, M.V. Sazhin, Ya.B. Zeldovich, Basics of Modern Cosmology,
Ed. Frontires, 1990.



BIBLIOGRAPHY 295

[63] For a review see e.g. P. Langacker, Phys. Rep. C72 (1981) 185.

[64] For a review, see R. Barloutaud, Theoretical Aspects of Underground Physics, Proc.
of Toledo Workshop, Nucl. Phys. B (Proc. Suppl. 28A) (1992) p. 437.

[65] P. Langacker and M. Lou, Phys. Rev. D44 (1991) 817 and P. Langacker, Particles,
Strings, and Cosmology, ed. P. Nath and S. Reucroft (World Scienti�c, Singapore,
1991), p. 237.

[66] U. Amaldi, W. de Boer and H. Fu" rstenau, Phys. Lett. B 260 (1991) 447.

[67] P. Langacker, University of Pennsylvania preprint UPR0539 (1992).

[68] For a review, see Graham G. Ross, Grand Uni�ed Theories, (Benjamin-Cummings,
Menlo Park, 1984).

[69] R. Arnowitt, Proc. Int. Europhys. Conf. on High Energy Physics, Marseille, 1993.

[70] W.A. Mann, T. Kafka and W. Leeson, Phys. Lett. B291 (1992) 200.

[71] J. Pati, A. Salam and U. Sarkar, Phys. Lett. B133 (1983) 330.

[72] J. Pati, Phys. Rev. D29 (1984) 1549.

[73] R. Brun et al., CERN report DD 851 (1985).

[74] C. Berger et al., Z. Phys. C 50 (1991) 385.

[75] E. Fermi, in Nuclear Physics, ed. J. Orear (Univ. of Chicago Press, 1950).

[76] P. Balzarotti et al., internal note, INFN, Milano (1987).

[77] For a recent review see R.N. Mohapatra Nucl. Instrum. Meth. A284 (1989) 1.

[78] G. Fidecaro et al., Phys. Lett. 156B (1985) 122; G. Bressi et al., Il Nuo. Cim. 103A
(1990) 731; M. Baldo Ceolin et al., Phys. Lett. 236B (1990) 95.

[79] W.M. Alberico et al., Phys. Lett. 114B (1982) 266; C.B. Dover, A. Gal and J.M.
Richard, Phys. Rev. C31 (1985) 1423.

[80] M. Takita et al., Phys. Rev. D34 (1986) 902; C.H. Berger et al., Phys. Lett. 240B
(1990) 237.

[81] Brett Viren (SuperKamiokande Collab.), \Current Status of Nucleon Decay
Searches with Super-Kamiokande", hep-ex/9903029.

[82] G. Battistoni, A. Ferrari, P. Lipari, T. Montaruli, P.R. Sala and T. Rancati, \A
3{Dimensional Calculation of
Atmospheric Neutrino Flux " hep-ph/9907408, submitted to Astroparticle Physics.

[83] E.S. Seo, et al., Ap. J. 378 (1991) 763.



296 BIBLIOGRAPHY

[84] W. Menn, et al., Proc. 25th ICRC (Durban) vol. 3 (1997) 409.

[85] G. Barbiellini, et al., Proc. 25th ICRC (Durban) vol. 3 (1997) 369. Also, M. Boezio
et al., (1998) (to be published).

[86] hep-ex/9905012, to appear in Phys.Rev.D.

[87] S. Ragazzi et al., 'Request for a test of liquid argon TPC on the neutrino beam',
SPSLC/M 594, 1997.

[88] ICARUS Collab., 'A Search Programme for Explicit Neutrino Oscillations at Long
and Medium Baseline With ICARUS Detectors', ICARUS-TM-97/01, 1997.

[89] P. Cennini et al., Nucl. Instrum. Methods A 333, 567 (1993).

[90] P. Cennini et al., Nucl. Instrum. Methods A 345, 230 (1994).

[91] P. Cennini et al., Nucl. Instrum. Methods A 355, 660 (1995).

[92] P. Cennini et al., ICARUS-TM-97/24, 1997.

[93] CERN/SPSC 98-32, SPSC/M-619, LNGS-LOI 3 Add. 2

[94] A. Ferrari, C. Rubbia, ICARUS TM-99/10, 1999.

[95] K.S. Hirata et al. [KAMIOKANDE-II Collaboration], Phys. Lett. 205B, 416 (1988).

[96] N. C. Gallagher, Jr and G. L. Wise, A theoretical analysis of the properties of
median �lters. IEEE Trans Acoust Speech & Signal Process. ASSP -29 (1981).

[97] P.Arcaro et al., \DAEDALUS: a proposal for a VLSI implementation of a feature
extractor for Icarus signals" ICARUS-TM-96/02 (1996).

[98] C.Carpanese et al., \DAEDALUS: a feature extractor for ICARUS signals"
ICARUS-TM-97/06 (1997).

[99] C.Carpanese et al., \DAEDALUS: a feature extractor for ICARUS signals"
ICARUS-TM-98/08 (1998).

[100] C.Carpanese et al., \ARIANNA: the readout module for ICARUS, prototype
version" ICARUS-TM-98/07 (1998).

[101] C.Carpanese et al., \DAEDALUS: a hardware signal analyser for Icarus" Proc. of
the 7th Pisa Meeting on Advanced Detectors, La Biodola, Isola d'Elba, Nucl. Instr.
and Meth. A 409 (1998).

[102] C.Carpanese et al., \ARIANNA: the ICARUS experiment readout module" IEEE
Transactions on Nuclear Science, Vol. 45 no. 4 (1998).

[103] Y. Fukuda et al., Phys. Rev. Lett. 82 (1999) 2644.

[104] The upward{going muon event generator by Paolo Lipari has been used.



BIBLIOGRAPHY 297

[105] M. Ambrosio et al., Astroparticle Physics 9(1998) 105.

[106] E. Gatti et al., IEEE Trans. Nucl. Sci. NS-26 (1970) 2910.

[107] E. Bonetti et al., Nucl. Instr. and Meth. A286 (1990) 135.

[108] P. Benetti et al., Nucl. Instr. and Meth. A332 (1993) 395. P. Benetti et al., Nucl.
Instr. and Meth. A333 (1993) 567. P. Benetti et al., Nucl. Instr. and Meth. A346
(1994) 550.

[109] A. Benetti et al., Nucl. Instr. and Meth. A332 (1993) 395.

[110] C. Rubbia, CERN-EP Internal Report 77-8 (1977).

[111] P. Benetti et al., Nucl. Instr. and Meth. A345 (1994) 230.

[112] P. Benetti et al., Nucl. Instr. and Meth. A355 (1995) 660.

[113] ICARUS Coll., ICARUS I: an Optimized Real Time Detector of Solar Neutrinos,
Experiment Proposal, LNF-89/005 (R)

[114] T. Doke, Portgal Phys. Vol. 12, fasc. 1-2 (1981) 9; S. Kubota et al., Phys. Rev. B17
(1978) 2762; S. Kubota et al, Phys. Rev. B20 (1979) 3486; S. Kubota et al., J. Phys.
C11 (1978) 2645; T. Doke et al., NIM A291 (1990) 617.

[115] N. Ishida et al, Nucl. Instr. and Meth. A327 (1993) 152; A. C. Sinnock, J. Phys.
C13 (1980) 2375.

[116] A. Hitachi, Nucl. Instr. and Meth. A327 (1993) 11

[117] M. Suzuki et al., Nucl. Instr. and Meth. A327 (1993) 67; S. Kubota et al., Nucl.
Instr. and Meth. A327 (1993) 71.

[118] P. Benetti et al., Nucl. Instr. and Meth. A329 (1993) 361.

[119] C. Vignoli, Studio della luce di scintillazione dellargon liquido per la determinazione
del tempo assoluto degli eventi nel rivelatore ICARUS, PhD Thesis, Univ. degli
Studi di Pavia, AA 1995 / 96, In Italian.

[120] ICARUS Coll., Use of the ICARUS 10 m3 module as detector prototype, ICARUS-
TM/99-05.

[121] S. Bricola et al., Report on the 10 m3 cryostat, ICARUS-TM/98-05.

[122] P. Benetti et al., Pumping system for the ICARUS 600 ton detector, ICARUS-
TM/98-17.

[123] C. Montanari et al., Measurement of outgassing rates of signal cables, ICARUS-
TM/98-14.

[124] Oxisorb is a trade mark of Messer Griesheim GmbH



298 BIBLIOGRAPHY

[125] Supplied by Linde Gaz Industries (France).

[126] A. Bettini et al., Nucl. Instr. and Meth. A305 (1991) 177.

[127] C. Rubbia, ICARUS TM-97/02 (1997).

[128] A.I. Alikhanov, V.A. Lubinov, G.P. Eliseev, Proc. Int. Conf. on Instrumentation for
High Energy Physics (1956) 87-98; L.Landau, J. Ind. of Physics (Russian) 8 (1944)
21

[129] G. Osteria et al., proceedings of the " 7th Pisa meeting on andvanced detector",
Isola d' Elba, Italy, May 25-31, 1997.

[130] G. Barbarino et al.,"NOE : A Scintillating Fiber Calorimeter to Search for Long
Baseline Neutrino Oscillations", Proceedings of the 25th International Cosmic Ray
Conference (Durban), (1997) vol.7 p.101

[131] Chorus Collaboration, CERN/PPE/93-131 (1993)

[132] KLOE Collaboration, LNF 92/019

[133] R. DeSalvo et al., Nucl. Instr. and Meth. A 315 (1992) 375

[134] C. De Marzo et al., Nucl. Instr. Meth. 217 (1983) 405; H. Fessler et al., Nucl. Instr.
Meth. 228 (1985) 303, Nucl. Instr. Meth. 240 (1985) 284;

[135] M. Adams et al., Nucl. Instr. Meth. A 366 (1995) 263

[136] M. Adams et al., Nucl. Instr. Meth. A 378(1996) 131

[137] Winston, Progress in Optics 27 (1989) 161

[138] The NOE detector for a LBL neutrino oscillation experiment, CERN/SPSC 98-32,
SPSC/M-619, LNGS-LOI 3 Add.2

[139] T. Doke et al., Nucl. Instr. Meth. A 237 (1985) 475.

[140] L. S.Miller, S. Howe and W. E. Spear, Phys. Rev. 166 (1968) 871.

[141] W. F. Schmidt, IEEE Trans. on Electr. Ins. EI-19 (1984) 389.

[142] E. Shibamura, T. Takahashi, S. Kubota, T. Doke, Phys. Rev. A20 (1979) 2547.

[143] E. Aprile, W.H. Ku and J. Park, IEEE Trans. Nucl. Sci. 35 (1988) 37.

[144] R. T. Scalettar, et al., Phys. Rev. A25 (1982) 2419.


