’ inst PuBLISHED BY IOP PUBLISHING AND SISSA

REcEIVED: November 14, 2008
ACCEPTED January 16, 2009
PuBLISHED: February 26, 2009

Towards a new Liquid Argon Imaging Chamber for
the MODULAr project

D. Angeli, 2 B. Baibussinov, P M. Baldo Ceolin, ¢ G. Battistoni, ¢ P. Benetti, &f

A. Borio, ¢ E. Calligarich, f M. Cambiaghi, ¢f F. Cavanna, 9" S. Centro, ¢® K. Cieslik, P
A. G. Cocco, ' R. Dolfini, €' A. Gigli Berzolari, ¢f C. Farnese,® A. Fava,? A. Ferrari, ¥
G. Fiorillo, ' D. Gibin, ¢ A. Guglielmi, ® G. Mannocchi, '™ A. Menegolli, ¢* G. Meng,?
C. Montanari, f S. Muraro, ¢ O. Palamara, " L. Periale,' P. Picchi, ™ F. Pietropaolo, °
A. Rappoldi, f G.L. Raselli, F M. Rossella, f C. Rubbia, " P. Sala,? G. Satta, ™

F. Varanini, ®® S. Ventura ® and C. Vignoli,

aDipartimento di Ingegneria Meccanica e Civile, UniversittModena e Reggio Emilia
via Vignolese 905, 1-41100 Modena, Italy
BINFN, Sezione di Padova
via Marzolo 8, 1-35131 Padova, Italy
®Dipartimento di Fisica, Universita di Padova
via Marzolo 8, 1-35131 Padova, Italy
4INFN, Sezione di Milano
via Celoria 2, 1-20123 Milano, Italy
eDipartimento di Fisica, Universita di Pavia
via Bassi 6, 1-27100 Pavia, Italy
FINFN, Sezione di Pavia
via Bassi 6, 1-27100 Pavia, Italy
9Dipartimento di Fisica, Universita dell’Aquila
Via Vetoio, Localita Coppito, I-67010 L’Aquila, Italy
hLaboratori Nazionali del Gran Sasso dell'INFN
1-67010 Assergi (AQ), Italy
'INFN, Sezione di Napoli
via Cintia, 1-80126 Napoli, Italy
IDipartimento di Scienze Fisiche, Universita Federico Il
via Cintia, 1-80126 Napoli, Italy
KCERN, European Laboratory for Particle Physics
CH-1211 Geneve 23, Switzerland
'IFSI-INAF, Sezione di Torino
Corso Fiume 4, 1-10133 Torino, ltaly
M_aboratori Nazionali di Frascati (INFN)
via Fermi 40, 1-00044 Frascati (RM), Italy
E-mail: [Car | 0. Rubbi a@ern. ch|



mailto:Carlo.Rubbia@cern.ch

ABSTRACT. The MODULAr project foresees the exploitation of a new ldjdrgon imaging de-

tector, of at least 20 kt fiducial mass, to be operated in dshalepth location under the Gran
Sasso Mountain. It will be devoted to study neutrino ostdlas with an optimized off-axis CNGS
neutrino beam. Cosmic neutrinos as well as proton decayalgitl be addressed. The MODULAr
detector will vastly inherit from the technology develoded ICARUS-T600. However, such an
increase in the volume over the current ICARUS-T600 needie toarefully considered. It is con-
cluded that a single, huge volume is an inoperable and uoetical solution for many reasons. A
very large mass is best realized with a modular set of manytichd, independent units, each of
about 5 kt, “cloning” the basic technology of the ICARUS-D6@everal of such modular units will

be assembled to reach at least 20 kt as initial sensitivenalIulhe increase of the active volume
of about one order of magnitude with respect to the ICARU®0I@etector requires some specific
R&D activity, which will be implemented in & 360 ton prototype unit (SLICE) of reduced length.

KEYWORDS. Large detector systems for particle and astroparticlesioBy Liquid detectors;
Particle tracking detectors; Time projection chambers.
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1. Introduction

The liquid Argon Time Projection Chamber (LAr-TPC), as irmagdetector, was first proposed by
C. Rubbia in 1977[[1]. In highly purified liquid Argon (LAr) iwzing tracks can be transported
practically undistorted by a uniform electric field over m@sropic distances. A large set of wires
at the end of a drift path continuously senses and recordsighals induced by the drifting elec-
trons. The signal of electrons crossing subsequent wireeplaith different orientation is detected
through non-destructive read-out of ionization electioynsharge induction. This provides several
“bubble chamber like” projective views of the same evervahg millimetre-like space point
reconstruction and precise calorimetric measurements. td¢hnique is especially suited for the
detection of different kinds of neutrino events and othee tanderground phenomena, like for in-
stance proton decay, since the detector operates consilyuand it does not require pressurization
but only a “swimming pool” of cryogenic liquid.



The feasibility of the technology has been demonstratechby\@ARUS collaboration with
an extensive R&D programme during more than two decafesTBis gradual development of
the technology has been completed by the industrial remizaf a module employing about 600
tons of LAr (ICARUS-T600). The detector, made of two ideatisemi-modules, one of which has
been successfully operated in 2001, is presently in its finaltion underground in the Hall B of
the INFN Gran Sasso Laboratory (LNGS). It will collect sinameously physics data with the long
baseline neutrino beam from CERN (CNG¥ [3]) and from cosmysr All technical aspects of
the system, namely cryogenics, LAr purification, read-dw#trabers, detection of LAr scintillation
light, electronics and DAQ have been tested and perform psoted. A complete description of
the construction and test of the ICARUS-T600 detector ofasarhas been given if] [4].

Already in 2002, immediately after the successful operatibthe ICARUS-T600, the Col-
laboration started to investigate even larger detectossdar to extend the physics results to even
much larger massef [5]. The design of these developmentisriandy motivated by the necessity
of new detectors to complete the study of neutrino osdiliegiwith beam and cosmic ray neutrinos,
supernova explosions and the search for proton decay, iabpéic the exotic channels predicted
by the SUSY theories. Programmes already under developmdapan and the US are the well-
known SuperKamiokande water Cherenkov detedfor [6] and\tbeA scintillator detector[[7],
both of the order of 20—30 kt mass. They are both intended écatg with off axis neutrino beams
and for an optimum neutrino energy window of 1-2 GeV to stugly- ve sub-leading neutrino os-
cillations.

A LAr detector with an appropriate sensitive mass of abouki2@ be operated in a shallow
depth location under the Gran Sasso Mountain in Italy (jgtoODULAr), has been recently
proposed[[8]. It may have significant advantages over théqusly described options; in particular
the active mass for a given sensitivity to neutrino osddlad is as much as a factor 4 smaller with
respect to the ones of ref] [6] ardl [7].

The scientific community is presently also considering epiigal designs for huge “ultimate”
detectors of the order of one or more hundreds of kilotongsethuge costs are comparable to the
ones of the LHC experiments: some R&D is presently beingymatsowards such a long distance
goal. In Europe the following have been proposed: a bi-plgasdiquid Argon TPC detector of
a mass of 100 kt exploiting charge amplification in the gaspH&LACIER) [$], a huge liquid
scintillation detector of about 50 kt (LENA) [[L0] and a wa@nerenkov counter of 440-730 kt]11]
(MEMPHYS). In the US and in Japan two similar projects, UN@][and HyperKamiokandé [[L3]
have been discussed. It is remarked that also the preserstyided MODULAr detectof J8] may
be progressively expanded in order to reach eventually sitsenmass which is comparable to the
ones of the other “ultimate” detectors.

The ICARUS-T600 detector is providing an essential expegein order to develop such a
“next step” with LAr. The large number of important milesém which have been achieved in
the last several years, has provided a solid backgrounchéotLAr-TPC. The operation of the
ICARUS-T600 opens the way to the development of a new line aduttar elements, which may
be extrapolated progressively to the largest conceivaBIeTPC sensitive masses.

One intermediate step towards the realization of the MODUject [$] is the construction
of a relatively smaller test unit called SLICE, of much skorength but otherwise identical to
MODULAr in cross-section, with an active mass of about 360 t.



An important amount of new physics results could be prodwa#uthis prototype, if exposed
to an intense low energy neutrino beam such as those of thaNadERor the FNAL Booster.
In particular, it would allow investigating the existencesterile neutrinos and measure neutrino
cross-section in the 0—-3 GeV energy range.

The present paper is devoted to the description of the iniveviechniques of the MODULAr
detector and the R&D phase necessary for its successfidarhint.

2. Main features of the new LAr-TPC detector

2.1 A modular approach

The most naive design would assume a single LAr containehafa size. But already in the case
of containers of few thousand tons the geometrical dimessid most types of events under study
(beamv, cosmic rayv, proton decays) are relatively confined, i.e. much smatian the fiducial
volume. Hence, increasing the container’s size does nettaéippreciably the event acceptance
in fiducial volume anddoes not introduce any significant physics arguments inasudr. We
believe instead that there are a number of serious argurfeentgich such a huge size approach
cannot be easily realised and that the use of a modular steuot several separate (similar) vessels,
each of the size of a few thousand tons, provides a more kelgdution. For instance, in case
of an accidental leak of the ultra-pure LAr, all the liquidthre actual volume of the container is
contaminated. Segmentation is therefore useful in oveirmpavents due to poisoning of the liquid.
In case of a major damage of the detector, the liquid can bagiooally transferred to another
container. An additional reserve vessel of the order of 108,kon the other hand, not realistic.
Moreover, the safety requirements of an underground vessedtrongly dependent on its size.

One of the most relevant features of LAr-TPC is its abilitgltect accurately ionization losses
at the percent level. Over a very large volume, the inewdtailhomogeneities in electron lifetime
due to even modest variations in purity of the LAr produceyJarge fluctuations in the actual
value of the collected charge and hamper the possibilitthafge determination along the tracks.
Therefore, we have chosen to use a modular approach of eaff&ize in order to reduce the effects
due to the non-uniformity of the electron collection geedaby the emergence of negative ions,
which impose a reasonably short maximum drift distance of egp.

As it will be discussed further on, it has been assumed thataonable sensitive volume
should be of 8x 8 n? cross section and a length of about 60 m, corresponding t6 884of
liquid or 5370 t of LAr. Two sets of readout chambers, placesides, and a central high voltage
cathode are arranged in a double gap configuration with eleni§th of 4 m. The read-out cham-
bers are made of three wire-planes with a wire pitch of theod 6 mm, twice the value of the
ICARUS-T600.

Itis well known that ionizing particles in LAr produce alséeage amount of scintillation light
in the deep UV (128 nm]]4]. Like in the case of ICARUS-T600uaer of photomultipliers, with
a thin layer of wave-length shifter (Tetra-Phenyl-Butaie TPB) deposited on the photocathode,
will collect the light and extract a prompt signal for triggend timing purposes.



2.2 Double phase LAr-TPC signal collection?

Several years ag [[14] the ICARUS collaboration had studieduble phase noble gas arrange-
ment, in which ionization electrons from the tracks weré&eldi from the liquid to the superimposed
gaseous phase. Electrons were further accelerated — eifbrditluction of proportional scintilla-
tion light — through a system of grids, like in an ordinary gags TPC, before being collected by
the readout wire planes. Dark matter searches in Argon (WAEJ? and in Xenon (XENON)[[6]
have profited from this technique.

Essentially the same idea has been also envisaged somedarferavery large & 100 kt)
monolithic LAr-TPC detectors. In the specific case of GLABI], a very large electron drift
length of 20 m at 1 kV/cm in LAr has been proposed. This cowadp to a drift voltage of as
much as 2 MV, which is about a factor ten larger than the onsudised in the present proposal. If
one assumes that the free electron lifetime is at least 2[jnsrié expects an attenuation of the free
electrons due to ion recombination in the impurities, pnesloly Oxygen, of as much as a factor
150 after 20 m. This residual free electron component camadirectly recorded electronically (as
in ICARUS) over the whole drift distance and must be therefiast amplified by the proportional
gain profiting of the gaseous phase. In practice, taking actmount the large capacitance of the
extremely extended read-out electrodes (up to 70 m long)candequently of the larger noise
signal from the input j-FET, gains of the order of®lére typical required values. Moreover, the
dynamic range of the electronics must take into accoungttge lvariation of the signal pulse height
along the drift coordinate.

Therefore, in the double phase arrangement, all threerelifteéypes of charged particles have
to be simultaneously considered, namely (1) the initia gkectrons from LAr which are attenuated
over the distance by as much as two orders of magnitude, ¢23dbumulated negative ions from
recombination by impurities and (3) the positive Argon iespecially from the multiplication near
the wire in the gas. The ion speeds in liquid are extremehy,diypically far less than 2 mm/Aat
1 kV/cm (with 2 MV over 20 m the drift time isz 10'000 s, i.e. about 3 hours!).

In the WARP and XENON experiments, it has been demonstrasitdree electrons can over-
come the liquid to gas barrier in the presence of a suffigiesitbng electric field of a few kV/cm.
It is expected that both the positive ions travelling frons ¢a liquid and the negative ions trav-
elling from liquid to gas, because of their larger massestarte smaller speed, will ultimately
be trapped and accumulate at each side of the liquid-gasdades for a so far unknown period
of time.

The free electrons crossing the double ion layer cloud agegmtly under study with the 2.3
litre WARP detector underground at the LNGS. There is sonadirpinary evidence, already in
this small detector, that space charges, due to ions cgpsirboundary, may introduce additional
fluctuation in the electron ionization signal. This williatluce a substantial worsening of one of
the most relevant features of LAr-TPC, namely its abilityd&dect accurately ionization losses.

The consequence for a detector of the size of 70 milliondiaed a diameter of 70 m is an
enormous extrapolation, which still requires a consideralmount of R&D. The phenomenon of
ion transfer through the interface is expected to be rathempticated and not well understood and

1We remark that on such a timescale convective motions irthiel@essel become very relevant and may seriously
modify the drift time of positive ions in either direction.



it has not been conclusively measured experimentflly [17khe case relevant to GLACIER, it

is likely that trapping may be ultimately occurring, but expnental studies are needed to assess
the phenomenon. This is an absolutely crucial point priax soiccessful, practical realization of a
huge dual phase experiment in Argon.

As a first step, the 5 m long prototype ARGONTUHE [9] under gtad surface should allow
to experimentally verify these hypotheses and prove thsilihigdy of detectors with long drift
paths. This represents a very important milestone in theequtnal proof of the feasibility of the
dual phase detectdn Argon.

It is therefore concluded that, at least at the present sifgee LAr-TPC, thesingle phase
geometry and a relatively short drift lengtivhich have both been already well developed experi-
mentally [#], are vastly preferable because they minimieedffects of negative and positive ions.
Negative ions in this configuration are smoothly driftingdatirectly captured by the collecting
wires with a negligibly small signal (the electric signalpgoportional to the drift speed, a fac-
tor ~ 10> smaller for ions). Positive ions are straightforwardlylecled at the cathode. For a
sufficiently small drift volume, like the one described iretpresent proposal, the electric field
distortions due to the slow ion motion can be made negligible

2.3 A simplified structure for the modular detectors

The structure of the detector has been considerably stigzunin order to reduce the number of
components, its cost and to increase the reliability of ffetesn. The modular structure permits
to repeat the initial engineering design of the prototype iseries of several subsequent units,
reducing progressively both cost and construction time.

One of the goals of the detector is related to filling and naamhg over many years a very
large amount of ultra-pure LAr in stable conditions insiddealicated underground cave, within
very strict safety conditions. The initial filling proceduis determined by the supply rate currently
provided by the supplying industry, the maximum rate atdédn the European market being of
the order of 200 rffd. At the rate of 100 r#id, the initial filling of 21.5 kt of ultra-pure LAr (cor-
responding to a volume of 15’500%nis about 155 days, which is acceptable. At the commercial
cost of 0.7 Eurol/l, the value of the LAr for the initial filling about 11 MEuro, which is also quite
acceptable. The mechanical structure of each of the moduits should be as simple as possi-
ble, keeping the cost of the various components commermswiét the relatively modest initial
investment for the LAr.

The wire arrangement is scaled from the industrial reabmadf the existing ICARUS-T600,
which is taken as reference design. ICARUS-T600 is made®fdentical T300 modules, in which
two sets of readout planes and a high voltage cathode aretb@daa double gap configuration.
Each set of readout planes is made of three parallel wireepléseparated by a gap of 3 mm), the
wires on each plane are stretched at 0° an@0° with respect to the horizontal direction. The
most inner wire plane (facing the drift volume) acts essdlgtas a screen grid for the successive
induction plane. However the signals induced on the hot&@anires are also used to solve possible
ambiguities in the three dimensional track reconstructidrs identical geometry is “cloned” into
a larger modular detector, with the linear dimensions sddlg a factor 8/3 =2.66, namely the cross
sectional area of the planes is nows88 n¥ rather than 3x 3 n?. The wires in the longitudinal
direction were originally 9.4 m long with the wire planes divided into two equal segments. In the
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(a) Type T300 with 4 m drift (b) Type T300 with 2 m drift (c) Type T600 with 4 m drift
5’000 ton and 25’000 wires 5000 ton and 50’000 wires 10'000 ton and 50'000 wires

Figure 1. Various possible alternative arrangements for a moduldy with a transverse cross-section of
8 x 8 m? for each module. In (a) we show a scaled up T300 configuratitm4vm drift length and about
25’000 readout wires. The sensitive mass is about 5000 to(b)Ithe configuration is the same as in (a),
except the drift distance has been reduced to 2 m doublinguheber of readout wires. In (c) we show a
scaled up ICARUS-T600 configuration with a twin module, 4 riftdength and about 50’000 wires. The
sensitive mass is then 10’000 tons.

next step, the length will be also split into two individualrevsets, but 30 m long, corresponding
again to the ratio 30/9.4 = 3.2. The longer wires have a highpacitance and the signal/noise
ratio is significantly decreased (wires, of the order of 1dhmFcables, of the order of 50 pF/m).
This factor is compensated widening the pitch to 6 mm, to bepared to the 3 mm adopted in
ICARUS-T600, thus doubling theE/dxsignals. Therefore, we expect signal/noise ratios which
are rather similar to the ones of the ICARUS-T600, namelyhef arder of 10/1. As it will be
discussed later on, over the last several years the eléctchain from “wire to computer” has
been considerably improved in performance and reducedsif, ¢o collaboration with industry.

Each stereo wire is observing a time projected volume wischfactor 2.66x (4/1.5) x 2 =
14.2 larger than in the case of the ICARUS-T600 (wire lengthrift length x wire pitch). The
average LAr mass observed by each TPC readout wire is abOtgZGhannel. Therefore a 20 kt
sensitive volume will require of the order of A®ires.

At this stage the configuration of the modules may not be densd as final and a number
of configurations are possible, as shown in figiire 1, maiimgias a reference a transverse cross-
section of 8x 8 n?.

Figure[la represents the previously indicated basic carfiign of a scaled T300 double gap
arrangement. The nominal voltage of the T300 is 75 kV for tfen long drift, corresponding
to a drift field of 500 V/cm. However, the field-shaping eledies have been designed and safely
tested for cathode HV values of more than 200 kV, in view ofi& thngth extension up to 3 m
as required in a never constructed T1200 module. The T300des currently operated without
problems with HV up to 150 kV (i.e. a drift field of 1 kV/cm).

In MODULA, the HV on the cathode would be 200 kV, at a nomirlatéric field of 500 V/cm

2The estimated commercial cost of each channel “wire to caenbis now about 60 Euro. Assuming for each wire
a sensitive LAr volume of 200 kg, the “cost” of the electranis 60/200 = 0.3 Euro/kg, which is abdi of the cost of
the Argon procurement. The low cost achieved for such a stipated electronics is an additional argument in favour
of a single phase LAr configuration with a relatively shoiftdrap distance, along the lines of the T600, rather than the
double phase GLACIER arrangement.
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Figure 2. The free electron attenuation is shown as a function of theiitmam electron drift path, for
different values of the free electron lifetimg, at E = 0.5 kV/cm (left) and for different electric drift fiedd
and a 10 ms electron lifetime (right). Electron drift vekies have been deduced from reﬂ. [4]. For the
electric fields assumed in the figure, the correspondingreledrift velocities are: 1.16 mrpk (0.3 kv/cm),
1.56 mmfs (0.5 kV/m), 1.84 mmus (0.75 kV/m), 2.05 mmis (1.0 kv/m). Cases (a) and (b) represent
respectively the configurations of figures 1a and 1b with 4 tham drift paths.

and 4 m drift. However, the electron drift time;i¢, will be shortened with a significantly higher
field, sincetqrit O (Egrit)~®°. The requirements of purity for the LAr will be corresponglin
reduced. Forinstance a HV of 350 kV will provide a maximunteilen drift time equal to the one
already optimized of a T1200 module with a 3 m drift.

In figure[]1b the number of wire planes has been doubled in dodesduce the drift distance
to 2 m. However, in this configuration, the number of signatewiis also doubled to 50’000,
with a significant increase in the cost of the electronic deds In order to maintain the max-
imum electron drift time equal to the one of the T300, an iaseeof the drift field to 75 kVx
(2/1.58 = 178 kV is needed, a value which is at reach even with the ptéEg00 field shaping
design. Although we believe that the drift distance can lbels&xtended to 4 m, this alternative
shows that the choice of the electron drift length is notaaitand could be adopted as needed.

Finally, figure[Lc shows a scaled up ICARUS-T600 twin voluroafiguration, with 4 m drift
time and about 50’000 wires. The two volumes are physicapeasated, but they are both kept in
the same cryogenic volume. The total sensitive mass of orii@af type (c) in figur¢]1 is then
10°000 t. The new halls of the LNGS, proposed for the MODULAojpct [8], could host two
modules of type 1c for a total of 20 kt.

Considerable experience in the ICARUS collaboration hasvehthat free electron drift
times of several milliseconds are currently realised witmmercial purification systems based
on OxysorBM. The effects on the electron attenuation are shown in fifjurdh@e the charge
attenuation versus drift path at different electric fields given for §i = 10 ms and for different
electron lifetimes at 0.5 kV/cm.



The r.m.s. spreadp of the free electron cloud isp = (2D x / vp)%®, both for longitudinal
and transverse diffusion, where D = 4.06%sm', x is the drift path and y is the drift velocity. In
more practical unitsgp [mm] ~ 0.9 (i [Ms])*°. For a drift field of 0.5 kV/cm and a 4 m path the
average value i$op) ~ 0.9 mmand the maximum value iSpmax ~ 1.4 mm As a consequence,
the spatial resolution in the MODULAr detector, in which arevpitch of 6 mm is foreseen, is
weakly affected by diffusion even in the case of maximumtdiigtance.

The new mechanical structure, which has been highly stieatlis essentially made of only
three main mechanical components:

e An external insulating vessealade of two metallic concentric volumes, filled in betweethwi
perlite. Perlite is a mineral, which is vastly used induslyj the world annual consumption
being of the order of 2 million ton$. The environmental aspects of perlite are not severe:
mining generally takes place in remote areas, and airbanstisl captured by bag-houses,
and there is practically no runoff that contributes to waielution. In order to ensure
an adequate thermal insulation, about 1.5 m thickness isiregt] corresponding to over
3000 n? for a container. The bottom-supporting layer could be madeblow conductivity
light bricks. The specific heat loss of perlite is 3.86 W/for a nominal thermal conductivity
of 0.029 (0.025-0.029) W/m/K. This is significantly smallean the specific heat loss of the
ICARUS-T600. Taking into account the dimensions of the gkgke total heat loss is 8.28
kW. At present in the LNGS the cryogenic plant of ICARUS-T680made of 10 units,
each with 4 kW of (cold) power. Three of these units {2 kW) should be adequate to
ensure cooling of the walls of the vessel during normal dpmra Evacuation of the perlite
is therefore unnecessary.

e A self-supporting structurbolding the frame with the wire planes at each lateral sidktthe
high voltage plane at the centre. The photomultiplierstiergcintillation light detection and
trigger purposes are also mounted on this frame, behind itiegplanes. The structure of the
planes is identical to the one already developed for the IG8H 600, except that only one
wire out of two is installed in order to go from a 3 mm to 6 mm pitcThe inner structure
of the huge container is therefore extremely simple, beimarily a linear wire structure
along the edges of the container, the rest remaining eafigritee of structures.

e The LAr and N2 supply and refrigeratiomprovided with cooling and purification both
in the liquid and gas phases, with an appropriate re-citicigyasystem to ensure that the
whole liquid is moving orderly inside the vessel volume tsuwe the uniformity of the free
electron lifetime.

2.4 The new experimental area

The ICARUS-T600 detector is located inside the Hall B of tidGS laboratory in an appropriate
containment tank constructed above the floor of the Hall. fdw experimental areandicated as

LNGS-B, could be realized about 10 km off-axis from the maivdratory, away from the protected
area of the Gran Sasso National Park. A provisional locafiamder consideration, protected by

3The present production in Greece, where vast resourcesaitatde, is about 500 kt/y. The estimated cost is about
40 $/t.



1.2 km of equivalent water depth. The excellent imaging baipa of the LAr-TPC detector will
ensure the absence of backgrounds not only for the neutiionsthe CNGS but also for proton
decay and cosmic neutrinos.

Itis foreseen that the size of the new LNGS-B facility couddabout 50’000 rfy slightly larger
than the present Hall-B. However, differently from the maNGS, the shapes of the cavities, rather
than being vast, general-purpose halls, would be tailaréde specific experiment.

As already described][8], each MODULAr unit is located in apmpriate “swimming pool”
cave surrounded by perlite walls, thus avoiding any reéaljssssibility of leaks outside the walls,
The worst case is a total loss of the external cryogenic egdiguids (Nitrogen/Argon). The tank
will spontaneously warm up in contact with the heat leakefdurrounding components through
the 1.5 m thick perlite wall. At a heat leak rate of 10 kW, therlédaporation rate is of 220 kg/h,
which is negligibly small with respect to the 5 kt of the sebteAr tank. The tank will remain stable
in its liquid form over a long time. Moreover, there is no pbdgy that the environment around
the cave would provide a sufficiently large amount of heasitaua catastrophic evaporation of a
massive amount of LAr.

For a configuration of the type 1c, the cross section i 220 n? (shown in figurd3) and the
length is about 60 m. Different modules may have entirelaszte halls since the event contain-
ment is anyway very good. An exhaust pipe is necessary taiat@the evaporated liquid into the
atmosphere in case of an accidental leak, although the Ipiitpaf such events is very small, as
indicated in the risk analysis performed for ICARUS consiu a 3 kt detector mas§ [5].

2.5 Initial filling procedures for the chamber

In the present ICARUS-T600 the vessel is evacuated befgeeting ultra pure Argon. Since the
new detector is very hard to evacuate, in view of its large,sfiznew method has to be adopted.
The idea is to perform successive flushing in the gaseous phasder to attenuate the presence of
gases other than Argon in an approximately exponential erafinis method of flushing with pure
Argon gas (GAr) is already widely used in gaseous wire anfl cliambers, which are generally
not evacuated. In the present case, additional problemsanisgyin view of the magnitude of the
volume and the possibility of creating, for instance, “desyabts where the gas may not circulate.

An average surviving gaseous volumetric concentration xfgén equivalent impurities of
the order of 10° (1 ppm) is a reasonable goal. As a next step, the volume witldméed down
and filled with ultra-pure LAr, with the surviving relativeoncentration of LAr reduced by the
obvious factor 1/835 — the density of the GAr at room tempegabeing about 835 times smaller
than the one of the liquid — leading to an Oxygen equivalemurity concentration in the liquid
phase of about 1.2 ppb. Such level of impurities correspadads initial LAr electron lifetime
of about a few hundred microseconds (1 ppb of Oxygen equivgizes an electron lifetime of
300us), which will be further improved with the help of the OXISBRIYDROSORB system.
On the basis of previous experience, a final electron lifetohabout 10 ms should be reachable.
This value corresponds to a contamination equivalent 8 ppt of Oxygen and an electron signal
attenuation of about 20% for the longest, 4 m drift distance.

2.6 LAr purification

A vigorous, continuous purification, through re-circubatiof the LAr, must be performed with



Crane Crane S
V4 i = q
Crane I Crane ! ! o
¥ =Y
SIS
L @)
__M_KM ﬂ ﬁ ﬁ & & N
= — IS)
gy 4 K
< -H = ( () = N Q
E 1 o © >
: . - 8 m - - g - 8 m *—'- 'S
g~ | LAr LAr Q*“ . g
- = === v
- T T . .

20m

Figure 3. Indicative cross section of the ICARUS-T600 “clone” in theditated “swimming pool like”
underground hall. The lower part is made of two twin sepdrAfecontainers made of Aluminium extruded
structures, thermally stabilized with forced N2 circutati Outside the structure a 1.5 m thick perlite wall
provides spontaneous, passive heat insulation. The regidap of the “swimming pool” is accessible to
auxiliary equipments. Personnel access is strictly cdlatio

filtering methods based on OXISORM and molecular sieves, in order to ensure a free electron
lifetime adequate for the longest 3ms drift time. In analogy with ICARUS-T600 and all
previously constructed detectors, the purification is grened re-circulating both the liquid and
the gaseous phases. The liquid re-circulation rate needeelth safely the running condition
in few months is of the order of several percent of volume ar. dFor a volume of 4000 #n

this means a re-circulation rate of the order of 243day (i.e.: 6% per day or one full detector
volume re-circulated in about 17 days), in the range whichassible with the ICARUS-T600
purification schemé.

In conclusion, a volume of a few thousand cubic metres is soreble limit for a single LAr-
TPC. It could be cleaned, cooled and filled in few months aredréguired LAr purity could be
reached in few more months. Altogether, a detector of thie sbuld be put in operation in a
reasonable period of time.

4The standard rate of a single OXISORY pack is about 120 Aid. Therefore two of such units are sufficient for
the chosen size of the vessel.
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2.7 Photo-multipliers for light collection

Like in the case of ICARUS-T600 a number of photomultiplizsated behind the readout wires
are used to provide atrigger signal and timing. These pholtiptiers are necessary for the cosmic
rays and proton decay events to provide a starting signaly €buld as well be very useful in order
to tag events coming from the CNGS beam. The technique glteset! in the case of the ICARUS-
T600 and in the WARP experiment, consists in using large gless phototubes working at LAr

temperature[]4] equipped with a thin deposit of wave-lerstjifter (Tetra-Phenyl-Butadiene, TPB).
The scintillation light from the LAr, emitted in the deep U¥28 nm) is converted to the visible

range with an efficiency close to 100%. A significant contiifiuto the recorded light is also given

by the Cherenkov light emitted in the visible wavelengthgeby relativistic particles.

2.8 Electronic readout and trigger

The DAQ system (8.0* channels) of the ICARUS-T600 detector is based on an analfsgat-end
followed by a multiplexed 10-bit ADC and by a digital VME mdduhat performs local storage
and data compression. It has been tested satisfactortgip@01 run[J4]. In a multi-kton LAr-TPC
the 6 mm pitch foreseen for the wires (or in general elecspdall allow using most of the tools
already built and designed for the ICARUS-T600.

The present ICARUS Integrated Circuit is used for the fremd- amplifier. A silicon run of
the specific BICMOS process has been recently made, allotwieguip up to 1.4 10electronic
channels. A R&D program is also proposed for the developrogathybrid sub module hosting
eight or more channels of amplification and eventually, aglitbe described later, also the ana-
logue to digital converter. At present a revision of the 1G4&Ranalogue electronics is underway
with the aim of further improving the front-end performance

A novel technique for the realization of feed-through’s baen developed. INFN holds a
patent (RM2006A000406) for this technology that allowsye@slization of feed-through’s with
high-density vias and different shapes.

As described in more detail in section 3.3, four 10-bit AD@jsouped in two sets, work at
20 MHz sampling rate on multiplexed (1:8) amplifier outputamely each channel is sampled
every 400 ns. Two ADC's outputs are combined in a 20-bit woftie two sets of two ADC'’s
are transmitted interleaved; hence the 20-bit digital outias a 40 MHz frequency. The power
dissipated is significant: 500 mW. The required bandwid®0@ Mb/s for 32 channels.

The main feature of the new design is to move into the digitahdin all the conversion
processes at a very early stage and to exploit the use of maheigital filtering techniques. The
trigger system will divide the detector in sub-volumes taldeith the data acquisition rate imposed
by the shallow depth location. The basic structure of thggar system will reproduce that of the
ICARUS-T600.

3. R&D for MODULAr

The increase of the active LAr volume of about one order ofmitage with respect to ICARUS-
T600, the streamlining and simplification of the mechansteictures and the new developments
previously described in the structure of the detector meqaome specific R&D developments.
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Figure 4. Schematics of the SLICE detector.

However these are not of very substantial nature and coulchplemented in parallel with the

detailed engineering design of MODULAr. These development intended to simulate on a
small scale and investigate the basic innovations intredueith respect to the ICARUS-T600
solutions, namely:

e the filling process starting from air to pure LAr, taking irdocount the motion of the gas,
optimizing the inlet and outlet geometries and minimizihg humber of cycles;

e the thermal convection of the LAr, in order to optimize thenperature gradients and to
ensure a convincing circulation in all regions of the dewaoth in the cool down and
stationary phases;

e the out-gassing rate and the re-circulation processesssageto achieve the required
electron lifetime;

e the geometry of the compact re-circulators both in the ticanid in the gaseous phases.

Finally, also the electronics and DAQ may require some $igedevelopments to improve the
layout of the analogue front-end and the DAQ architecture.

A prototype unit of reduced longitudinal dimension, butesthise identical to the final MOD-
ULAr unit, must be constructed and tested. Called “SLICE&&igure[}d), it is transversalli,y),
identical to the final MODULAr unit (configuration (a) of figefl). It has a sensitive area of
8 x 8 n? with a pair of three readout planéd’, +60°, -60°)one at each side of the gap and a cen-
tral HV plane and a maximum drift distance of 4 m. Howeverss itiuch shorter than MODULAr,
in the (z) direction, namely about 4 m of active width. The electricdiil made uniform with the
help of field shaping rings similar to those used in the ICARTEDO0 LAr-TPC.

The resulting sensitive volume of SLICE is of the order of 26% corresponding to 360 t of
LA, roughly the mass of the T300 modulé [4]. The main compusef SLICE are the following:
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The perlite insulation is contained in an outer protecting,lpresumably concrete blocks,
simulating the underground swimming pool structure of thdarground detector. The vol-
ume of expanded perlite is about 55¢,morresponding to a mass of 33 t at an expanded
perlite density of 60 (48 to 72) kgfn

The inside walls of the perlite container are a thick extcudéuminium box, surrounding
the whole inner detector structure, through which the ogpN2 is circulated, to ensure a
high level of temperature uniformity to the inner body.

In ordinary conditions, the LAr flow must proceed orderly amidformly, for instance from
bottom to top across the fult 8 m height of the liquid, in order to avoid possible “pockets”
of limited circulation which could persist for a long time elto the very slow diffusion
of the liquid. To this effect, a bottom containment platehwihany small holes uniformly
distributed over the whole surface ensures a uniform flounflmttom to top of the LAr
volume. Likewise, in the boundaries between the liquid aaskegus phase, an appropriate
“gutter” structure is conveying uniformly the liquid exig the volume.

A continuous purification must be performed both in the kigand in the gaseous phases,
with the help of molecular sieves ang @bsorbers, as described later on. The purifiers are
a set of tubes placed outside the perlite vessel and corhedtle the help of appropriate
pumps to the inner LAr volume as discussed in point 3.

A reasonable anode structure with three-wire plane chasnlidirhave a sampling pitch of
the order of 6 mm, twice the value adopted for ICARUS-T600e Wire planes are “cloned”
from the ICARUS-T600 construction and T1200 detailed eegiing designs with a wire
pitch of 3 mm and a plane separation of 3 mm as well, in orderg¢sgyve the signal pulse
shape. The length of the wires of SLICE is comparable to the @inCARUS-T600 and

therefore the mechanical construction is very straighthod. The 6 mm sampling pitch is
simply obtained joining pairs of adjacent wires in this stue.

The number of read-out channels is about 7700, a relativetidraction of the T300 read-
out system. The required memory depth, due to the 4m drifiisis fitting the present T300
DAQ design, which could be used “as it is”. Nevertheless $.©uld be the benchmark
for the implementation of new read-out improvements assteea for MODULA.

The nominal voltage of the T300 is 75 kV for the 1.5 m long drfbrresponding to a drift
field of 500 V/cm, although the racetrack has been curremirated without problems up
to 150 kV. At the same nominal electric field (500 V/cm), foe toresent choice of SLICE,
the HV would be 200 kV.

Photomultipliers, coated with TPB wavelength shifterdise behind the readout wires are
also foreseen to provide a trigger signal and timing.

The initial filling and purification of the LAr is one of the nmainew features of the
MODULAr technology. As described before, the method cdsgi$ an initial filling of the
volume with ultra-pure gaseous Ar, following the well-knovechnique of repeated flushing
of the gas.
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3.1 LAr purification: from T300 to SLICE

The purification system of the T300 module consists of twassed circuits for the liquid and the
gaseous phases. The firstis used for the initial filling withhmercial LAr and for its recirculation
during ordinary detector operation, to guarantee an adecurad stable LAr purity. The second
circuit, dedicated to the gas phase purification, is meaetitoinate the impurities generated by
material out-gassing and possible leaks, thus preventigig diffusion into the liquid.

The filling procedure of the T300 foresees the initial evéiomaof air from the cryostat, the
cooling down to LAr temperature to control thermal stresagd minimize out-gassing of the de-
tector materials and the LAr filling through the liquid phamegification system.

During the test run on surface, this procedure allowed tosoreaan initial electron lifetime
in LAr of about 100us, probably due to general out-gassing of the walls, theesadohd the rest of
the materials inside the volume of the chamber, during thedil The final purification of the LAr
of the T300 was performed re-circulating the Argon throughtivo purification systems (gas and
liquid phase).

The T300 liquid phase purifier consists of a set of four 22 Igtainless steel cylinders con-
nected in parallel, filled with a molecular sieve and gnaBsorber. It is dimensioned to allow the
purification of a full T300 LAr volume starting from standacdmmercial LAr (concentration of
H,O and Q of about 0.5 ppm, corresponding to 120 litres of DT P).

The molecular sieve, HYDROSORH:® is of the 5A type and occupies a volume of about 7
litres of each cylinder of the purifier; it absorbs mostly &ratnolecules. The absorption capacity
depends on the temperature and partial pressure of the vegiteur; it has been measured that one
litre of molecular sieve can absorb more than 20 litres obwehpour before saturation; molecular
sieves are also effective against other polar molecules.

The O absorber, 15 litres of volume in each of the four cylinderstted purifier, is the
OXISORB™:6: it consists of chromium oxide deposited on a S&pport. One litre of OX-
ISORB can absorb up to 3.2 litres obMTP; hence we can count on a total absorption capacity
of about 190 litres of @at NTP for the full T300 liquid purifier.

It should be noticed that the molecular sieve is locatedrapst in the filter, because the
OXISORSB is less effective in the presence of water vapoure pirification efficiency has been
measured to be insensitive to the LAr flux rates up to more18@o litre/hour [R]. The nominal
recirculation speed for the T300 is set at 2000 litre/hosr, 500 litre/hour for each of the four
purifier cylinders; at this flux rate, the pressure drop athes filters is about 1 bar.

The liquid recirculation is obtained with the use of a crygiggoump, immersed in an indepen-
dent Dewar located on a side of the T300 cryostat. The pummisrisioned to sustain the required
recirculation speed and pressure drop. The LAr in the pumpstat is kept at the same level and
pressure as those in the detector cryostat with the help afisection between the two gas phases.
The LAr in the T300 cryostat is extracted on one side closbeadiuid surface; the pump pushes

SHYDROSORB is a Trademark of MESSER Group. See data Shedogaéa
http://www.messergroup.com/de/Produkte_und_Loesuirgehbroschueren/Spezialgase/Gas_purification _rBy§fer_the_highdst
| level_of purity.pdf

6 OXISORB is Trademark of MESSER Group.
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Figure 5. Schematics of the SLICE liquid phase purifier.

the LAr into the purifier, and the purified liquid is sent backtie opposite side of the cryostat, close
to the floor, away from the input of the pump, in order to maxzienthe recirculation efficiency.

Experience with the T300 module has shown that the LAr pumityeases exponentially with
a mean time of about 5 days, corresponding to the time needestdirculate one full volume.
Moreover, the purity was found to be homogeneous througthalhctive volume of the detector,
indicating that the LAr mixing due to convective motions isich faster than the recirculation
time [B]. However, at the beginning of the recirculation gess, the purity increases slower than
expected, due to the residual out-gassing of the detect®riala. This process disappears with
time and a purity corresponding to an electron lifetime ofsal milliseconds can be reached.

In the case of the SLICE detector, the main difference in thiadiprocedure consists in
skipping the air evacuation phase, replacing it with repe:gfas flushing, as mentioned in point 9
of the previous paragraph. In addition, in order to get agetitial LAr purity, a liquid filling in
non-turbulent regime is required to avoid contaminatirgyutira-pure LAr with the less clean gas
phase. A possible set-up to fulfil the requirements has blestialsed in previous paragraph, point
3 (figure[B).

In order to remove the impurities produced by out-gassinthen GAr phase, before they
diffuse into the liquid, the LAr recirculation is complented by a GAr recirculation/purification
system. Its layout is a clone of that of the T300 module andisté of two purifier units (one is
shown in figurd]6) collecting the gas from the chimneys that tize cables for the wire chamber
read-out, with a flow rate of 50 fGAr/hour. The gas is re-condensed into a LN2 re-condertser, t
liquid dropping into an Oxysorb filter placed below the rexdenser. The purified Argon is sent
back into the LAr container just below the LAr surface.

In the MODULAr detector at least 15 sets similar to the SLIC& Ipurification system are
needed, corresponding to the extension from 4 m to 60 m ofzhdirection of the structures,
to conservatively purify the full volume without saturaithe filters. For a normal recirculation
operation, the same 15 sets running at%hour would allow the full recirculation of the volume
every about 5 days.
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Figure 6. Schematics of one of the two gas phase recirculation systéts for SLICE. The SLICE cross-
section is orthogonal to that shown in figure 5.

In conclusion the SLICE realization will follow closely tlexperience already achieved with
T300. If this experimental test is successful, the extrapah to the full MODULATr unit appears
to be straightforward.

3.2 Considerations on air evacuation procedures for the SICTE cryostat

The method of flushing with pure GAr is widely used already asepus wire and drift chambers,
which are generally not evacuated. In the MODULAr case, taalfthl problems may arise in view
of the magnitude of the volume and the possible appearantgeafl” spots, in which the gas
may not circulate. The SLICE test module — with its large woduand cross-section similar
to the MODULAr cryostat — will be an adequate playground tofeet the method, which will
be tested experimentally beforehand with smaller scaléagmers and carefully compared with
hydrodynamic calculations.

In the idealized case of complete turbulent and continuau®rm mixing through the con-
tainer, the air-GAr transition behaves exponentially veitfactor~ 1/e at each passage. Therefore,
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in order to achieve attenuation of the order of §0about 14 cycles are necessary. On the contrary,
if the GAr is injected with little or no turbulence, for instee uniformly from the bottom with
the extraction of initial air at the top, the transition G&ir-moves orderly from the bottom to the
top and only pure air exits from the top, producing a fastet more orderly transition. These
are ideal cases and the optimization of the initial gas matifon system with pure GAr flushing
and the overall filling procedure will require detailed segdwith both hydrodynamic numerical
simulations and measurements on appropriately scaled desgels.

As a first preliminary step, we have set-up a bi-dimensioafdutation by means of the com-
putational fluid dynamics package Star-CD 4.82006 CD-Adapco)[[18] to verify the feasibility
of the method.

A vertical cross-section of the SLICE detector has beenidersd, namely an 8 8 n? area.
The GAr inlet is assumed to be at the bottom of the vesselilmistd over the full 8 m width
(this could be obtained, for instance, with the use of sévaoazles drawn in parallel from a
unique inlet); the gas outflow has been assumed to proceedgthithe chimneys foreseen for the
electronic cables (as in the ICARUS-T600). The cathode énntiiddle of the chamber has also
been included in the simulation, as it could affect the gas ftoa sizable way.

To minimize gas mixing, the GAr flow must proceed orderly anidfarmly, from bottom to
top across the full> 8 m height of the vessel, in order to avoid possible “pocketstimited
circulation which could persist for a long time due to thensliiffusion of the gas. To this effect,
a bottom containment plate with many small holes uniformktributed over the whole surface
ensures a uniform flow from bottom to top of the LAr volume. éwkise on the top, an equivalent
device, placed at 50 cm from the vessel ceiling, has been envisaged to minithizeonset of
gas streams that could create unwanted pockets of “dirtg” ¢y the computational model, the
containment devices have been modelled as two porous s®atkiith infinite resistance in the
horizontal direction; the gas flow is then consistently lbtmproceed vertically through them.

For sake of simplicity, in this first simulation attempt ndvet elements of the SLICE detector
have been included. Moreover, symmetry considerationgvall modelling only one half of the 2D
section. Mirror symmetry has been imposed on the inner ditteeccomputational domain, above
and below the cathode wall. In this 2D simulation, the chiyndemeter has been chosen such to
replicate correctly the ratio between the cross-sectioallathimneys and the whole detector top
surface, in the 3D design. A sketch of the computational derisaeported in figurg]7.

As starting condition and to safely operate the simulatiotie laminar domain, a GAr flow of
about 20 m/hour has been chosen, corresponding to a flush cycle of @yESfdr SLICE cryostat
volume of 256 m. In case of larger volumes, the flow could be increased ptimpradly.

It should be noted that given the size and the aspect ratibeoSLICE vessel, the onset of
transitional effects, leading to turbulence, could shovatfiow rates above 40 $thour (with the
Reynolds number in the chimney section exceedir?000). Nevertheless, it is worth mentioning
that the effects of turbulence on the flushing procedure hatveeen fully investigated so far. This
topic will be examined more deeply in the future, in orderdtablish whether a global acceleration
of the process is actually achievable.

The simulation has been protracted in order to cover a tima sp 6 flushing cycles. As an
evidence for the laminar hypothesis, the calculated flowd fegdproaches monotonically a steady
state. A snapshot of the streamlines at steady state isapedrin figurg]7. The stabilizing effect
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Figure 7. Sketch of the computational domain representing a SLICEszsection. Cathode, top and bottom
porous septa, electronic chimneys are included in the sitiom set-up. GAr flows from the bottom to the
top. The steady state stream lines of the GAr flow through thES vessel are also shown. Velocities along
the flow lines increase from blue to red.

of the containment plates is clearly visible: the gas stréamds orderly towards the outflow just
above the upper plate, thus avoiding the onset of secondariraulations in the central zone of
the chamber.

Such favourable flow features are reflected in the time eloniudf the Ar concentration (fig-
ure[B). After 1000 seconds-(0.02 cycles, figurf 8a), the inflowing GAr is still concengdhin the
lower part of the chamber. The shape of the contour bandsestgythat the GAr-air mixing hap-
pens mainly by diffusion. After one cycle, at t = 13.3 hourgyfe[Bb), the situation has evolved,
clearly showing the effect of the flow field on the concentnatof GAr. Due to the higher gas
speed, the bulk of the transported GAr is found in the coremregf the stream, while beside both
cathode and outer wall, a diffusive gradient persists.

Att = 26.6 hours £ 2 cycles, figuré|8c), the flow has already reached steady Statebulk
of GAr has expanded, occupying almost the whole active gatteochamber. The completion of
the flushing process is then depending on diffusive effetsshown in figurg¢]8d. In fact, after
6 cycles, the concentration field remains qualitativelyhamged, although the maximum residual
concentration of air is reduced to 3 ppm.

The whole process is summarized in fig{jre 9, where the avaiafraction in the chamber is
plotted against the elapsed time. After an initial transfgmse (slightly more than 1 cycle), the
residual concentration drops down exponentially, reachippm after almost 5.5 cycles.

The results presented here indicate that the initial evemuaf air through GAr flushing is
a viable solution, with an average residual impurity comidion less that 1 ppm in gas phase
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Figure 8. Time evolution of the residual air concentration in the SEl@etector. The layout is that sketched
in Figure 7. After two cycles a steady state GAr flow is alreagiyched. After that, the air concentration
reduces by diffusive effects.

reached in few days. More detailed simulations, based on 88efting and including additional
detector details are envisaged in parallel with smallestzdts.

3.3 Implementing the DAQ of MODULAr and SLICE

The ICARUS-T600 electronics has been described in variageys [B]. Starting from the ex-
perience gained with the ICARUS-T600 operation, an upgtad@Q scheme is proposed that
implementsthe same basic architectumith new, better performing components and different
modularity in view of a multi-kton LAr-TPC.

3.3.1 The ICARUS-T600 DAQ

The ICARUS-T600 read-out architecture was designed fortectler comprising 5 10channels.
The analogue chain consists of a front-end low noise chaggsitsse pre-amplifier, based on a
custom designed BICMOS dual channel IC with a J]-FET inpujstdollowed by a baseline restorer
to reduce low frequency noise. The gain of the front-end dmphnd filter is 1 V / 164 fC. The
10-bit ADC input range is 1 V, and the least count is equivateri000 electrons. This value is
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Figure 10. Block diagram of the ICARUS-T600 analogue board (CAEN V789)

comparable to the amplifier noise ef 1200 electrons at detector capacitance of 450 pF (signal
wire plus cables).

The basic modularity of the system is 32. The digitizing stagnsists in a set of 32 channels
connected to four 8:1 multiplexer, each one followed by &it®DC sampling at 20 MHz. The
sampling time is 400 ns per channel. For each group of two AQRe2 two 10-bit outputs are
merged in one 20-bit word. As the positive clock edge drivee group of two ADC's and the
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Figure 11. Example of data reduction performed by the DAEDALUS chip o & Ar-TPC event; two
orthogonal views are shown. Top: full drift no data reductioottom: reduced data set.

negative clock edge drives the other group of two, 20-bitdsaran be transmitted at 40 MHz rate
on single 20-bit wide channel. This scheme is implemented single VME-like analogue board
(CAEN V789) hosting 32 channels amplifiers, multiplexer®@s and a 20-bit, 40 MHz serial
link that sends the data to a digital board (CAEN V791) forkihéfering of events. The serial link
is LVDS (Low Voltage Differential Signal) and serializestR0-bit data and clock on four copper
lines with an equivalent data throughput of 800 Mb/s. Thekidiagram is in figur¢ 0.

The receiving digital board, named ARIANNA, hosts two custmade feature extraction
ASIC chips (DAEDALUS) for hit finding, zero skipping and sétiggering. Each DAEDALUS
chip operates on the data stream of a set of 16 channels atmlsasiso the circular memory
buffer. DAEDALUS includes also a median filter to reduce higdguency noise. A 28-bit absolute
time register is associated to each data buffer in the meto@low alignment of data in the event
reconstruction. The board complies with the VME electranad mechanical standard. As an exam-
ple, the data reduction performed by DAEDALUS on one LAr-T&@nt is shown in figure L{][4].

3.3.2 Critical issues

The DAQ architecture for ICARUS-T600 was conceived in 198d BAEDALUS and front-end
dual channel BiCMOS circuits were designed in 1998. The d$yitem {& 50,000 channels)
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Figure 12. Equivalent circuit for noise propagation in a charge saresamplifier, as used in the ICARUS-
T600 front-end.

was designed and built from 1999 to 2000. Today it would nopdssible to replicate the same
circuits, because many basic components are now disceuditinin view of the scaling up of the
ICARUS DAQ scheme to fit the MODULAr requirements in term ofwahel number$ 10°) and
cost (aiming at 60 Euros/channel), an in-depth revisiorhefdesign must take into account the
new components available on the market.

Today, one evident limitation of the ICARUS-T600 DAQ is dodtie use of the VME standard
for the digital boards. For the analogue boards the same @tktkrd standard was adopted, with a
custom backplane to connect the inputs from wires and biggicommon signals (ADC baseline
bias, enable signals, test pulses, etc.).

In the ICARUS-T600 DAQ 18 ARIANNA boards are housed in one Vtate that serves a
total of 576 channels. One crate is connected to an analogteewith the same modularity, which
in turn receives the signals from a single ICARUS-T600 flaihge has 18 feed-through connectors,
one for each set of 32 channels. Configuration and contrdiefl8 boards relies on a dedicated
VME CPU, which also handles the data transfers from boarfetzsifo the Ethernet event builder
network. Performance of the DAQ system is bounded by the ViM&ughput (8—10 MB/s) of the
slave ARIANNA board. The sequential access to the ARIANNAIfas in each crate, inherent to
the shared bus architecture, limits furthermore the ovmadughput.

The redesign of the system can overcome this limitation tag@m modern switched I/O,
as PCI Express standard, allowing the parallelization efdhata flows. In addition, such I/O
transaction can be carried over low cost optical Gb/s séniké. This allows a more effective
modularity of the digital hardware architecture, decodpie®m the geographical distribution of
the signal feed-through'’s, thus leading to a larger intégmaand a lower cost per channel.

3.3.3 The amplifier

The capacitance associated to each channel is determintx loapacitance of the wires, of the
order of 20 pF/m, in parallel with the capacitance of the eablf the order 50 pF/m. In the
following, an input capacitance ef 600 pF is assumed as a reasonable value for a 10 m electrode
wire, 6 mm pitch, and an average 8 m of connecting cable per. wir

The dominant noise in a high capacitance dete¢tdr [20] iséhnies noise  (voltage noise)
linearly increasing with the input total capacitance, {Qvhile the parallel noise (current noise)
contribution is proportional to the shaping time of the sign
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Figure 13. Left: Image of a low energy electromagnetic shower in a LARET Drift time is along horizontal
axis (400 ns sampling). Wire numbering is on the verticas §2imm pitch). Middle: Zoom of the selected
area on the left image. Right: Waveforms of the wire signalthe selection box on the middle image,
showing the typical signal shapes of minimum ionizing rdes.

The equivalent circuit showing the effect of the input caizexce on the serial noise is sketched
in figure[IP. The serial noise generator has a noise dengity, @,*, where g, is the transconduc-
tance of the input device. It is evident that a very high tcansluctance active device in the first
stage of the amplifier is necessary to minimize the effechef@. In fact the signal to noise ratio
is given byS/NO q / (esn - Cp), where q is the detector signal in terms of collected charge.

The best component would be the bipolar transistor thab@sttransconductance of the order
of gm ~400 mS atd = 100 mA with an amplification merit factor gZ,.¢) higher than 3—-4 10 A
second option would be the j-FET transistor that has a muebri¢ransconductance, of the order
of gm ~ 40 mS at ¢ = 10 mA with a merit factor around 3—-4 40 We do not consider CMOS
because of the extremely low transconductance and unfavisuamplification merit factor. The
bipolar transistor has a typical parallel noise densjty 1—2 pAA/Hz and gives an unsustainable
noise contribution. Therefore, the j-FET, with a reasoedtdnsconductance, a negligible parallel
noise (p = 0.001 pA4/Hz) and a serial noise density of about 1-2 ¥z, is the best choice.

In LAr a minimum ionizing particle releases a charge of 2 flEéwfor a 3 mm pitch. The
ICARUS amplifier, designed with a j-FET input, has an Equéwmal Noise Charge (ENC) of
~ 1250 electrons at £= 450 pF. In figure[ 1|3-left an image of a LAr-TPC event is showsn a
an example. In figurf 1L3-right signal waveforms from adjaeéres, belonging to the short track
in the box, are evidenced. The average signal is 12 ADC cdan&n r.m.s. noise of 1.2 counts
corresponding to a S/N 10. In the case of MODULAr, the long wire capacitance, incigdthe
cable contribution, should not exceed 900 pF. Given the 6 nima pitch, the foreseen electronics
should provide a S/N ratio 610 for the long horizontal wires. For the short stereo wireish(a
total capacitance of 600 pF) the S/N should be even better.
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Figure 14. Top: a prototype of a four channel amplifier and filter destgwith the IC in the new package.
Bottom left: the new package compared with the original us€li600 (bottom centre).

Figure 15. Flange for 576 channels equipped with amplifiers.

The custom IC[[31] adopts an unfolded cascode architectur¢ht integrator realized in
BiCMOS technology, with external j-FET's at the input. Twisatete j-FET’s are connected in
parallel to reach a total,gof the order of 50—-60 mS, at a reasonable bias current.

Two identical channels have been integrated on each IC. diogce allows designing an
absolutely symmetrical layout for the two channels obtajridentical electrical behaviour.

A revisited version of the ICARUS front-end amplifier IC hasel developed, based on the
present design, but realized in a much smaller package4(fn?, see figurd 34). This package
will allow a higher degree of integration. A relevant numbécomponents is already available for
prototyping and about 1.4 2@ies on sealed silicon wafers are ready.

This front-end layout can be hosted in a compact crate vegedo the feed-through flange.
Alternatively, the use of the flange itself as a backplaneetripng the analogue boards could be
envisaged. This solution is under study; a possible layaub76 channels is shown in figufe] 15;
the boards that host amplifiers, as the one in fi§ufe 14, aveshiswvn. The number of connectors
and cables would be drastically reduced with a benefit for @oed S/N value.

The number of channels served by one feed-through flangeifshe proposed layout) will
define the new modularity. That means that the new analogukileill be either the crate just
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described or the flange with boards. This new 576 channelsulmoreplacing the old analogue
board (modulo 32), will also perform the data conversiorobefransmitting data to the digital
buffering board that will now be discussed.

The solution of installing the front-end amplifiers closettie wires inside the detector was
seriously considered but eventually discarded for thevdhg reasons. The only active component
with a reasonable trans-conductance at liquid Argon teatpes is the n-type j-Fet. With this
technology the integration of complex components is ratfiiicult, not to mention the cost of
this construction process. Moreover large biasing cusr@aading to large heat dissipation in LAr,
several mW/channel) are needed to reach the required ¢ccarthictance values of 20-60 mS.

It is worth mentioning that, during the R&D phase of ICARUS6D, a j-Fet integrated
preamplifier working at LAr temperature was designed. Rypies were successfully tested inside
a small LAr-TPC (256 channels) showing comparable perfoceawith respect to the external
read-out. However, in the opinion of the collaborations $olution is not suitable for large volume
detectors, also because the inaccessibility of the frodtfer maintenance and repair is a major
and serious drawback.

3.3.4 The AD conversion

A wide range of suitable serial ADC’s, converting the dataaasequence of bits at high rate, is
already available on the market. The data rate of the setmlidtypically around 10-12 times
higher than the expected sampling frequency; to reach 3 MHAwpng rate with 12-bit resolution,
these ADC’s must be clocked at 48 MHz.

This class of devices is quite interesting in terms of costygr consumption and dimensions.
Typically, they are packed in Mini Small Outline Package O smaller than 5x5 mfn The
acceptable sampling frequency for a TPC with 6 mm pitch camadsimed in the range of 1—
1.5 MHz for which there is already a wide choice of devices.dAle assume a resolution of 10-bit
but also 12-bit ADC’s are available. The arrangement of tBe&CA after the amplification is shown
in figure[T6.

The use of a set of a few FPGA for 576 channels handles, filterd,organizes the serial
information. Assuming a 10-bit ADC's, sampling at a freqeyenf 1.5 MHz, and data compression
in one byte, a transmission rate of 6912 Mb/s is required. opical fibre, balancing zeros and
ones, it becomes 8640 Mb/s. Optical links with 1.5 Gb/s datesrare standard and can be driven
by the RocketlOM interfaces available on many FPGA's from different vend@ optical links
could serve all the channels of one module (576 channelstameky also extra information, as
absolute time. Some of the links will be bi-directional testdbute absolute clock and simple
commands. The ADC’s and FPGA's will be housed in the same craikt to the flange or even on
special boards on top of the amplifiers boards shown in figdre 1

The implementation of the equivalent of the ICARUS-ARIANNKAard is not discussed here.
One could say that, nowadays, ASIC VLSI will not be requiredtit finding, as the entire feature
extraction algorithm can be implemented in powerful FPGA.

4. Conclusions

The forthcoming operation of the ICARUS-T600 detector ia thal experiment CNGS2 will rep-
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Figure 16. Block diagram of the upgraded DAQ system including the $&IC's.

resent the completion of a development of the LAr-TPC charoleer more than two decades. As
it has been described in this paper, the operation of the \C&H600 evidences that a number
of important milestones have been already achieved in #testveral years, opening the way to
the development of a new line of modular elements of 5 kt eachvehich can be progressively
extrapolated to the largest conceivable LAr-TPC sensitiasses, for the study of accelerator and
non accelerator driven phenomena.

The new MODULAr detector will maintain the majority of comments we have already de-
veloped, in particular:

e The readout electronics and the data acquisition of the IO8R 600.The 50’000 channels
of electronics already at hand are adequate for about 10@@of sensitive mass of new
modular elements. Nevertheless a new design of the reatimitamics, based on modern
components, requires limited R&D and is under development.

e The signal feed-through’s for a very large humber of signaksy developed with a new
technology patented by INFN/PadovBhey are extremely reliable and capable of ensuring
adequate high vacuum tightness for many tens of thousarels at LAr temperature.

e An original and extremely robust technology for the readwires, capable of withstanding
the wide variations in temperature (-200 K) in the coolinglamarm up phasesrThis tech-
nology has been developed for ICARUS-T600 in collaboratigtin industry. So far, not a
single wire has broken in the ICARUS-T600 detector, in spftdhe many operations and of
the transport on road for about 600 km. Although the wiressliaut 2.66 times longer, the
same method will be cloned to the new modular elements. Tiezaéion is simple, fast and
cheap and is realized with the help of an automatic machine.
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e The high voltage feed-through’s and the appropriate noiseriing (> 100 dB) to remove
the electric pick-up from the very small signals of the winambers, developed and fully
operated with no problem at 150 kV, twice the design voltagihe ICARUS-T600.The
design voltage of the new modular elements is 200 kV.

e The LAr purification and re-circulation system3he purity of the LAr is generally well
below the required level of 3 18° of equivalent Oxygen purity, which has required a ded-
icated technological development over many years. The BAwontinuously purified both
in the gas and in the liquid phase and circulated with adedoat temperature pumps. The
purification system can be expanded in a straightforwardteéecome adequate to the new
modular elements. A great deal of experience has taughtwsdi@emove materials that are
producing significant leakage.

e Photomultipliers designed to ensure a appropriate phatoade efficiency at the LAr tem-
peratureand equipped with a thin deposit of wavelength shifter (TBB)he photo-cathode,
to convert the 128 nm Argon light into the visible.

e An appropriate method of high precision purity monitarsorder to monitor in real time the
purity of the LAr.

As already pointed out, the main domain of remaining devekeqts, to ensure the correct realiza-
tion of the new modular elements, is related to the streangjiand simplification of the mechanical
structures, to the reduction of the overall costs and to déwedevelopments, previously described,
of the structure of the detector, which are:

e The use of perlite for the cryogenic structure. Perlite &lyan use in the cryogenic industry
and should represent no problem.

e The filling process starting from air to pure LAr, taking irdocount the motion of the gas,
optimizing the inlet and outlet geometries and minimizihg humber of cycles.

e The thermal convections of the LAr, in order to optimize temperature gradients and to
insure a convincing circulation in all regions of the dewanth in the cool down phase and
in the stationary state.

e The out-gassing rate and the recirculation processesregbjm order to achieve the required
electron lifetime.

e The geometry of the compact re-circulators, both in theidigund in the gaseous phases.

The realization of these developments should not face ajgrmpeoblem and the detailed engi-
neering design of the first new modular elements should pseoothly and rapidly.

The exposure of a 20 kt fiducial mass to a new neutrino beam 1@fkiaxis will allow
exploring with a largely improved sensitivity thg, < v oscillations [8].

Finally, the realization of the SLICE test unit with the saamess-section but reduced length
and mass of the MODULAr unit, as intermediate step, will edlow carrying out an interest-
ing experimental program in neutrino physics, investigatihe existence of sterile neutrinos and
measuring neutrino cross-section in the 0-3 GeV energyerang
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