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* Outline

= The ICARUS Liquid Argon TPC:

= General principles
= Technological challenges
= Detector performance

= The WArP double-phase Ar-TPC

= Physics motivation
= Detector technology and performance

= Further developments
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The need of visual detectors of
high target density

" The success of the bubble chamber as a main tool in high energy fixed
target physics is due to two main characteristics:

" It provides a massive target, of substantial density
" It provides complete imaging and reconstruction of the events in itself
" This technology has permitted in the past very substantial advances
based on :
" Single events with complete reconstruction (e.g. discovery of Q)°)

" Surprise events, i.e. topologies not a priori expected (e.g. Gargamelle
neutral currents)

" Technology is costly and complicated
® It requires high pressures and mechanical expansion
" lis sensitivity is limited to about a few milliseconds
" Optics limits viewing of large volumes

" These limitations make the bubble chamber technology inapplicable
to modern needs (e.g. Neutrino / underground physics)
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= |deal materials for detection of ionizing radiation:

Liquid noble gasses as detector
media: basic properties

Dense (= g/cm3= 103 x Pgas): homMogeneous, target and detector
Do not attach electrons ( long drift paths possible in liquid phase)

High electron mobility (=quasi-free drift electrons, not neon)

Commercially easy to obtain (in particular, liquid Argon)
Can be made very pure and many impurities freeze out at low temperature
Inert, not flammable

ype | opsy | Erewrins | PG | SRR | ot | s
o (cm) | (cm) bar (K) (cm2/V's)
Neon 1.2 1.4 24 80 27.1 high&low
Argon 1.4 2.1 14 80 87.3 500
Krypton 2.4 3.0 4.9 29 120 1200
Xenon 3.0 3.8 2.8 34 165 2200

« A Hisioiical View On the R&D for liquid Rare Gas detectors, 1. Doke, NIM A 327 (1993) 113 and references therein.
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Liquids vs Solids

» Liquids are particularly interesting when compared to solids, since
their uniform properties ensure a very precise movement of the
lonization electrons.

= Solids are used to detect ionizing events collecting electronic
charges, like in the case of semiconductor detectors. These are
very uniform but relatively small, being part of crystals. In order to
build large-scale detectors with solids one has to worry about
cracks, medium transitions and so forth.

= Some early attempts of using solid noble gasses for particle
detection have evidenced a number of serious difficulties of the
type just mentioned.

= None of these difficulties are present with liquids, emerging as
best candidates for very large scale detectors.
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The ICARUS experiment

= A multi-kton detector based on a new powerful
detection technique:
= the Liquid Argon Time Projection Chamber

[C. Rubbia: CERN-EP/77-08 (1977) |

= first proposed to INFN in 1985

[ICARUS: Imaging Cosmics And Rare Underground Signals: INFN/AE-85/7]

= capable of providing a 3D imaging of any ionizing event
(“electronic bubble chamber”) with in addition:
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high granularity (~mm)

excellent calorimetric properties

particle identification (through dE/dx vs range)
self triggering

continuously sensitive
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The ICARUS program

= A rich physics program addressing issues beyond the
standard model of elementary particles such as:

= Matter stability:
= proton decay (> 103 years)
= Neutrino physics (masses, flavour mixing, CP violation):
= atmospheric neutrinos (100 MeV - GeV)
= solar neutrinos (1 - 10 MeV)
= supernovae neutrinos (1 -10 MeV)
= Long-Base-Line “artificial” neutrino beam from CERN (3 - 30 GeV)
= [hese extremely rare events, spanning a wide energy range,
require:
» large mass general purpose detectors (several kton)
= shielding from cosmic radiation (large underground labs: LNGS)
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Processes induced by charged
particles in Argon

ionizing charged particles

ionization excitation
=
W,=23.6+0.3eV W, =19.5 eV
'
) excited excited
lb=15eV lans secondary > atoms atoms
Ar* electrons [~ | Ar' Ar
l SRR I |
Y - ¥
(2) sub-excitation moleculdar states ‘
electrons t=6ns Ar, t=15us
‘ T+ 3t
| | = =]
Two components:

N A=128 nm ‘5E oy
. S A

luminescence

relative intensity
depends on dE/dx

vdar jons | [thermalized
Ar,* electrons

Columnar/gemellar

remmmceascesnmencearnh oo an-aad

recombination: ) ) R o
depends on E.-field highty excited whes) cape electron
and dE/dx atoms
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LAr detection medium properties

Water Liquid Argon When a charged particle traverses LAr:
Density (g/cm?) 1 14 1) lonization process
Radiation length 36.1 14.0 W.=236+03¢eV
(cm) © T .
ey vy e Fano factor = 0.11 (energy resolution)
(cm) 2) Scintillation (luminescence)
dE/dx (MeV/cm) 1.9 2.1 _
Refractive index 1.33 1.24 \L/JV\Y/ “|.19;,5 :\_/ 128 > 97eV
(visible) ine” (A= nm .7 eV)
Ep e 42° 36° No more ionization: Argon is transparent
Cerenkov d2N/ ~160 eV' cm™ ~130eV' cm™ Only Rayleigh-scattering
dEdx (b=1) 3) Cerenkov light (if relativistic particle)
Muon Cerenkov 120 140
threshold (p in @:Charge
MeV/c)
Scintillation No Yes & Scintillation llght (VUV)
(E=0 V/cm) (= 50000 g/MeV

@ 1=128nm) = Cerenkov light (if B>1/n)

Long electron Not possible Possible
drift (p =500 cm?/Vs) s :
P — p— e Scintillation & Cerenkov light can be
@o; Iggrpom detected independently !
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Passage of particle in LAr
In the presence of electric field

128nm VUV 1 ' .. Argon is transparent to 128 nm
phOtOV ‘4 ~_ . .Only Rayleigh-scattering |

v ;
E-field |
vi<<v- = 1.6 mm/uys @ 500 V/cm
3-4 December 2009 SNRI '09
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Free electron drift velocity in LAr

W.F. Schmidt, IEEE Trans. EI-19 No.5 (1984)

_ > |
3 = * 3t measurements 1 bar 87K (monitor) & 1k
228 [ O 3t measurements 1.5 bor 92K (mwuons) > -
E . A T600 measwement (muons) o B
- . & TEO0O purity monitor meosurements _,/"’""‘ . J
2 kS oY) B / P
g - g 01 -_// /
1.78 P L/ 7
3 . t B 87 K LAr
aadl 3 e ?1'01 (R N B T S I B B R |
- - 0 w02 100 w0t 0
' | y y electric field [V/cm]
‘ Fit Function: v, =
ors g
: Electrons mobility
a1 mobMity In Nnear zone u =542 cm?/V/s
e | usgB cmv Vst k Bimess:
w=B801 c*/(V 8) at 89 K (TE00 present meas.) b= T-3/2
°o 200 pre 000 a0 1000 200
E(V/ecm)
Ee A —»Mean free path Velocity saturation factor B! = 450 V/icm
v P —
DRIFT

Accounts for loss of linearity when
electron is no more thermalized
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for quasi thermal electrons.
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Free electron diffusion in LAr

W.F. Schmidt, IEEE Trans. EI-19 No.5 (1984)
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Free electron yield in LAr

= Strong e-ion recombination due to comparable T bl ° Pl L’T
. . . . | K B \
thermalization distance (~140 nm) and e™-ion | 3
separation. o Scolettor
. ’ 6 -o-,;n ® Aprie
= Both geminate (Onsager) and columnar (Jaffe) *
active depending on dE/dx and E.F. g * ICARUS
= Decrades dE/dx linearity (particle i.d.) and el
energy resolution '
ags . . . . . . 03 ' 2 : - F] ‘lJ
e Additional scintillation light is generated in the - 0 S
recombination process.
; ICARUS 3 ton
Alpha scintillation O 0.5 /em
00—
a3 I — o ® 035/ em
< 80\ T ] * 0.2/ em
8 B 7 Electron charge ’
S 6o —k-ﬂ" *
3° 20 J|J \\\ele_&cjf‘on scintillation 'f.;‘. .
3 i ) e e—— ol whees N
20 . .
Alpha charge o !
- - : - oi....’,....‘.,." ..... '.l.‘.1.,.....‘“..‘.7...‘...‘.,.,....‘,l°
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Energy resolution in LAr

E. Aprile et al., NIM (1987)

3000 r
.. . ' , , 976 keV
= Intrinsic resoluton @ E=1MeV | BI-207 in LAr AE=32126 koV]
AE:\/FWE'NVAI-keV C2000}
« 1048 keV o
= F=0.11 Fano factor 81500 -_ Mgkt 401 kev ( Pulse
= W=246 E - 555 keV
= Bestresult 32 KeV @ 10kV/icm ™
500 | L mw“’\mj
20.00
18.00 0 Lo, e R SN "“."‘memi_L,“
16.00 Bl - 207 200 400 600 800 1000 1200 1400 1600
F 14.00 976 KoV, TmoTm oo e
W
o e Degradation possibly due to
( 800 e fluctuation in &-ray production
) e IETE inducing:
4.00 vTeH o 2N e e, . . .y . . . :
2.00 ot = Variation in e~-ion recombination at
0.00 ) : . o - each track end-point (dE/dx)
’ ELECTRIC FIELD STRENGTH (kV/em) - DependS on E'fleld
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Scintillation properties

Abundant scintillation light @ 128
nm: 40000 photons/MeV @ null E-
field

E.-field dependence also present
(related to recombination)

Fast / Slow component ratio strongly
depend on dE/dx:

« FiSyp, ~1/3;
| | F/Salpha 1 .3,
= F/S ~3.

nuc_rec

Simultaneous recording of Light and
Charge helps improving overall
energy resolution

= Anti-correlation due to electron ion

recombination changing 1 free electron into
1 scintillation photon
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Improved energy resolution

= Anti-correlated ionization and scintillation (in Lxe)

= lonization: o(E)/E = 3.8% @ 570 keV

= lonization & Scintillation: o(E)/E = 3.0% @ 570 keV
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E.Conti et al. Phys. Rev. B: 68 054201 (2003)
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Signals from dielectric liquids

lonizing track The “work” performed by the power
) supply which puts electrons and ions in
Drift movement is given by:

/ T dW=eE(v++v)dt=Vi,dt

from which the current and charge are:

iy=e (v*+v)/d

Q*=e(d-x%)/d

since v/ vt= 10°, electron current is
dominant.

charge collected
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The induction signals (3D)

Ionlzmg track

Electrons Induced current Induced charge
path Il | ; 4
Edrift T=0
Drift
\\ , Ut view
SN
Induction 1 ¢ AN ! o /\
v-t view
. / E2
Induction 2 ¢ .
w-t view Charge
d Charge V = amp|
= area /
Collection % “ﬂp > >

Drift time Drift time

The drifting electron is traversing an arbitrary number of wire planes oriented in the direction of
the required view. Each of them provides a triangular induction signal of maximum charge, equal to
the electron charge. The electron charge in finally collected by the collection wire plane.The
generated view of the event is the one seen by a camera at infinity with the optical axis in the

direction of the wires. * ICARUS: three wire planes (pitch 3mm, separation 3mm)
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Grid shielding and transparency

O. Bunemann, et al., Can. J. Res. 27(1949) 191

= Best signal localization and charge collection is realized if
each grid perfectly shields the adjacent electrodes.
= Shielding inefficiency o is a pure geometrical effect:

o=-L"m-t
2nd 2mr

= Depends on pitch p, wire radius r and distance from other grids d.

= Full transparency is required not to loose electrons along the path
before reaching the collecting grid

p =3mm;d =3mm;r ="15um = o =18%

E 1+p _ 2nmr E

> p= —>14= Full transparenc
2 1=p > £ parency

= Depends also on E-field ratio across the grid
= For equal fields loss is twice the geometrical cross-section.
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m.i.p. ionization
\\‘\g 6000 e/mm

Scintillation light yield
5000 ymm @ 128 nm

E 4w ~ 900 Viem

Mux

Low-noise multi-event _
amplifiers circular buffer ~~ Continuous
waveform
I %l:l_ recording
Front-end Daedalus To storage
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How far can free electrons drift?

s Detector complexity grows with the number of electron collection wire
planes. Therefore the distance over which electrons are made to drift
should be as long as possible. Several limitations come into play.

= The value of a practical high voltage. At the convenient drift field of 500 V/cm,

in order to drift over 3 meters, it requires 150 kV. The drift time over this
distance is 1.85 ms (v4x ~ 1.96 mm/us @ 87 K).

= The diffusion of electrons, which slightly blur the image, transforming a delta
function into an approximately gaussian distribution:

G(t)=\/2-D-t,D:4,()i().2cm25‘1 t=2ms, c=1.4mm '

= The electron attachment probability during the drift time. In order to collect a
significant electric signal, electrons must not become bound as ions, which
have a much smaller v-.The fraction of surviving free electrons is given by ( k
() = adsorption rate for the i-th impurity of concentration N® ):

1 i I
N()=N©exp(~1/1) —=ZN"k" [0, k=101 mol s |

= Concentrations < 30 ppt Oxygen equivalent (t>10 ms) are the state of the art.
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LAr TPC: crucial requirements

= Cryogenic temperature Cryogenic plant

= =88Kat1bar
= high standards of technical reliability, stability

and safety, UHV techniques
= High purity required for long-drift time

= 0.1 ppb of O, equivalent for 3 ms drift
= No signal amplification in liquid
= 1 m.i.p. over 3 mm yields 20000 electrons

equivalent noise charge 1200 electrons
PMT's wth wave-shifter

m Self triggering
3-4 December 2009 SNRI '09 23

Low noise electronics

= Prompt scintillation VUV light (128 nm)
abundantly produced by ionizing events



The path to larger LAr detectors

= “:\_v b%zfn e
N icPZ o4 cmdrit | CERN @
@ ="y wires chamber

1987: First LAr TPC. Proof of principle.
= .. Measurements of TPC performances.

3 ton prototype

1991-1995: First demonstration

of the LAr TPC on large masses. Labo rato ry WO rk

Measurement of the TPC
performances. TMG doping.

CERN

50 litres prototype | CERN

1.4 m drift chamber
1997-1999: Neutrino beam @
NOMAD

events measurements.
Readout electronics
optimization. MLPB

wewe  development and study.
1.4 m drift test. T600 detector

2001: First T600 module

10 m3 industrial prototype

1999-2000: Test of final industrial solutions for the
wire chamber mechanics and readout electronics.

5

Cooperation with industry
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i LAr contaminants

= Because of their low temperatures (87 K for LAr),
noble liquids can be easily purified, since most of the
contaminants freeze out spontaneously.

= Main residual contaminants are O,, H,O, CO, both for
charge and light and N,, for light.

= O, can be efficiently eliminated with oxidation
reactions (e.g. Oxisorb)

= H,0, CO, and other polar molecules can be tapped
with specific molecular sieves (e.g. Hydrosorb)

= N, has to be reduced at production plant (ppm level).

3-4 December 2009 SNRI '09
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Free electron lifetime in LAr

A. Bettini et al, NIM A305 (1991) 177

. . : ) 160 , e e
By direct injection of given : | N "
amounts of impurities: 140 1 ‘
i 40ppb 002
120
= 100 | /( T
2 [ A
g 80 e __;_>f<*’ 35 ppb 02 1
o Z 60k \1\
Essentially independent of -
. e 40 | -
the electric field for O, :
20 |
Within the ICARUS N S S R S
program, routinely reach 0 200 400 600 800 1000
LAr purification level of < E (vicm)

Fig. 12. Electric field dependence of the electron lifetime = in
purified LAr doped with 40 ppb CO, and 3.5 ppb O,. Lines
are drawn to guide the eye.

0.1 ppb of impurities via
liquid recirculation.
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LAr purification

N The “standard” ICARUS:

1. Use ultra high vacuum standards for
detector components design,
construction, cleaning and assembly;

2. Removal of air and outgassing of
surfaces by evacuating the argon
container volume to the molecular
vacuum level (< 10-3 mbar);

I 771 = TN 77N 771N PP i

%imf%ﬁ?ﬁﬁf?ﬁT L

3. Fast cooling (to minimize out-gassing) Main argonvelume
and filling with ultra-purified LAr;
4. Recirculation/purification of the gas Liquid recirculation scheme

phase to block the diffusion of the -
impurities from the hot parts of the Lﬁ\
detector and from micro-leaks on the = =
openings (typically located on the top
of the device) in the bulk liquid;

5. Recirculation/purification of the bulk
liquid volume to further reduce the

Main argon volume

LY

3-4 DeceniPaAPYiiEs concentration. SNRI '09 27



Purity monitor

Charge vs drift time along m.i.p tracks

270

Double gridded ionization chamber

Most probable dE/dx value

W Digiti: 260 L .
aveform Dighzer : vs. bin #, average of 1172 ev.

250 =

3
©
= )
g 2 gt eteoel o0
©
Ny
%]
5 230
L
193
K]

RC >>Td é 220

= + 5)
Tele (21 = ms
210
Charge Amplifier
5 200 e e s 00 20 0160 180 200
o | Drift time (us)
InR
o _ (o) (LY (o
1 3 Tg InR i
QA)
R=[—
(Qn
Ti=ta+ = ;‘l

UV laser (266 nm) used to
extract electron cloud from gold
photocathode
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Purity Achievements

In the T300 IN Pavia In a small scale protoptype
(50 liter LAr-TPC)
__ 2500
a t, = lifetime doubling time T Sensitivity limit of the measurement
= 2250 L 104 el .0
o o >
c
E 2000 S | t2=5.4days , oot
L S t,=113days 8[| s
5 1750 38 H 3 o o0
S > 3 m drift X
1250 5 =T ;!gd'
& §
750 O] B S
(]
500 t2 =142 days % = 4 Max drift time
4 5 4 in the TPC
500 . 5
o
250 . 2 10% . L L A . . .
O] 21-Ap 27-Apr 3-Ma 9-Ma 15-Ma
0 . | P y y y
0 10 20 30 40 50 60 70 80 Elapsed time (days of 1997)
Elapsed Time (Days)

Recent result in LNL test facility: T ~ 20 ms (15 ppt
O, equivalent) measured with charge attenuation
along crossing cosmic muon tracks!!
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Front-end electronics
requirements

= Need of very low noise amplifier:

= No amplification around sense wires
= Induced charge ~ 104 electrons

» Large input capacitance (Cp)
= Wires (20 pF/m) + cables (50 pF/m)

= In T600 Cp ~ 300-400pF \ ZotZo _ CoaCr G
= Serial noise (proportional to Cp) - Zoo  CF G
dominates over parallel noise
(proportional only to signal » 1
bandwidth) Esn ch_
= High trans-conductance (g,,) input !
device is required to ensure SN Dy Cr _ 4
acceptable Signal-to-Noise level C, e,*C, e, *C,

(SN ~10) >> JFET
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The ICARUS preamplifier

= Custom IC in BICMOS technology Two versions:

: : “quasi-current” mode: RC; = 1.6 ps (collection +
= Classical Radeka integrator first induction)

= External input stage JFET’s “quasi-charge” mode: RC; = 30 ps (mid induction)
= Two IF4500 (Interfet) or A e
BF861/2/3 (Philips) in parallel :_ ] o« 1T
to increase g,, (50-60 mS) A T
A i]T - ks
= External feed-_l?qck network | T | T
= Allow sensitivity and decay time LT cs
optimization E R
= High value f.b. resistor (100MQ) ”ﬁ
reduce parallel noise °
= External baseline restorer circuit Sensitivity = 6 mV/fC
= BW noise reduction Dynamic range > 200 fC
Linearity < 0.5% @ full scale
= ldentical symmetrical layout E.N.C.= (350 + 2.5 x Cp) el = 1200 el. @ 350pF
guarantees identical electrical Power consumption = 40 mW
behavior
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Layout of front-end electronics

UHV H.V. (<£500 V) VME board (18/crate)
Feed-through
(18x32ch.)

Liquid argon Gas ,

Sense wires /
(4-9m, 20pF/m)

=

—————

!

_o_

Multiplexers
(400ns x 8ch.)

\UN\U

:

Twisted pair cables
(~5m, 50pF/m)

Decoupling!
Boards |
(32ch)

L

ICARUS T600: ~ 54000 channels — 1720 boards — 96 crates
Cost of the full electronic chain: ~ 60 € / channel

Front-end in LAr also possible, BUT: no major improvents w.r.t inaccessibilty
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The ICARUS read-out chain

CAEN-V789 board: 2 Daedalus VLSI * 16 input channels
(local self-trigger & zero suppression) + memory buffers +
data out on VME bus

Signal UHV feed-through:
576 channels (18 connectors x 32)
+ HV wire biasing

Decoupling board:

CAEN-V791 board: 32 pre-amplifiers + HV diIS_tributtion and
4 multiplexers (8:1) + 4 FADC’s (10 bits - 20 MHz) signal inpu
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The analogue board V791

Multiplexers

Digital link
il Preamplifiers BiCMOS

|C layout

Input signal

3 / connector

Shielding of
front-end

Output of
analogue sum
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Analogue board block diagram

Wo | | [ Custom .
_"_'ll_’l—l analogue M
BiCMOS —— A | 10bit
wi 1 U | Muxo|D]| |,
——=— ~—f X cr
. 1 7] 10 0 20 bit
JFET input -— i
° = = —
[ A .
10 bit
° 20 MHz
_..MuUxi 2 V.
. 1 s
A\ A\ 20MHz F E
. L
A 7
. 10 bit
LMus )DL
L] 3 .
. Clock 22b't
w31 GEN. 7”
. 10 bit
i
MUX4 2 4
4
L 20MHz —F
JUUL 40 MHz
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32 channel module

20 bit

SNRI '09

boOoc 1o
digital
p<CO><<  board

nwo<r

Serial
LINK
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Signals from the LAr-TPC

m.i.p. = 12 ADC counts
(3 mm) FWHM = 5 ps

Image of a low energy electromagnetic shower
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[o% - s
[+]
E75 = P b b b e
E 111 i1l 111l 1111 1111 L1111 1111 111 1111 L1111
g 30 I 475 500 525 550 575 E00 625 650 675 700
o .
C
15 A
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E =1 \IIIIIlIIIIlIIIII!\\Il\\\!lllllmllw\\\l‘
> 2[] — 475 500 525 550 575 600 625 650 675 700
c T 2
()] 20
= 15
= 1. 2
25 8
—TO\IIIIIlIIIIlIIIII!\\Il\\\!lllllllllll III‘\\\I‘
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475 500 525 550 575 600 625 650 675 700

Drift time (400ns sampling). Noise = 1.3 - 1.7 ADC counts rms
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The digital board (ARIANNA)

BLOCK A (CH 0:15)

s Receives 32 channels data
stream through the serial link

s Hosts two custom made feature
extraction ASIC chips
(DAEDALUS) for hit finding, zero

skipping and self triggering
= Complies with VME standards

= Each DAEDALUS operates on
16 channel data stream and
controls the circular memory
multi-buffers. It includes a
median filter to reduce high freq.
noise

= A 28 bit absolute time register is
associated to each buffer in T
memory to allow alignment of com
data in event reconstruction

TRIG ')
ADGEN
gicf T
Logic|,

DAEDALUS STAT

P

........

__________
T

BLOCK B (CH 16:31)
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On-line data reduction

DAEDALUS chip Raw data
(one T600 event = 200 Mb)

EVENT -
FIFO

DAEDALUS
CHIPS
2-16ch

y@

VME INTERFACE

Reduced data

32Current/Charge Preamplifiers
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Zero-Suppression Algorithm

50| Event. Run 15 Ev. Sighal of Inter

K=
N
y

L3
=
(=
—

o
N
<=4
—

5281

s24)

5221

Raw Data [ADC c]

5201

€60 550
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Hit-finder + Tile-Building

Daedalus:

= detects signal Rising-Edge,

= Falling-Edge, Width...

= and generates a hitfound signal
Trigger Logic:

= handles a 16 channels group

= and builds a data tile around the hit
Present Performance

on T300 RawData:
= Efficiency = 97% Collection

o 90% Induction 1 & 2
= False Detections= 20%
Studies underway for
improvement of algorithm
(promising...)

39



Trigger and T=0 mark

= [he abundant prompt scintillation light in LAr can be
exploited as global trigger and to determine the event
depth along the drift path.

= VUV light detection (more details on WArP):

=« Specially developed photomultipliers directly immersed in LAr

« Bialkali photocatode + Platinum underlayer to reduce
cathode resistivity at low temperature
ETL 9357FLA 8” PMs with > 10 % Q.E at 87 K
Hamamatsu and ETLrecent achievments: Q.E > 20 %
« Borosilicate glass window with wavelength shifter coating
thin layer of Tetra Phenyl-Butadiene >100% conversion
128 nm -> 420 nm (blue region)

= High detection coverage
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VUV light read-out in ICARUS

TPB as WLS: Lally et al., NIM-B 117 (1996) 421

*Commercial PMT with large area

= Glass-window g ot ® E o}
*For scintillation VUV A =128 nm S oo
. g 80 3
= \\Vavelength-shifter: |
Tetra-Phenyl-Butadiene HRE 1 ) |
*Immersed T(LAr) = 87 K p ST ) SEO———
sectron 6:‘ Waveength () Wavelength (nm)
-
10 ¢ 4}
= 8f .
g
5 of
& =
) Y +
y - § 4 [ + 1
Electron Tubes 9357FLA 5 o T on ooy Jiaes
8” PMT (bialkali with Pt deposit) 8 - B Sodium-Salicylate N
G =1x107 @ ~1400 V (12 dynodes) C 1 —
peak Q.E. (400-420 nm) ~ 18 % (=10% cold) %o 200 200 500 300
T,se ~ 5 ns, FWHM ~ 8 ns Coating density (ug cm2)
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The T600 module

= Approved and funded in 1996

= Built between years 1997 and 2002 (including prototyping,
industrialization and testing)

s« COMPLETELY ASSEMBLED in the INFN assembly hall in Pavia

= FULL SCALE DEMONSTRATION TEST RUN OF HALF-UNIT during
first half 2001

= [ hree months duration

= Completely successful

= Data taking with cosmic rays
= Detector performance

= Full scale analyses

= FULL UNIT ASSEMBLY TERMINATED IN 2002

= NOW UNDER FILLING WITH LAR AT LNGS
3-4 December 2009 SNRI '09
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The T600 detector

1- High Voltage Feedthrough
2 - Cathodes

3 - Field Shaping Electrodes
4 - Voltage degraders

5 - Electron drift Directions

6 - Readout Wire Chambers
7 - Inner Liquid Argon Vessel
8 - Thermal Insulation Panels
9 - Signal Feedthrough Chimneys

3-4 December 2009
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m Two identical modules
= 36x3.9x19.6 =275 m3 each
» Liquid Ar fiducial mass: = 476 t

= Drift length =1.5m
= HV=-75kV E=0.5kV/cm

m 4 wire chambers:

= 2 chambers / module

= 3 readout planes / chamber: at 0°,
+60°, -60°

= = 54000 wires
s PMT for scintillation light:
= (20+54) PMTs, 8" @

= VUV sensitive (128nm) with wave
shifter (TPB)
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Mechanics & Cryogenics

= High performance of the wire chamber mechanics at
cryogenic temperature and during the transient phases
(cooling, warming)

= None of the wires has to break » variable geometry mechanics
(springs + rocking frames)

= High spatial resolution
= Slow control devices
= to work in cryogenic and high purity environment

= Signal feed-throughs » vacuum-tight DN200CF flanges 576

s HV system >stable and uniform electric field all over the LAr volume

= Development of a HV feed-through > stable up to -150 kV
without discharges and leakage currents, vacuum tightness

= Field shaping electrodes connected by a voltage divider.
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T600 internal detector

Cathode__

|

Dr’*uf’r distance [y -
AERy-ge
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Charge and light readout system

Wires before
tensioning

LTSI |
\\
\

and a PMT L

Wall Position Meter ~Z, 7 {1\ | \
- AN |

i

Z —— e

6 LAr purity monitors
16 LAr level meters

/ wire position meters
8 wall position meters

30 temperature probes
20 PMTs (54 in the ,{\
second) | S




N
4

ic racks (54000 ch.)

Electron

er 2009
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Event rate in LNGS Hall B

High energy cosmic rays:
» ~150 through-going muons/hour,
» ~0.3/day atmospheric neutrinos
« ~200 GB/day

CNGS events:

« ~10 v interactions in the T600 per day
« ~20 W/day from int. in surrounding rock
- ~1.5 GBytes/day
Calibration:
« ~100 GBytes live storage
Low energy events (including solar and
supernovae neutrinos):
» ~1-2 ev/day from solar v
» ~2 Hz (>5 MeV) from natural radioactivity
» up to 2.0 TBytes/day: data reduction
mandatory!

3-4 December 2009

T600 rate and throughput

Full drift event size:

. 54000 wires x 2500 T-samples x 2 bytes = 270 MB
Proprietary online lossless compression

n Y4 ~ 70 MB/event ~ 1MB/crate

The T600 DAQ is based on VME standard for
Digital boards

= Best choice at time of design in term of
throughput (~40 MB/s).

= Custom backplane to connect the inputs from
wires and distribute common signals (ADC
baseline bias, enable signals, test pulses).
Each VME crate serves a total of 576
channels (18 boards).

= Configuration and control of the boards relies
on a dedicated VME CPU, which also handles
the data transfers from board buffers to the
Ethernet event builder network.
Performance of the DAQ system is bounded
by the VME interface throughput (4-5 MB/s)

equivalent to few Hz full drift collection.
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Event Builder:

4 independent DAQ hosts
4 Disk Arrays (> 30 TB) as
short term storage (~400K
full drift events).

Switches and long haul
Tranceivers for dedicated
Giga-Ethernet/FiberChannel
networks to transfer data
from the Hall B to the
external laboratories (7km)
at 2Gbit/s.
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[11]
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1
—

400 MB/s

T600 DAQ architecture

ReadOut Rackl

Switch fe/ge _

G

ReadOut Rack | 3
24

N

Chamber

Daq Host GE

Switch ge/ge

Daq Host

SAN Disk Array(s)

Fibre Channel :
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Technical run in Pavia

B || Ll Walking on the

T L H detector...

e 001

I

...and observing
3-4 Dece*nbepggnic ray events




bubble chamber
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Electron
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3D reconstruction (stopping p)

U'TAB]— e [BC] s
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a0 . — 90
Induction 1 view i %
80 Y 80
\
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‘c Induction 2 view “ w0 |
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Signal extraction procedure

Collection plane wire analysis:
charge = signal area

ADC counts

f(t)=B +A

t- To 0 e N =
— 2000 2500 3000 3500 4000
1 + e T4 I T Time sample / 400 ns
<} Me: 1618, I ]
g 20 - Multimuon event \ \ | R,:,:I 1124,
S Run 959 Event 17 [ ALLCHAN 2987 !
Pl 3785 0.9865
8 15 (Collection Left wire no. 5228) P2 3156 0.2797
B — basellne r3 6813 0.2357
< P4 2089 076D2E-01

rs 02983 0.9538E-01

A = amplitude 10 A
1, , T, = rise and fall time s -' |
T, = peak position B ... /= S LY

IS l " i A . i " A . A i " A - A " - " | - " i " |
225 250 275 300 325 350 375 400
TO Time sample / 400 ns

The same empirical function used to fit
lonization hits and test pulse hits (calibration)
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Calorimetric reconstruction

Michel electrons (u decays)

160

Entries F T;uias 123
2 e :‘; ﬁ‘z L Lwaén 27.90
= . 20 . ,——' 1298
i : .
| | PRELIMINARY -y PRELIMINARY

I ® Dete o L ¢ * ® Dalaesb
- 15 -
! r —e—
20 - - NCe N = MCe+b
125

| :
15_ 10
. 5F -
10A 9 _i
:i 5
[ | N | PP PR B
40

0o 10 20 .0
no bremsstrahlung

Energy resolution:
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Long muon tracks

Run 975, Event 93 Ilection Left

91 cm

164 m
Run 975, Event 61 Collection Left
T 0 HE R

40
35F
30
25F
20 |

151+

10

17,8 m

Z—, | TP S ) g dE/dx distribution along the track '
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Single wire

performance z
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Events with leading electron signature

= The CNGS v, spectrum has a most Neural Currents background
probable energy of about 25 GeV. rejected thanks to:

= Electron shower events are extremely *Vertex reconstruction
well identified experimentally, because *Pion mass reconstruction
of the ionization behaviour in the first «dE/dx analysis of electron/photon
cells after the vertex. tracks

events

dE/dx[Mevicm] '
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Pi-zero identification

Reconstruction of m%-showers

\ M,, =~2EE,cos6,,)
158 MeV
8 = 1410
> M, =650 MeV
752 MeV | ——— 9 = 250
140 MeV M., =140 MeV
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n¥ reconstruction

The measured photon
230 hadronic interactions with 7 -> yy candidates radiation length is
have been selected from ICARUS T300 Pavia run

Xy meas = 174 0.8)cm
1 A in agreement with

1 expectation:
) ol 9
= e X, .=~ 14cm=18cm
© Tl V-€Xp
) T 7
3 = R i3] "'-’?'f/ o | I
P & e ";’ ! 2 ‘ e L
i ke 0 |
PN | 5
5 c

i Vertex
Wire coordinate (3mm pitch)
< 1800 mm B

The average (y,y) invariant mass is in agreement
with the 1 mass hypothesis (m,0 = 135 MeV/c?);

m.,, =133.4 = 3.0(star) £ 4.0(sys)MeV/c*

AL, g o

The systematic error is mostly due to the calibration Mass (MeV/c?)
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Detector performance

= Tracking device

= High granularity event topology (3mm “bubble”,
space resolution ~150um)

= Momentum measurement via multiple scattering
= Measurement of local energy deposition dE/dx: :
= e/ 0 separation (2% X, sampling) 190

= Particle ID by means of dE/dx vs range
measurement

= Total energy reconstruction of the events from 50/
charge integration:

= Full sampling, homogeneous calorimeter with o 2 a4 s 8 10
excellent accuracy for contained events Range from end point (cm)

300

250|

dQ/dx (counts/wire)

200/

100|- Pi

RESOLUTIONS
Low energy electrons: o(E)E = 11% / VE(MeV)+2%

Electromagn. showers: o (E)E = 3% / VE(GeV)
Hadron shower (pure LAr): o (E)E = 30% / VE(GeV)

Hadron shower (+TMG): o (E)E = 17% / VE(GeV)
3-4 December 2009 NRI UY
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Quasi-elastic neutrino interaction

= 50 liter LAr-TPC exposed to CERN WANF (NOMAD as muon spectrometer)

= Full 3D event kinematics reconstruction, particle id, momentum balance, 1 rejection

! i
| T (1300 sarpier: 47 om)
T
} -

Induction wires. (125 wvas 32em )

3D vmj

L b
‘“"!"% !
- ~.. / “ ¥
— . f
----------- . v
______ o T |
= S0L TPC AL
Run 103 Event 4142 T
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Collection wires. (128 wirgs. 32 cm )

Time (1300 sarpiwe: 47 cmf
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» 4
' ' %5
_— IR 2
v ™ > y

Induction wires, (126 wves: 32 cm |

3D View

Run 75 Event 349

. S0LTPC

SNRI'09

61



Quasielastic event reconstruction

Selection of ~ 200 pure lepton-proton final state with exactly one proton T,>50

MeV (range > 2 cm) and any number protons Tp,<50 MeV

F D
tu Entries 61
Mean 34.47

= RMS 35.59

- { Acolinearity

3 i ‘

E B, &

3 i s

e e uﬁy—-‘_qlEm,m. E

0 20 10 60 80 100 120 140 160 18
Acollinearita’ (gradi)

E 16 |

= 61

E - 2186E-01

3 7438

Acoplanarity

Ea_l_u_l_Ll_H‘—‘ i

5 4 -3 2 1 0 1 2 g 4 5
Arnanl. O

1.8 2

0.2 04 0.6 0.8 1 i 14 16

Pt (GeVic)
E }
= e et T el e i e erene {b i nidin L daen el
0 0.1 02 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Pt p (GeVic)

ntries
Mean -
RMS 2668

Miss Pt

wwwwwwwwwwwww

Good agreement with FLUKA expectations (Red line), accunting for

Nuclear Fermi motion and re-interactions in nuclei.
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The “electronic bubble chamber”

BEBC - Bubble Chamber - ICARUS -T600 -
30t- CERN 1976 ‘. PAVIA 2001

T T e Lm.s-_a e St :

=

'."- P-FHHnwhu.-.uw re A gl '_"“ Lt‘:-jhﬂﬂﬂ‘ﬂ J"’ _r, mﬂm el e

"—;.,_qu,;.&u...__.-- .. - s ¢ T T

) 2 by 2 # -p-rpd—--.-. l.-.u' i

- .--.z.__nh, - = s ,(_‘,__ AT T Lk B B 1Y
Vil et b eeeime ot e g e T 7

e e v . g B e —— T

o .",..s. PRSIy S o gl B iy h ! : 1 : =
- Tyt R Ak U VTP T il R U

s’ & ot o i i e T S ol o s ——— 3
. v - Vs T L ey ¢ =

- Bubble size &3x3x0 4-mm3

* Medium '. Heavy freon Medium Liquid Argon
Sensitive mass 3.0 ton Sensitive mass Many ktons
Density 1.5  g/cm3 Density 1.4 g/cm3
Radiation length  11.0 cm Radiation length  14.0 cm
Collision length  49.5 cm Collision length  54.8 cm
dE/dx 23 MeV/cm dE/dx 2.1 MeV/cm
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ICARUS T600 in hall B (11-2009)

64
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Physics with the T600

= [he T600 is a necessary intermediate technical step
towards a much more massive LAr detector (multi-kton
LAr detector), now being actively studied by INFN and
other institutions, but it offers also some physics
iIssues in itself.

= [wo main topics are particularly interesting and imply
the exposure of the T600 at the CNGS beam starting
from 2008 for few years (up to five):

= Searching for sterile neutrinos in T600 with deep e-like
inelastic CC events, complementary to MiniBoone

= The proof of existence of v, <—> v oscillation with T600,
the actual value of Am? being already measured elsewhere by
SuperKamiokande, K2K and MiNOS and in the future by
OPERA at LNGS.
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v_ interaction in ICARUS

E,=18.7 GeV

L ee s Gey pa U T Gelie

A multi kton ICARUS detector is needed to ensured a number of events

adequate to cover the v_signature with a sensitivity comparable to the one
OPERA.

The electron decay channel is however a significant goal, also for the presently
reduced T600 mass, uniquely characterized by a large transverse momentum
unbalance due to the emission of the two neutrinos.
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The Future

= [he successful operation of the T600 module will
hopefully open the way to the next generation of multi-
kton Liquid Argon TPC’s

= Addressing important issues of the physics beyond the
standard model

« Proton decay
= Neutrino mixing
= CP violation the lepton sector

s INFN, as well as other international institution, is

actively involved in the studies of

= The detector feasibility
= The best location (LNGS)
= [he neutrino beam improvements

= The new program would start at the end of the present
CNGS campain (~2012).
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