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>> Know before you go travel information <<

Welcome to the CPAD Instrumentation Frontier Meeting at UTA

This 2.5 day workshop will provide an
evaluation of the Detector R&D program being
carried out in support of the High Energy
Physics science mission. The goal of the
workshop is to determine if the existing
program meets the science needs of the five
science drivers identified by P5 within the
twenty year P5 vision. The program will place
an emphasis on proposing new ideas for
detection technologies, articulating grand
challenges for the field and identifying
instrumentation opportunities to enhance the
program as an enabler of our science. In addition to plenary sessions and parallel session working groups

NEW TECHNOLOGIES FOR DISCOVERY
Organized by the Coordinating Panel for Advanced Detectors of the
Division of Particles and Fields of the American Physical Society

October 5 - 7, 2015 - University of Texas at Arlington
University Center - 300 W. First Street Arlington, TX 76019
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A tool for discoveries

2

★ The Liquid Argon Time Projection Chamber is the successful marriage 
between the “gaseous TPC” and “the liquid argon calorimeter” to obtain a 
dense and very fine grained 3D tracking device (mm-scale resolution) with 
local dE/dx information and a homogenous full sampling calorimeter (e.g. 
≈2%X0 sampling rate for 3mm pitch). It can be operated in trigger-less mode, 
hence is continuously active.

★ After many decades of pioneering R&D, the technology has matured into a 
fundamental and necessary technique to address the particle physics 
challenges of the 21st century. It has the potential to be the tool to discover 
new phenomena, such as:

the convincing case for the existence of sterile neutrinos;
the discovery of CP-violation in the lepton sector;
the unambiguous observation of nucleon decay;
the direct detection of Dark Matter WIMPs-induced recoils or of the 
“neutrino floor”;
the possible observation of unpredicted rare events.
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the possible observation of unpredicted rare events.Any one of these would be a major discovery !!!!
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νWhat)do)collisions)look)like?
! Example$of$an$event$from$Fermilab’s$ArgoNeuT$LArTPC.
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• Explain Landau distribution (”bare” track and
”dressed” track)

• pion track (800 MeV/c) and soft electron (∼10
keV) has different dE/dx = recombination

• Set delta-ray cut off = 10 keV in simulation, and
take ICARUS measurement of recombination.

• Hit charge distribution is in good agreement be-
tween data and MC.
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Figure 13: Hit charge distribution for 800 MeV/c through-going π+
sample. Points and histograms correspond to data and MC, respec-
tively

6. Stopped Proton

Proton event selection

• Protons are selected by the information of beam
counters.

• Drift time of the hit at the injection point: 150mus
to 300µs which corresponds with T32 BDC fidu-
cial volume.

• Total number of hits in the cluster is greater than 5.

• Only one cluster in the event

For good proton events, we compare each parameter
between data and MC. Figure14 shows the comparison
of the distribution of Hit Charge, Hit Sigma, Stopped
Channel and Cluster Charge between data and MC. All
four distributions of MC reproduce data well. Espe-
cially, the agreement of stopped channel distribution
shows the consistent the momentum estimation by TOF
information with the initial momentum of the particles
injected to 250L detector.
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Figure 14: Hit Charge, Hit Sigma, Stopped Channel, Cluster Charge

Figure15 shows the hit charge distribution of each
distance from stopped point. Hit charge distribu-
tions of MC simulation are good agreements with data.
Figure?? shows the mean of the hit charge distribution
of each distance from stopped point. MC simulation re-
produce the charge response of data in high and wide
dE/dx region well.
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Figure 15: Hit charge distribution of each distance from stopped point

7. Stopped Kaon

• Stopping point of the Kaon is identified as kink of
the track

• For example, K → µν event (Fig. 12) is composed
by two tracks, Kaon and muon, and intersection of
two tracks corresponds to the stopped point.

• We develop two different algorithm to identify the
Kaon stopped point, Hough and Chi2.

Hough transform was invented for machine
analysis of bubble chamber photographs by
Paul.V.C.Hough.[19].

• Transform hit coordinates [TPC channel, drift
time] into Hough space

• Find the straight line by choosing the most dense
point in Hough space (= Kaon track)
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Tracking performance

A = 0.8
k = 0.0486 kV/cm

g/cm2

MeV
• Hits associated with the first straight line are re-

moved, and remaining hit coordinates are trans-
formed into Hough space.

• Find second straight line using the same procedure
( =Muon track)

• This procedure is repeated until number of remain-
ing hits are less than three.

• Kaon stopped point is identified as the hit with
maximum charge and around the intersection of
two lines.

χ2 method is the algorithm to Identify the kaon
stopped point as the point which rapidly increase fit χ2

to straight line.

• Starting from the most upstream hit in the cluster,
fit the hits to straight line (Kaon track)

• Find the point which rapidly increase fit χ2 to
straight line.

• Starting from the most downstream hit in the clus-
ter, fit the hits to straight line (Muon track)

• Find the point which rapidly increase fit χ2 to
straight line.

• Kaon stopped point is identified as the hit with
maximum charge and around the intersection of the
two lines.

Figure 16 shows Data and MC comparison for signal
hit charge, signal width, decay point and total particle
charge distribution. Data of signal charge and signal
width are consistent with MC one in error by less than
two % and data of cluster charge and primary charge are
consistent with MC one in error by less than five %.

Figure 17 shows signal hit charge distribution in dif-
ferent distance from the stopped point. Data and MC
are in good agreement.

Figure ?? shows data/MC ratio of signal hit charge
distribution in different distance from the stopped point.
Data of signal charge in different distance from stopped
point are consistent with MC one with in 5%.

8. Recombination Factor

For the data-MC comparison, we use parameters of
the recombination factor in ICARUS measurement of
Ref.[15]. In this section, we measure the recombination
factor using proton (and Kaon) data.
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Figure 16: Data-MC comparison for hit charge, hit sigma, cluster
charge, primary particle charge
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Figure 17: Data-MC comparison for hit charge distribution in different
distance from the stopped point(top left:decay point,top light:decay
point-5cm,bottom left:decay point-10cm,decay point-15cm)

Expression for recombination (Birks law) in Eq. 1 can
can be rearranged like below:

Q0

Q
=

1
A
+

(k/E)(dE/dx)(1/ρ)
A

(2)

In this equation, the ratio of Q0/Q has linear depen-
dence of stopping power dE/dx, and Q from data (See
Fig. ??), Q0 and dE/dx from MC can be determined for
every distance from the stopped point. By using this we
are able to extract parameters A and k. Q0 is determined
from the simulation sample without recombination (Top
left plot in Fig. 18), and dE/dx per an anode channel
is determined with truth information of simulation
(Top right plot in Fig. 18). The result of this study is
shown in bottom plot of Fig18. Vertical axis is Q0/Q,
and horizontal axis is dE/dx in this figure, this plot
is fitted to straight line. As a result, we obtain fitting
parameter, A = 0.832±0.009(stat.)±0.006(syst.),
and k=0.0504±0.0010(stat.)±0.0013(syst.)
[kV(g/cm2)/cm/MeV]

It confirms Birks law in the range of 4 ! dE/dx ! 12
MeV/cm2 and electric field of 200 V/cm is consistent
with ICARUS measurement[15]. A = 0.800±0.003 and
k=0.0486±0.0006 [kV(g/cm2)/cm/MeV]
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Figure15 shows the hit charge distribution of each
distance from stopped point. Hit charge distribu-
tions of MC simulation are good agreements with data.
Figure?? shows the mean of the hit charge distribution
of each distance from stopped point. MC simulation re-
produce the charge response of data in high and wide
dE/dx region well.

s)µHit charge (ADC
0 500 1000 1500

N
um

be
r o

f h
its

0

20

40

60

80

100

T32 Proton
data
MC simulation

0 cm from Stopped Point

s)µHit charge (ADC
0 500 1000 1500

N
um

be
r o

f h
its

0

20

40

60

80

100

T32 Proton
data
MC simulation

7 cm from Stopped Point

Figure 15: Hit charge distribution of each distance from stopped point

7. Stopped Kaon

• Stopping point of the Kaon is identified as kink of
the track

• For example, K → µν event (Fig. 12) is composed
by two tracks, Kaon and muon, and intersection of
two tracks corresponds to the stopped point.

• We develop two different algorithm to identify the
Kaon stopped point, Hough and Chi2.

Hough transform was invented for machine
analysis of bubble chamber photographs by
Paul.V.C.Hough.[19].

• Transform hit coordinates [TPC channel, drift
time] into Hough space

• Find the straight line by choosing the most dense
point in Hough space (= Kaon track)
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� 800 MeV/c� 650 MeV/c

Data well described by:

J.Phys.Conf.Ser. 308 
(2011) 012008

JPARC T32 exposed to K1.1BR tagged beam

250L @ J-PARC

NIM A 523, 275 (2004)

Good understanding of tracking

J-PARC T32 chamber (ETHZ-KEK-Iwate-Waseda)Vacuum Test
� Inner vessel

� Varian dry scroll pump (110L/min)
� Pfeiffer turbo pump (80L/s)

� Outer vessel
� Kasiyama oil rotary pump (900L/min)

� Achieved vacuum
� 0.3 Pa so far for inner vessel

4

Charge recombination
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Calorimetric performance
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e/gamma separation

1 m.i.p. 
2 m.i.p. 

e/g separation in Liquid Argon 

8/26/2015 6 

1 m.i.p. 
2 m.i.p. 

1 m.i.p. 

2 m.i.p. 

MC 

LAr unique features allow e/g separation and p0 reconstruction 
 -> Estimated bkg. (from MC/scanning) from p0 in NC and Qμ CC: negligible 

Mp0: 133.8± 
4.4(stat)± 

4(syst) MeV/c2 

θ 

Ek = 685 ± 25 MeV 

Ek = 102 ± 10 MeV 

Collection 

mπo = 127 ± 19 MeV/c² 
θ = 28.0 ± 2.5º 

pπo = 912 ± 26 MeV/c 
p0 reconstruction: 

• MC: single electrons (Compton) 
• MC: e+ e– pairs (g conversions) 
• data: EM cascades (from p0 decays) 

Sub-GeV 
Energy range 

A. Zani - ICFNP2015 

ICARUS T600 
@ LNGS

Performance is promising - to be further tested in ongoing programs (see later)
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Property Liquid Argon

Density (g/cm3) 1.4

Radiation length (cm) 14

Interaction length (cm) 83.6

dE/dx mip (MeV/cm) 2.1

We (eV) @ E=∞ 23.6

Wγ (eV) @ E=0 20

Refractive index (visible) 1.24

Cerenkov angle 36°

Cerenkov d2N/dEdx (β=1) ≈ 130 eV−1 cm−1

Muon Cerenkov threshold 140 MeV/c

Boiling point @ 1 bar 87 K

Liquid Argon properties

7

Charge yield after e-ion 
recombination (mip) ~ 1 fC/mm  
(~ 6000 electrons/mm)

Scintillation yield (mip) 
~ 4000𝛄/mm  @ 128nm

Edrift

ionizing track

(Electron-ion recombination ≈ 30% for m.i.p. @ 1 kV/cm)

vdrift

Liquid Argon: 
+ High density, cheap medium 
+ Quasi free electrons from ionizing tracks are drifted by Edrift. 
+ Electron drift velocity ≈ 2mm/µs @ 1 kV/cm 
+ Electron cloud diffusion is small 
   (σ ≈ √2Dx/vdrift ≈ mm after several meters of drift) 
+ High scintillation yield (@ 128 nm) can be used for T0, 
trigger, ...
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Transverse Diffusion

0.5 kV/cm

1.5 kV/cm

DL=4 cm2/s

0.5 kV/cm

1.5 kV/cm

DT=13 cm2/s

Noble liquid

Drift fields E=0.5,0.75,1,1.25,1.5 kV/cm
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LAGUNA-LBNO - General Meeting in Paris - March 12, 2012Devis Lussi

Charge and Light readout layout

11

digitized
track

scintillation light

‣Charge DAQ can be globally triggered by the prompt scintillation.
‣The charge readout crate SY2791 was developed in collaboration with CAEN
‣The PMT signals are digitized with the CAEN V1720 250 MHz digitizer

light readout

E

charge readout

32 x
low noise
preamplifiers

32 x
2.5 MHz
12 bit ADCs

FPGA:
trigger logic,
circular
buffer,
optical
readout

CAEN SY2791

VME

trigger

computer

computer

storage

8 channel
250 MHz
12 bit
digitizer

FPGA:
trigger logic,
circular
buffer,
optical
readout

CAEN V1720

CAEN A2792

sync

~1 fC/mm (MIP)

Technical challenges:  
– Long drift requires ultra high purity 
  * free of electro-negative molecules (O2, H2O, ...)  
    Goal << 100 ppt O2 equivalent !! 
  * Drift field implies high voltage on the cathode 
– Large readout chambers at cryogenic T 
– No charge amplification in single phase: fC-level 
charge sensitive preamplifiers 
– Large #readout channels 
– Large cryogenic systems

Principle of the LAr TPC
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1st T-300 TPC in clean room!

•  Tasks in progress (WA104)!
–  New cryostats!
–  Rebuild cryogenics!
–  Replace internal TPC 

cabling!
–  Flattening cathode planes!
–  PMTs : 90 new 8” tubes 

behind each wire plane (360 
total)!

•  Other tasks under discussion!
–  Upgrade of TPC front-end 

electronics!
–  Electronics and readout for 

PMTs!
–  Construction of a cosmic ray 

tagger!

22 June 2015!P. Wilson | Fermilab SBN Program!32!
ELBNF&Proto+Collaboration&Meeting,&January&2015D.&Schmitz,&UChicago

ICARUS-T600, WA104

10

First&T300&in&
Cleanroom&at&

CERN&

Ready&to&
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νInside)of)MicroBooNE
! Three$wire$planes$to$sense$
ioniza7on$electrons.$
" 8,256$wires!
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3$mm$pitch
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3mm wire pitchICARUS
MicroBoone

Basic technique 
established
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manufactured from cast acrylic or polystyrene bars of dimensions 50.8 cm ⇥ 2.54 cm ⇥ 0.6 cm
that have wavelength shifter (WLS) embedded in them. The concept is described in Ref. [5]. The

Figure 1. Schematic of a light guide with 3 SiPMs on one end. VUV photons impinging on the light guide
surface are converted by the WLS into visible photons inside the bar and these photons propagate down the
light guide via total internal reflection. The photons that reach the readout end are detected by the SiPM
array with high efficiency.

wavelength shifter converts VUV scintillation photons to 430 nm photons inside the bar, with an
efficiency of ⇠50% for converting a VUV to an optical photon [6]. A fraction of the waveshifted
optical photons are internally reflected to the light guide’s end where they are detected by SiPMs
whose QE is well matched to the 430 nm waveshifted photons. The light guides were made with
one of two wavelength shifters: the conventional TPB (1,1,4,4-tetraphenyl-1,3-butadiene) and the
less expensive alternative bis-MSB (1,4-bis-(o-methyl-styryl)-benzene). Preliminary studies with a
VUV monochromator show that the two wavelength shifters compare favorably in their waveshift-
ing efficiency [7]. A testing program is currently underway to compare their relative performance
in LAr.

The light guide designs used in this experiment are given in Table 1. Two different pro-
cesses were used for incorporating the wavelength shifter into the light guides – “dip-coating”
and “doping.” In addition, two different wavelength shifters – TPB and bis-MSB – were used in

Table 1. Light guide designs.

Light Guide Technology WLS
A acrylic, dip-coated TPB
B acrylic, dip-coated TPB (+50%)
C acrylic, dip-coated bis-MSB
D acrylic, doped bis-MSB
E polystyrene, doped TPB

manufacturing the light guides for this experiment.
Light guides A, B, & C were made by dip-coating a blank bar into WLS solution.
In this process the bars are first annealed for 3 hours at 230 F, after which the temperature is

stepped down in 10 F increments to 120 F. The bars are then allowed to cool to room temperature.
After this process is complete, the bars are wiped down on all surfaces with ethanol. Next, a
solution is mixed with 1 part TPB to 2 parts UVT acrylic in toluene. This mixture is allowed to
stand for 24 hours to allow the WLS and acrylic to dissolve fully, after which ethanol is added as
a surfactant. Each acrylic bar is submerged in this solution for 5 minutes, removed, and then hung
and left to air dry.

– 3 –

TPB$coated$
Cast$Acrylic$Bars$

TPB$coated$radiator$
Cast$WLS$Bar$

Scintillation light detection

9

•  Liquid Ar is an excellent scintillator 
–  1 MeV dE/dx ! ~24,000 photons (at 500 V/cm field) 
–   ¼ of the photons are prompt (6ns)  
–  Rayleigh/Absorption length ~66/>200 cm  

1. Direct detection with WLS-
coated PMTs + 
reflectors 

2. Hybrid light guide collection + 
SiPMs 

3. Direct detection with SiPMs 
with WLS

Hamamatsu 
R5912MOD02

1© SensL 2013

Array-SMT PCB Arrays of SiPM
PRODUCT BRIEF

 

SensL’s custom range of SMT (surface mount technology) SiPM 
sensors have been used to create compact and scaleable arrays. 
The SMT sensors are mounted onto PCB boards with minimal dead 
space. The Array-SMT products are available in a variety of formats 
and formed of pixels of different size. Details of the arrays available 
are given in the table below and in the Ordering Information section. 

The back of each Array-SMT has either one or more multi-way 
connectors, or a BGA (ball grid array), that allow access to the fast 
output* and standard I/O from each pixel in the array, and a common 
I/O from the summed substrates of the pixels. The Array-SMTs with 
connectors can be used to interface with the user’s own readout via 
the mating connector, or to SensL’s Breakout Boards (BOB). The 
BOBs allow for easy access to the pixel signals and performance 
evaluation of the arrays.

Array-SMTs with the BGA can be reflow soldered to the user’s readout boards, or purchased ready-mounted on a 
Evaluation Board (EVB) for easy testing. The BGA Array-SMTs cannot be removed from their EVBs. This contrasts with the 
Array-SMTs that have connectors, where multiple arrays can be evaluated with a single BOB.

A summed BOB is also available for certain Array-SMTs, that allows all of the pixel outputs to be summed together to 
create a single, large-area sensor. 

Compact, 4-Side Scaleable SiPM Arrays

ARRAY DETAILS

SensL SiPM sensors are unique in offering an additional fast output* that carries a signal 
with intrinsic rise times of ~300ps and recovery times of <1ns, allowing for precision 
timing and fast count rates.

Each SiPM pixel in the Array-SMT therefore has three electrical connections;

• Fast output*

• Standard I/O

• Common I/O

All pixel common I/O (cathode) are summed together, but each individual fast output and standard I/O (anode) will be routed 
to its own output pin. 

Array-SMTs are available in variety of configurations (see table below), using C-Series SMT-package sensors. For intrinsic pixel 
level performance data the C-Series datasheet should be consulted.

Array Format Sensor Readout Pixel Pitch Array Size
No. 

Connections

2x2* 60035 Pixel 7.2mm 14.2 x 14.2 mm2 9*

8x8 60035 Pixel 7.2mm 57.4 x 57.4 mm2 160

4x4 30035 Pixel 4.2mm 16.6 x 16.6 mm2 40

12x12 30035 Pixel 4.2mm 50.2 x 50.2 mm2 320

8x8 10035 Pixel 2.0mm 15.8 x 15.5 mm2 144

* The ArrayC-60035-4P does not have access to the fast output.

C-Series

Many ongoing R&D efforts: large area, 
high LY, robust, cheap, SiPMs at cryo T,…

ArDM reflector
ArDM 8” 

coated PMT

SensL

Is it competitive with PMT? yes for very 
low background application (e.g. DM)

around 128nm
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Shuoxing Wu ETHZ

To reach basic GLACIER 4x4m2 CRP (2m readout length) design: 
• reduce capacitance: have long readout strips while keeping minimum noise 
     (upper limit for ~1000 e- ENC noise ~ 350 pF) 
• simplify production: integrate two views on same PCB layer 
• symmetric X-Y charge sharing 

Anode requirements for large area readout

X pitch: 3 mm

Y pitch:  
3 mm

Best solution to optimize capacitance and resolution

ϕ

10

dC/dl~150 pF/m

TPC symposium, Paris, 2014

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Double phase LAr-TPC 

13

E drift

E extraction 
e- multiplier

collection anode

Liquid

Gas

signal readout on 2 view collection anode
Signal amplified in the gas 

PMTs (trigger and t0)

E amplification

cathode

e-

2003: the GLACIER concept.
•  A. Rubbia, Experiments for CP-violation: A giant liquid 

argon scintillation, Cherenkov and Charge imaging 
experiment? hep-ph/0402110.

2008-2011: Proof of principle with 10x10 cm2 
double phase LAr LEM-TPC prototype:
• A. Badertscher et al., Construction and operation of a Double 

Phase LAr Large Electron Multiplier Time Projection Chamber  
arXiv:0811.3384

• A. Badertscher et al., “First operation of a double phase LAr 
Large Electron Multiplier Time Projection Chamber with a two-
dimensional projective readout anode” NIM A641 (2011) p.
48-57

2011: First successful operation of a 40x80 cm2 
device
• First operation and drift field performance of a large area 

double phase LAr Electron Multiplier Time Projection Chamber 
with an immersed Greinacher high-voltage multiplier JINST 7 
(2012) P08026 

• First operation and performance of a 200 lt double phase LAr 
LEM-TPC with a 40x76 cm^2 readout, JINST 8 (2013) P04012 

2012-2013: further R&D towards final, simplified 
charge readout for GLACIER:
• first results presented TPC-symposium, Paris Dec. 

2011
• Long-term operation of a double phase LAr LEM Time 

Projection Chamber with a simplified anode and 
extraction-grid design C Cantini et al 2014 JINST 9 
P03017

Dual phase LAr TPC

10

• Longer drift path with less #chan’s
• Finer readout pitch
• More robust S/N ratio with tuneable 

gain
• Lower detection energy threshold
• Better pattern reconstruction of 

events
• Only charge collection views (no 

induction)
• Gain demonstrated up to 90  
• Optimal gain for neutrino physics 

operation ≈ 10 - 20

Sebastien Murphy ETHZ                                                                                                              LBNO collaboration meeting CERN Feb. 10-13  2014

Top 3x1 m2 Charge Readout Plane

!9

Liquid 

Anode: 0V

Gas 
1 cm

2 mm
LEM:  -1 kV!
!   -4 kV

Grid: -7 kV

1 mm

✴Extraction grid, LEM  (large electron multiplier) and anode all constructed as single 
readout module of 1x3 m2.

~2kV/cm to efficiently !
extract the charges !
from the liquid

anode

LEMsupporting frame (G10)

frame for extraction grid

~3 kV/cm across !
the LEM

anode at ground

Highest effective gain over 90!

LAGUNA-LBNO CERN 11-Feb-2014

Anode @0V
Anode-LEM 2mm

LEM-Grid 10 mm

LEM

Grid

Induction field 5 kV/cm
LEM field 27 – 36 kV/cm

extraction field 2 kV/cm

Eff. gain and resolution vs. LEM field Landau curves vs. LEM field

Shuoxing Wu ETHZ 12

Eff. Gain = 
mipdxdQ

dxdQdxdQ
/

// 10 !��!�

3.) Charge multiplication in the holes of the 
Large Electron Multiplier (LEM)

4.) Charge collection on a multilayer 2D anode 
readout (symmetric unipolar signals with two  
orthogonal views)

2.) Drift electrons are efficiently extracted 
into the gas phase

1.) Ionization electrons drift towards the 
liquid argon surface

Shuoxing Wu ETHZ

The novel double phase readout

LAr level

For MIPs: 
• 10 fC/cm — ~10 k e- for each strip (3 mm 

pitch,2 views) — SNR of 10 (noise of 1000 e-) 
• SNR of 100 — gain of 20 is needed

0.5 kV/cm

2 kV/cm

2.5 kV/cm

30-35 kV/cm

5 kV/cm

5TPC symposium, Paris, 2014

Anode

Large Electron Amplifier (LEM)

A. Badertscher et al. NIM A641 (2011) 48-57 

Basic technique OK –
 R&D towards large scale
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80cm

CR events in dual-phase 250L proto
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Dual phase 250L chamber @  
ETHZ/CERN

A. Badertscher et al. JINST 8 (2013)P04012
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Delta-rays 250L prototype

12
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Figure 21. The reconstructed energy of d -rays that are longer than 0.5 cm from the collected cosmic muon
sample, as well as from the MC generated muon events with a momentum uniformly distributed between 1
and 10 GeV/c.

d2N/(dT dx) µ b�2(1�b 2 T
Tmax

)T�2, where T is the kinetic energy of the d -ray, b its velocity, and
Tmax is defined in Ref. [19], is also shown as dashed line below 10 MeV, showing that with the
present algorithm, the efficiency for reconstructing the d -rays drops below 5 MeV. The discrep-
ancy between data and MC simulations below 3 MeV shows that the efficiency for reconstruction
is slightly under-estimated in the simulation.

5. Conclusions

We have produced and successfully operated the largest LAr LEM-TPC with 2D readout anode of
an area of 40⇥76 cm2 (⇠ 0.5 m2) and 60 cm drift. During a very successful run with double phase
ultra-pure argon at 87 K, the detector was exposed to cosmic rays and recorded a large number of
events during a long-term data-taking period. A stable effective gain 14 was reached, giving an
excellent signal to noise ratio of > 30 for a MIP. The detector performance has been studied and a
sample of d -rays was measured and compared to a MC simulation. The exact performance with a
gain of ⇠30 reached with the 10⇥10 cm2 area chamber [5] could not be reproduced in this first test
of a detector of ⇠0.5 m2-scale. The observed limitations such as this apparently lower maximum
gain, the introduced dead space by the segmentation of the LEM, the large anode capacitance and
the long signal cables, are presently being addressed and will be further treated and hopefully
corrected in the near future.

– 20 –

102 CHAPTER 6. THE LARGE AREA DOUBLE PHASE LEM-TPC

Figure 6.14: Three dimensional view of the reconstructed through-going muon track with an
identified �-ray from Figure 6.13.

in Section 4.3.

An example of a single event is presented in Figures 6.13 and 6.14. Figure 6.13 shows

on the top the filtered waveforms and at the bottom the identified through-going muon hits

(red) as well as identified �-ray hits (green). Finally, the three dimensionally reconstructed

event can be seen in Figure 6.14. After reconstructing all the events from di↵erent runs

we have required that the particle produces a straight track and that it crosses the anode.

The resulting angular distribution of all accepted and reconstructed through-going tracks are

presented in Figure 6.15. In the left histogram, which shows the polar angle ✓ with respect

to the z-axis (drift direction), can be seen that vertical tracks along the drift field are not

reconstructed (✓ = 2⇡). Obviously we have assumed that all particles travel downwards, i.e.

✓ > ⇡/2. The histogram on the right of Figure 6.15 shows the distribution of the azimuthal

angle �. The reconstruction e�ciency drops when the (x, y) projection of the track is parallel

to the one view, i.e. � 2 {⇡/4, 3⇡/4, 5⇡/4, 7⇡/4}).

The most relevant reconstructed variables that are used in the following sections are the

hit integrals�I ⇡ dI together with the three dimensional track length�x ⇡ dx. Finally, after

applying the calibration of the readout electronics (see following section), the reconstructed

charge per unit length dQ/dx of the through-going mips for both views (0 and 1) was used

to study the performance of the readout.

Event recorded in 200L 
double phase chamber 
exposed to cosmic rays

6.3. RECONSTRUCTION OF COSMIC RAY EVENTS 101

Figure 6.13: Fully reconstructed cosmic ray event. Top: digitally filtered waveforms of all
the readout channels for view 0 (left) and view 1 (right). Bottom: identified hits are shown in
the drift time versus strip number plane. Identified through-going muon hits are shown in red;
identified �-ray hits, seen as attachments to the main track, are shown in green.

6.3 Reconstruction of cosmic ray events

The reconstruction of crossing cosmic muon events, producing straight tracks, was described

in Chapter 4. In this section we only give a brief overview of the basic steps in the reconstruc-

tion procedure, pointing out some detector specific nuances form the generic case. Due to

the presence of coherent pick up noise, which could not be eliminated during the data taking,

the events had to be first digitally filtered (see Section 4.3.1). This was done in two steps:

first, the coherent noise filter, an algorithm to subtract common noise on all channels, second

the FFT filter have been applied. Di↵erently from the T32 beam test data from Chapter 5,

only very dominant discrete frequencies were suppressed in the frequency space. Finally, the

common subtraction of the pedestal value was performed. After the digital signal processing

of the waveforms, straight muon tracks with �-rays have been identified and reconstructed

using the standard Hough-transform and �-ray finding alrgorithms, which are both described

Automatic reconstruction of δ-rays

3D reconstruction

Automatic 3D track reco fully 
efficient above 4 MeV

JINST 8 (2013) P04012 
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Charge Readout plane (CRP)

Drift cage (500 V/cm or 1kV/cm)

TPB coated photomultipliers

CRP suspension.

1 m 

3 m 

1 m 

WA105 3x1x1m3: A 24 ton dual phase TPC

13

Sebastien Murphy ETHZ                                                                                                          DUNE collaboration meeting      Fermilab Apr. 17 2015

WA105 prototypes

26

The large area CRPs (and many other detector aspects) are being tested and 
will be operated in the scope of the CERN WA105 prototyping.

LAr-Proto 
(3x1x1 m3 active 24 ton LAr total)

DLAr
(3x1x1 m3 active 700 ton LAr total)

• First large scale of dual phase TPC
• 25 ton total LAr mass
• Active mass 4.2 tons
• 3 mm readout pitch
• 2 views
• 1920 readout channels
• (3+2) 8” PMTs

7

CRYOSTAT

• Insulation and Membrane installed
i. TS in the insulation space Æ IS efficiency

• Leak check Membrane:
i. GABADI & CEGELECÆ sensitive to 1e-5 (mbar l/s)
ii. CERN is improving the test in order to reach

1e-9 (mbar l/s)
iii. Difficult is to check the weldings on the corner

and at the membrane corrugations

SUMMARY

Movie of the installation is uploaded on the Plone:
http://lbnodemo.ethz.ch:8080/Plone/wa105/3x1x1-prototype/cryostat-tank-outer-structure/311-Membrane%20Installation.mp4/view

Leak check Membrane: 
 i. GABADI & CEGELECà sensitive to 1e-5 (mbar l/s)          
 ii. CERN is improving the test in order to reach 1e-9 (mbar        

l/s)

WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014

WA105 @ CERN
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50x50 cm2 LEMs & anodes

14

50x50 cm2 LEM 50x50 cm2 Anode

C. Cantini et al 2015 JINST 10 P03017

dC/dl ~ 120 pF/m

✓ “simple” multilayer PCB. 3.4 mm thick.
✓ 3 mm readout pitch
✓ Equal charge sharing on both collection views.
✓ low capacitance per unit length (~150 pF/m)
✓ design is a result of ~1 year R&D. 
✓ relatively easy, cheap and fast to produce. All 

channels electrically tested by the company.
✓ soldering of the 20 KEL connectors at SMD 

CERN workshop. Takes about 2hrs for one 
board.

✓ PCB CNC drilled with o(150) holes per 
cm2. 1 mm thick.

✓ 500 um hole diameter 800 um pitch.
✓ 40 µm dielectric rim around the holes to 

avoid edge-induced discharges
✓ powered at around 30 kV/cm
✓ design is the result of many years of R&D 

on smaller scale prototypes.
✓ See JINST 10 (2015) 03, P03017 for hole/

rim size optimisation 

http://www.apple.com


A. Rubbia CPAD Instrumentation Frontier Meeting (October 2015)

LEM characterisation

15

effect of
✴rim size
✴hole diameter
✴hole layout
✴PCB thickness

rim

Max Gain 180 
= MIP S/N ~800!

C. Cantini et al 2015 JINST 10 P03017

Fitting function:

Optimisation from 10x10 cm2 LEMs in 
dual phase operation

http://www.apple.com
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Gain stability

16

The LEMs had slightly 
different charging up 
characteristics but all 
could be operated 
stably at gains of at 
least 20.

C. Cantini et al 2015 JINST 10 
P03017

http://www.apple.com
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Sebastien Murphy ETHZ                                                                                                   ELBNF meeting                                     CERN Jan. 13th 2015

Charge Readout Plane (CRP)

14

LEM

Multilayer PCB anode

Extraction grid

liquid

Vapor

3 m

1 m

extraction grid-LEM and anode all in one single module

50x50 cm2 LEM+anodes mounted in readout modules of 1m2 on a 1x3 m2 frame

2 mm

10 mm

3x1x1m3 assembly (CRP+field cage)

17

21/01/2015         B. Aimard                7 

SPFT - lower part overview 

Conflat flanges  
(DN125 type with copper ring) 

Suspension cable 

Bellow  
(welded diaphragms) 

Over-stroke 
limiter 

Air purge 

Mechanical 
stop 

CRP suspension 
feedthrough

WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014

15

CRP Preparation for the Cold Test Æ Installation of the wires while the CRP is hanging.

CRP cold testField cage

17

CRP

Immersed in LN2 
to measure 
deformation

Design of 3x1x1m3 
CRP plane

Suspended and adjustable to LAr level

15

CRP Preparation for the Cold Test Æ Installation of the wires while the CRP is hanging.

WA105 3x1x1m3 cryogenic 
operation in 2016
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LAr TPC detectors: overview

18

Project LAr mass 
(tons) Goal Baseline 

(km) Where Status

ArgoNEUT 0.25 Neutrino detection n/a FNAL Took data
LArIAT 0.25 Test beam n/a FNAL Took data

CAPTAIN 5 Neutrino detection n/a Los Alamos Construction
MicroBOONE 89 short baseline 0.47 FNAL BNB Taking data

SBND 112 2nd detector for 
short baseline ≈0.7 FNAL BNB Planned 2018

ICARUS 478 3rd detector for 
short baseline 1.6 FNAL BNB Took data

DUNE 35T 35 R&D single phase n/a FNAL Construction
WA105 3x1x1m3 25 R&D dual phase n/a CERN Construction

ProtoDUNE 300 Test beam
single phase n/a CERN Planned 2018

WA105 6x6x6m3 300 Test beam  
dual phase n/a CERN Planned 2018

DUNE 4x10000
LBL and 

astrophysics, 
nucleon decay

1300 SURF Planned 2024
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Main Injector 
Proton Beam

Fermilab Test Beam Facility 

LArIAT TPC

MCenter Tertiary Beam 
(looking upstream)

Goal:  
Characterize LArTPC performance in the range of energies relevant to upcoming short- 
and long-baseline experiments for neutrino physics and for proton decay searches.
Physics 
• Charged pion interaction cross section measurements (total & exclusive channels)
• Optimize pion and kaon ID
• Experimentally measure ⅇ-𝛾 separation capabilities
• Develop criteria for muon charge sign determination w/out magnetic field
• Improve Energy Resolution and Particle Identification by combining information from 

scintillation light and ionization charge signals
R&D 
• Development of innovative Scintillation Light detection Systems for Liquid Argon 

Neutrino Detectors with enhanced collection efficiency & uniformity

Status:  
Physics Run 1 completed 
- Data collected from April 30 to July 8,’15. 
- Analysis ongoing (first results expected by 

end 2015) 

Physics Run 2 
- Start Run Feb. 2016

Events from Run 1 ☟

LArIAT: Liquid ARgon TPC  
In A Testbeam

refurbished ArgoNeuT  
LArTPC
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also at lower rate electrons, muons and kaons, of both signs,
down to about 0.2 MeV/c. The LArIAT Phase-1 beam test
is taking place along the MCenter line in the MC7 area, as
shown in Fig. 1.

The tertiary beam consists of a target and collimator system
and two bending magnets in a similar configuration used for
the MINERvA T-977 test beam calibration [10]. A set of wire-
chambers and TOF counters, also shown in Fig. 2, provide
tracking, momentum determination and particle identification
(PID). The geometry of the tertiary beam line in MC7 has
been optimized for LArIAT. A 13� production angle through
an upstream collimator and a 10� bending through a pair
of dipole magnets are chosen, providing particle momenta
spectra tunable in the range from 0.2 to 2.0 GeV/c, as a
function of the field intensity in the magnets. The schematic
of the tertiary beam is shown in Fig. 3 as rendered from the
G4BeamLine MC simulation developed for beam configuration
optimization.

Figure 3: The tertiary beam layout from G4BeamLine MC simulation. Up-

stream and downstream collimators are in cyan, bending magnets

in red, wire chambers and their stands in purple, the liquid argon

TPC volume in violet. In the top view, the cryostat is shown in

yellow. The green block is for shielding.

The LArIAT test experiment will run at MC7 for a period
of at least two years, after beam operation start-up in 2014.

2 Science

Calibration is a critical step to understanding the output
response of any detector. In particular, every new tracking
detector or calorimeters is always calibrated before physics
application.

By “calibration” we intend here the study in a LArTPC of
all the particles emerging from neutrino interactions in the
energy range relevant for the SBN and LBN programs by
means of particles of species, momentum and sign emerging
from the test beam in the desired energy range. The test
beam provides a controlled environment in which to develop
and validate the o↵-line software tools for PID, calorimetry,
and event reconstruction without relying solely on simulation.

Figure 4 shows the momentum spectra of particles emerging
from simulations of neutrino interactions with the NuMI low-

energy beam profile, which is quite similar to the planned
LBNF. The particle spectra are broadly distributed in the
0.2� 2.0 GeV/c range and overlap the momentum spectra
of the beam particles from the tertiary beam in MC7 quite
well, as shown in Fig. 5.
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Figure 4: Momentum spectra of particles emerging from interaction of neu-

trinos with the NuMI LE beam profile

Figure 5: Momentum spectra of test beam particles produced with the LAr-

IAT low energy tertiary beam, corresponding to di↵erent bending

magnet settings.

The LArIAT physics program is built over the availability of
the test beam particles from the tertiary beam in MC7. The
science goals of LArIAT Phase-1 can be summarized as

i) experimental determination of the e to �-initiated shower

LArIAT Page 3 of 12
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LArIAT

printed circuit design shown in Fig. 13 for the wire connection
to the electronics has been adopted. The wire spacing, or
pitch, is 4 mm in all planes. The first plane to see the drifting
electrons contains 225 parallel equal length wires, vertically
oriented with respect to the ground and perpendicular to
the beam axis. This plane is not instrumented but serves to
shape the electric field near the wire-plane and to shield the
outer, instrumented planes against induction signals from the
ionization charges while they are drifting through the LArTPC
volume. The second, “induction”, plane consists of 240 wires
oriented at +60

� relative to the beam axis. The third and
final, “collection”, plane is made up of 240 wires oriented at
�60

� relative to the beam axis. The wires of the induction
and collection planes are of varying lengths.

The LArIAT TPC

TPC Box  
Structure (G10)

LAr Volume

Cathode Plane

Anode Plane 
Frame

Beam

Induction  
plane wires (+60o)

  Collection  
 plane wires (-60o)

Cable Tray 

 cold preamp motherboard cards 
 with BNL ASIC chips 

Drift path

electrodes &  
Field shaping cage

View from the inside

Figure 14: Pictorial view of the LArTPC mechanics. Details of the anodic

structure with the ±60� inclined wire-planes are indicated. The

new cold electronics boards installed onto the TPC structure are

also schematically indicated. In the insert, a picture of the inside

of the LArTPC volume showing the cathodic plane and the copper

strips of the field shaping cage.

The TPC active volume is 47 w ⇥ 40 h ⇥ 90 l cm3, cor-
responding to a volume of 170 liters of liquid argon. This
volume is delimited by a rectangular box structure acting as
field shaping system of the TPC. The structure is composed of
G10 manufactured by PCB technique with copper strips 1 cm
wide spaced at 1 cm intervals, forming 23 rectangular rings
all the way across the TPC as seen in Fig. 14. The cathode
is a G10 plain sheet with copper metallization on the inner
surface opposite the anode wire planes. The electric field is
uniform over the entire TPC drift volume with a nominal value
of 500 V/cm from the cathode to the anode planes, with a
maximum drift length of `d = 47 cm. A new set of tensioning
bars are installed to bring the wires to the desired tension
without interference with the PMTs of the light-colleciton
system positioned behind the wire planes. A new cable-tray
attached to the top of the TPC acts as a conduit to shield
and route the readout cables to the top flange of the cryostat.
The cables will also be replaced with ones insulated with a
material of reduced water content.

3.3 TPC Cold Electronics

The new cold electronics read-out system for LArIAT consists
of the following key components, shown in Fig. 15[Top]: i)

Figure 15: A schematic representation of the read-out electronics layout and

cold preamp motherboards with ASIC chips.

new TPC-mounted cold preamp motherboards with ASIC
chips designed by Brookhaven National Lab and used by the
MicroBooNE experiment, ii) Teflon insulated cables, with
minimal water vapor outgassing used for the signal feed-
through at the inner side, iii) warm Receiver-Driver Cards
converting the signals from the LArTPC to di↵erential signals,
iv) shielded cables that run to a location near the digitizers,
v) di↵erential to single-ended signal cards, vi) cables to the
digitizers. For faster readout a new 64-channel CAEN 1740
digitizer is adopted.
A picture of a cold preamp motherboard from the recent
production at MSU is shown in Fig. 15[Bottom].

Figure 16: Design overview of the signal feed-through, showing the PCB

card, the cryostat flange and the rear plate of the shielding box

for the warm receivers.

A multi-connector high-vacuum custom feed-through for
the wire signals has also been designed at MSU, Fig. 16. The
signal cables plug from the inside and the warm receiver and
control cards plug on the outside.

LArIAT Page 8 of 12

90cm

• Tertiary beam at FNAL Test 
Beam Facility (FTBF) 

• Particles from 0.2 to 2 GeV
• Tuneable

Data analysis Phase 1 run
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2015.06.10-11 Acciarri Roberto - 48th Annual Fermilab Users Meeting 6

Electron/gamma separationElectron/gamma separation

Paper under review

Single e-

γ  induced e+/e- pair

✔ Gammas defined as EM showers detached from visible vertex

✔ Electrons defined as EM showers with visible vertex activity and no gap

Additional discrimination 
tool given by the dE/dx 

of the first two centimeter 
of the track 

Important to discriminate νe CC signal from π0 background coming from NC interactions
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2015.06.10-11 Acciarri Roberto - 48th Annual Fermilab Users Meeting 16

Light Collection SystemLight Collection System

J. Ho

2 PMTs and 3 SiPMs viewing the active volume through the wire planes

HMMT PMTHMMT PMT

ETL PMTETL PMT

SensL SiPMSensL SiPM

HMMT SiPMHMMT SiPM

HMMT SiPMHMMT SiPM

Signal from single crossing Signal from single crossing μμ

Signal from single crossing Signal from single crossing μμ
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•  170 ton (total) Liquid Argon Time 
Projection Chamber will be the largest 
LAr TPC in the U.S. 

•  Important step towards large scale 
  LAr TPCs for long-baseline � physics 

•  Physics goals: 
- address MiniBooNE low energy excess 

- measure � cross sections on argon 
 

•  R&D goals: 
- argon fill without evacuation 
- cold front-end electronics 
- long drift (2.5m) 
- near surface operation 
- automated event reconstruction  

 

•  Detector paper is in preparation 

•  MicroBooNE detector will be moved  
  into the � beamline this summer 

•  Experiment will be ready for data 
  taking at the end of 2014 (calendar year) 

MicroBooNE
MicroBooNE TPC has been installed in the cryostat 

Purified argon is circulating and the foam saddles are 
installed ! Building is ready to receive the detector! 

•Electron efficiency ~2x better 
than MiniBooNE

•e/γ differentiation removes νμ 
induced single photon 
backgrounds 

•good efficiency for low energy 
(down to MeV)



MicroBooNE	
  Highlights

•	
  winter	
  2013:	
  TPC	
  installed	
  in	
  cryostat	
  

•	
  summer	
  2014:	
  	
  
	
  	
  detector	
  moved	
  	
  
	
  	
  to	
  Booster	
  ν	
  	
  
	
  	
  beamline	
  

•	
  2014-­‐2015:	
  	
  
	
  	
  installation	
  and	
  
	
  	
  commissioning



Successful	
  Purge,	
  Cooldown,	
  and	
  Fill

•	
  step	
  1:	
  purge	
  with	
  gaseous	
  argon	
  	
  
	
  	
  	
  	
  	
  -­‐	
  O2	
  contamination	
  reduced	
  by	
  2	
  orders	
  	
  
	
  	
  	
  	
  	
  	
  	
  of	
  magnitude	
  in	
  10	
  volume	
  exchanges	
  

	
  	
  	
  	
  	
  -­‐	
  first	
  demonstration	
  of	
  this	
  technique	
  in	
  
	
  	
  	
  	
  	
  	
  	
  a	
  fully	
  instrumented	
  physics	
  experiment	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  	
  vessel	
  evacuation	
  not	
  necessary	
  

•	
  step	
  2:	
  cool	
  to	
  LAr	
  temperatures	
  
	
  	
  	
  	
  	
  -­‐	
  slowly	
  cooled	
  down	
  from	
  300	
  à	
  100	
  K	
  
	
  	
  	
  	
  	
  	
  	
  	
  over	
  the	
  course	
  of	
  28	
  days

•	
  step	
  3:	
  fill	
  with	
  liquid	
  argon	
  
	
  	
  	
  	
  	
  -­‐	
  it	
  took	
  9	
  tanker	
  trucks	
  to	
  fill	
  the	
  vessel	
  

	
  	
  	
  	
  -­‐	
  detector	
  is	
  now	
  filled	
  with	
  34,000	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  gallons	
  (170	
  tons)	
  of	
  high	
  purity	
  LAr



Day	
  After	
  Fill	
  

coincident	
  pulses	
  seen	
  on	
  
adjacent	
  PMTs	
  

à	
  cosmic	
  muon	
  candidate!

PMT	
  system	
  turned	
  on



First	
  Ramp	
  of	
  Drift	
  High	
  Voltage	
  on  
August	
  6,	
  2015	
  



raw	
  cosmic	
  ray	
  data,	
  drift	
  HV	
  at	
  -­‐58	
  kV

First cosmic tracks!
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First shower

29
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MicroBooNE summary

30

• MicroBooNE	
  assembly	
  and	
  installation	
  complete	
  
• Detector	
  filled	
  with	
  ultrapure	
  LAr	
  and	
  running	
  at	
  70kV	
  

• running	
  at	
  lower	
  voltage	
  is	
  safer	
  for	
  the	
  detector	
  
• excellent	
  purity	
  and	
  minimal	
  space	
  charge	
  effects	
  allow	
  us	
  to	
  

make	
  this	
  conservative	
  choice	
  for	
  now	
  
• Final	
  commissioning	
  underway	
  

• First	
  neutrino	
  physics	
  beam	
  expected	
  the	
  week	
  of	
  October	
  
12th	
  

• Actively	
  preparing	
  tools	
  and	
  analyses	
  for	
  first	
  physics!
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MicroBOONE @ FNAL

31

★ Present MicroBooNE plan: Neutrino running, 6.6E20 POT
➡ first large statistics fully contained neutrino exclusive final states and cross-

section measurements with a LAr TPC. One regret: no muon spectrometer, 
for cross-sections.

MicroBooNE’s Goals (II) 

Physics goals (cont’d): 

Perform a suite of ν cross-section  

measurements (energy region of  
interest to next-generation neutrino 

oscillation experiments): 

Coherent/resonant pion production 
νe cross section 

… 

+ rare channels: K production 

Expected event rates for 6.6 x 1020 POT 

Can exploit resolution of activity  
at the interaction vertex to  
observe nuclear effects  

Efficient detection down to low 
energies (40 MeV proton) 

13 

MicroBooNE’s Goals (II) 

Physics goals (cont’d): 

Resolve source of MiniBooNE low energy  

excess as either electron- or photon-like 

MiniBooNE reconstructed νe CCQE spectrum 

MicroBooNE predictions assuming  
  electron-like signal 

  photon-like signal excess = 36.8 ± 6.4 (stat)  

5.7σ (stat)  excess = 36.8 ± 8.9 (stat)  

4.1σ (stat)  

15 

MicroBooNE’s Goals (II) 

Physics goals (cont’d): 

Resolve source of MiniBooNE low energy  

excess as either electron- or photon-like 

MiniBooNE reconstructed νe CCQE spectrum 

MicroBooNE predictions assuming  
  electron-like signal 

  photon-like signal excess = 36.8 ± 6.4 (stat)  

5.7σ (stat)  excess = 36.8 ± 8.9 (stat)  

4.1σ (stat)  

15 

Electron-like hypothesis

Photon-like  hypothesis

MiniBoone low energy:

J. Zennamo, UChicago

Short-Baseline Neutrino Program

6

MicroBooNE
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MiniBooNE Result

Exclusive neutrino cross-
sections on Ar
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CAPTAIN: Cryogenic Apparatus for Precision Tests of 
Argon Interactions with Neutrinos

  12

CAPTAINCAPTAIN

  Funded by LANL Laboratory Directed Research and                 
    Development (LDRD), now a multi institutional collaboration    ‐

    (list in last page)

  Full-scale TPC and a prototype

  7700 L cryostat (Portable and evacuablePortable and evacuable)

  500 V/cm drift field and 1.6 mm/μs drift velocity

  2001 channels (667/plane), 3 mm pitch and wire spacing

  Laser calibration system

  Photon detection system (Hamamatsu R8520-500 PMTs)

  MicroBooNE cold electronics

  Purification system design based on MicroBooNE and LAPD

1 meter drift
5-ton instrumented LAr

Aim at unique measurements of neutron-argon (at the Weapons Neutron 
Research (WNR) Facility at Los Alamos) and neutrino-argon 
interactions relevant to DUNE 
Measurement of DAR neutrinos on LAr at FNAL BNB beam (off-axis) – 
direct relevance to DUNE for detection of supernova neutrino burst. 

Prototype (MiniCAPTAIN) 

under construction
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Event rates

8

Results presented here show only neutrino mode; we hope to 
run for 2 years and acquire 6x1020 POT in neutrino mode plus 
6x1020 POT in antineutrino mode.

6x1020 POT
Neutrino mode

CC events with muon 
reconstructed (MINOS 

or MINERvA)

CC events with muon 
reconstructed by 

MINOS

CAPTAIN-MiNERvA @ NUMI

CAPTAIN-MINERvA
Status

X Presented LOI to the Fermilab PAC in January 2015

X Presented proposal to Fermilab PAC in June 2015

X Received Stage 1 approval from Fermilab Director in July 2015

X Submitted proposal for funding from DOE’s Intermediate 
Neutrino Research Program ~1 month ago

X The CAPTAIN detector will be commissioned at a surface 
location at Fermilab beginning in ~2017, with preparations 
beginning in 2016

X Neutrino data with CAPTAIN-MINERvA beginning in ~2018

X One year (6x1020 POT) in neutrino mode + one year in 
antineutrino mode (contingent on NuMI schedule)

11

Studies presented here assume we will replace MINERvA’s
He target with CAPTAIN

Minimal impact on MINERvA operations  - they don’t need 
the He target for the antineutrino running

CAPTAIN-MINERvA

17

 

~10-15% of CC interactions 
will have the hadronic energy 
contained in CAPTAIN and 
have a muon reconstructed by 
MINOS or MINERvA. 

MINERvA will be used as a 
hadronic calorimeter for 
events where final state 
particles exit CAPTAIN. 

MINOS as a magnetized Muon 
Catcher.

Stage 1 approval
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Covering the energy range for DUNEHow is this program unique?

10

ArgoNEUT, MicroBOONE, 
SBND, ICAR-US CAPTAIN-MINERvA

DUNE

BNB+NUMI : relevant energy 
neutrino range for DUNE
Need also antineutrinos!Mostly relevant for DUNE 

atmospheric & proton decay searches
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SBN$Program$
Configura/on$

Detector' Loca*on''
on'BNB'

Total''
LAr''

Ac*ve'''
Mass''

LAr15ND' 110m' 180t' 82t'

MicroBooNE' 470m' 170t' 89t'

ICARUS'T600' 600m' 760t' 476t'

7/24/14$ 23$

LAr15ND:'82'ton'LAr'TPC'
membrane'cryostat'

Booster$
Neutrino$
Beam$
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Short Baseline Neutrino @ FNAL

36

SBN Program – Three detectors with one mission!

6!

Produce)
νµ"

~1%)νe"
"

MicroBooNE)
)Fewer)νµ ?"
)More)νe? "

SBND)
νµ"

~1%)νe)"

ICARUS)
)Fewer νµ ?"
)More)νe? "

110m)

470m)

600m)

22 June 2015!P. Wilson | Fermilab SBN Program!

)
)νµ Disappearance"
νe)Appearance"

νµ"νµ"

νµ"

νe)

νµ"

νµ"

νe)

νµ"

Program Overview !
•  Booster Neutrino Beam :!

–  8 GeV Booster protons produce ~1 GeV neutrino beam!
–  Max. rep. rate : 5 Hz; typical : 2 Hz (when NuMI operating)!
–   5x1012 POT/spill; ~2 – 3 x1020 POT/yr with current 

configuration!
•  Three detector physics program :!

–  MicroBooNE!
–  Far Detector – ICARUS T-600!
–  Near Detector – SBND!

•  Important program for LAr detector development !
•  Challenge to simultaneously deliver physics and advance the 

technology!
–  Necessity given our strategic vision for tackling neutrinos!!!

22 June 2015!5! P. Wilson | Fermilab SBN Program!

Program Overview !
•  Booster Neutrino Beam :!

–  8 GeV Booster protons produce ~1 GeV neutrino beam!
–  Max. rep. rate : 5 Hz; typical : 2 Hz (when NuMI operating)!
–   5x1012 POT/spill; ~2 – 3 x1020 POT/yr with current 

configuration!
•  Three detector physics program :!

–  MicroBooNE!
–  Far Detector – ICARUS T-600!
–  Near Detector – SBND!

•  Important program for LAr detector development !
•  Challenge to simultaneously deliver physics and advance the 

technology!
–  Necessity given our strategic vision for tackling neutrinos!!!

22 June 2015!5! P. Wilson | Fermilab SBN Program!

J. Zennamo, UChicago

Short-Baseline Neutrino Program

7

SBND
112t Active Mass

• SBND will provide a detailed 
characterization of the beam before 
oscillations can occur 

• This allows for the cancelation of many of 
the dominant systematics 
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SBN electron appearance sensitivity

37

SBN νe Appearance Sensitivity!

8! 22 June 2015!P. Wilson | Fermilab SBN Program!

SBND)

MicroBooNE)

ICARUS)

~5σ coverage of LSND 99% CL Region for 6.6x1020 

 P.O.T.  ~ 3 years (13.2x1020 for MicroBooNE) 
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SBND: status

38

J. Zennamo, UChicago

Building the Program: SBND
• The near detector 

building is finalizing its 
design with construction 
scheduled to begin 
October 2015

16

Steel%outer%cryostat%
and%support%structure%

Plate%A:%TPC%support%and%detector%
feedthroughs%

Foam
%Insul

a;on
%(60cm

)%Plate%B:%Cryogenic%

Services%

SS%In
ner%M

embr
ane%

TPC%

ν"

SciBooNE(
SBND(

• The designs for the cryostat and 
TPC are maturing quickly with 
close collaboration between 
Fermilab, CERN, and many 
institutions!

Prototyping effort: APA wire chambers, 
cold electronics, PDS, etc.

Synergies with DUNE/LBNF

https://indico.fnal.gov/conferenceDisplay.py?confId=10271
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H)�IQ?Q@QbQ�k�GUg�MUS;AB?BW<Uc�VBb�GUedb<AB�BAdUbQSd<BAc� HSd)�0�-+,0

SBND - ! Event rates

Estimated event rates 
(GENIE) 

in the SBND active volume 
(112 ton) for a  

6.6 1020 POT exposure

!e-Ar    
(50,000 in 3 years)

!%-Ar 
(7 Million in 3 years)

39

A fundamental source of information for LBL – need antineutrinos as well
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Timescale of SBN program

40

SBN Program Timeline  !
EPOC% EXPT% 2015% 2016% 2017% 2018% 2019% 2020%

NOW$ MINOS+$ RUN$

NOW$ MicroBooNE$ RUN$1$ RUN$2$SBN$

NEXT$ SBND$ BUILD$+$INSTALL$*$ RUN$2$SBN$

NEXT$ ICARUS$ REFURBISH+INSTALL*$ RUN$2$SBN$

NEXT+$ ?$ decide$ ????$

Sterile$Neutrino$related$program$2$$FNAL$

*$$Important$contribuHons$from$CERN$Neutrino$PlaLorm$and$$
European$funding$agencies$

Source$of$informaHon:$$January$2015$Fermilab$PAC$meeHng;$presentaHons$&$Report:$$$
hVp://www.fnal.gov/directorate/program_planning/phys_adv_com/index.html$

!"
MINOS+$

!"
MicroBooNE$

!5σ "

sin22θ24$sensiHvity$$
~$0.02$(90%CL)$for$$
Δm2$~$0.5$eV2$

MiniBooNE$anomaly$
e$or$γ$determinaHon$
at$425$σ%

Increasing$sens2$
iHvity$to$LSND$$
anomaly$

PROGRESS$

SBN$

4/19/15$Steve$Geer|$ICFA$Neutrino$Panel%1$
22 June 2015!P. Wilson | Fermilab SBN Program!49!

Steve)Geer)presented)at)ICFA)Neutrino)panel)(18)April)2015))

(INFN,)STFC,)SNSF))
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DUNE long baseline experiment

41

DUNE Experimental Strategy  
 

Wide%band,%high%purity%ºµ%beam%with%peak%flux%
at%2.5%GeV%opera<ng%at%»1.2%MW%and%upgradeable%

•  four%iden<cal%cryostats%deep%underground%
•  staged%approach%to%four%independent%10%kt%LAr%detector%modules%%
•  SingleGphase%and%doubleGphase%readout%under%considera<on%%%

high%precision%%
near%detector%

June 23,2015 Thomas Kutter | Prototype Detector & Beam Test7

Chapter 7: Near Detector Reference Design 7–85

Magnet'
Coils'

Forward'
ECAL'

End'
RPCs'

Backward'ECAL'Barrel'
ECAL'

STT'Module'

Barrel''
RPCs'

End'
RPCs'

Figure 7.1: A schematic drawing of the fine-grained tracker design. fig:STT_schematic

LBNE Conceptual Design Report
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DUNE LBL oscillation strategy

42

Measure neutrino spectra at 1300 km in a wide-band beam
•  Determine MH and θ23 octant, probe CPV, test 3-flavor paradigm       
a  and search for ν NSI in a single experiment
–  Long baseline:

•  Matter effects are large ~ 40%
–  Wide-band beam:

•  Study νµ→νe (νµ→νe) and νµ→νx  (νµ→νx )  over range of energies
•  MH & CPV effects are separable  
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Nucleon decay ↔ GUT theories

43

Mode LifeWme	
  (90%C.L.)
p➞νK+ >3×1034	
  yrs

p➞e+γ,	
  p➞µ+γ >3×1034	
  yrs

p➞µ–π+K+ >3×1034	
  yrs

n➞e–K+ >3×1034	
  yrs

p➞µ+K0,	
  p➞e+K0 >1×1034	
  yrs

p➞e+π0 >1×1034	
  yrs

p➞µ+π0 >0.8×1034	
  yrs

n➞e+π– >0.8×1034	
  yrs

Expect	
  ≈linear	
  sensiWvity	
  improvement	
  with	
  exposure	
  unWl	
  1000	
  kton×year

JHEP 0704 (2007) 041 

Genera/onal	
  advance	
  in	
  	
  detec/on	
  method:  
Exploit	
  tracking	
  and	
  calorimetry	
  for	
  unbiased,	
  exclusive	
  final	
  
state	
  reconstruc/on	
  of	
  decay	
  products	
  with	
  precise	
  kinema/cs	
  
 
Atmospheric	
  neutrinos:	
  the	
  most	
  abundant	
  sample	
  of	
  events	
  
in	
  DUNE	
  in	
  the	
  GeV	
  range	
  (≈4000	
  events/year)!
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FIG. 60: Typical atmospheric ⌫µ and ⌫e QE event in liquid Argon detector (⌫µ + X ! p + ⇡0 + µ� and
⌫e + n ! p + e�). The two (collection) views are shown.

view 0: length (cm)
1620 1640 1660 1680 1700

dr
ift

 le
ng

th
 (c

m
)

940

950

960

970

980

990

1000

1010

am
pl

itu
de

 (A
D

C
 c

ou
nt

s)

0

50

100

150

200

250

300
)µνView 0: MC Event display (

view 1: length (cm)
1600 1620 1640 1660 1680 1700

dr
ift

 le
ng

th
 (c

m
)

940

950

960

970

980

990

1000

1010

am
pl

itu
de

 (A
D

C
 c

ou
nt

s)

0

50

100

150

200

250

300
)µνView 1: MC Event display (

FIG. 61: Typical atmospheric ⌫µ NC event in liquid Argon detector (⌫µ +p ! ⌫µ +p+⇡0). The two (collection)
views are shown.
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  MC: �eCC

proton

e	
  shower

For	
  a	
  20kton	
  exposure	
  of	
   
10	
  years	
  (200	
  kton×year)
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Supernova neutrino burst detection

44

 ( 1490 keV )

 ( 800 keV )

  ( 6700 keV )e -

e -

e -

  ( 300 keV )

  ( 420 keV )

e -   ( 1420 keV )

E primary electron track = 6700 keV 
 
Associated Compton energy= 2140 KeV 
 
Multiplicity of secondary tracks= 3 

An example of beautiful event at 
low energy: e.g. supernovae, solar 

neutrinos
νe + 40Ar  →  e- + 40K* 

-  In principle can tag modes with  
-   deexcitation gammas (or lack thereof)... 
 

νe,x + e-  → νe,x +  e-   

νx + 40Ar  → νx  + 40Ar* 

Charged-current absorption 

Neutral-current excitation 

Elastic scattering 

Low energy neutrino interactions in argon 

νe + 40Ar  →  e+ + 40Cl* 
_ 

Dominant 

Not much 
information 
in literature 

Can use for 
pointing 

6 

Requires very low detection threshold on single readout channel

Simulation without noise
3 mm pitch

2 hits

1 hit

1 hit

7 hits

Track length !
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Staged approach to Far Detector

45

Cavern Layout at the Sanford Underground Research Facility 
(SURF) fixed in January 2015

Decision based on: strategic + technical input
     four caverns hosting four independent 10-kt FD modules
• Allows for staged construction of the full 40-kt far detector
• Gives flexibility for evolution of LArTPC technology 

• Assume four identical cryostats: 15.1 (W) x 14.0 (H) x 62 (L) m3
• Assume the four 10-kt modules will be similar but not identical

#1#
#2#

#4#
#3#
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Detector development path

46

Fermilab SBN and CERN Neutrino Platform provide a strong LArTPC 
development and prototyping program  

35-t prototype ProtoDUNE@CERN

DUNE reference design

SBND@FNALMicroBooNE

WA105 – Cryostat Cut-outWA105 6x6x6@CERNWA105 3x1x1@CERN
DUNE alternate design

CERN Prototype Detector
Test detector components
•  Full scale
•  Same design as for first DUNE 10 kt module

6.0(m(
2.3(m(

6/2/2015 Thomas Kutter | FD Prototyping & Test Beam7

J. Zennamo, UChicago

Building the Program: SBND
• The near detector 

building is finalizing its 
design with construction 
scheduled to begin 
October 2015

16

Steel%outer%cryostat%
and%support%structure%

Plate%A:%TPC%support%and%detector%
feedthroughs%

Foam
%Insul

a;on
%(60cm

)%Plate%B:%Cryogenic%

Services%

SS%In
ner%M

embr
ane%

TPC%

ν"

SciBooNE(
SBND(

• The designs for the cryostat and 
TPC are maturing quickly with 
close collaboration between 
Fermilab, CERN, and many 
institutions!
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DUNE FD Reference design

47

A" A" A"C"C"

Modular implementation of a single 
phase TPC
One 10 kt FD module:

• Active volume: 12m x 14m x 58m
• 150 Anode Plane Assemblies
• 6.3m high x 2.3m wide

• 200 Cathode Plane Assemblies
• 3m high x 2.3m wide

• A:C:A:C:A arrangement
• Cathodes at -180 kV for 3.6m drift 
• APAs have wrapped wires – read out both sides
• Each side has one collection wire plane & two induction planes 

APAs$

CPAs$

Field cage 

HV$
Feedthrough$

Visibility

3.6m

12m

3520	
  wires/APA	
  
Cold	
  electronics	
  on	
  one	
  end	
  
Embedded	
  photon	
  detectors
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Scalability for DUNE 

13 

• Each module can be manufactured separately  
• (++ for collaborative work and restrictive schedule) 

 
• Easy and fast assembly in the cryostat  

 
• Several 3x3 modules can be installed simultaneously, reducing installation time 

• (see next slides) 

• Eighty 3x3 modules 
• Individual extraction grids 3x3 

Sebastien Murphy ETHZ                                                                                                          DUNE collaboration meeting      Fermilab Apr. 17 2015

CRP for DUNE double phase far detector

22

60 m12 m drift

12 m 

DUNE FD Alternate design

48

Modular implementation of a  
dual phase TPC
One 10 kt FD module:
• 3x3m2 CRP modules placed  

at the gas-liquid interface
• 2 perpendicular “collection” views,  

3mm readout pitch
• 80 CRPs / 10 kton
• 153,600 ionisation readout channels
• Accessible cold electronics
• Hanging field cage and cathode@600 kV for 0.5 kV/cm
• Decoupled PD system (w/ no. 720 8” PMT)
• Active mass 12’096 tons (10’643 fiducial) for 12m drift

SPFT Positions : Top cap 

6 

• SPFT positions is of prime importance for LEM planarity 
• Final drawing will be available soon  
• Positions are validated by calculation (see next slide) 

 

Scaffoldings for WA105 and DUNE 

14 

Scaffolding systems have to be foreseen to connect modules: 

• Ground of the cryostat has to be flat and solid enough to support scaffoldings 

3x3m2 CRP

3m
3m

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 20146

scaffoldings

cathode 

field cage

charge readout

One of the most challenging part of the Detector Installation was addressing the 
logistics and Installation sequences in the underground confined space taking into 
account the demands set especially on cleanliness, tolerances and overall fit inside 
the tank.

extensive rock engineering 

first time a membrane tank will be installed below ground!

And the underground construction sequence well defined 

1920	
  channels/CRP	
  
Accessible	
  cold	
  electronics	
  in	
  chimney



A. Rubbia CPAD Instrumentation Frontier Meeting (October 2015)

Engineering prototypes of actual building block
SBND(&(DUNE(APA(Comparison

9
6060.2%m

m
%

2300%mm%

DUNE APA

SBND APA
2580 mm

4
1

3
0

 m
m

x4

x60
WA105&CRP&

ver$cal( ver$cal( horizontal(

x150( x80(

Sets the scale 
(dimensions) of the 

“building blocks” 

Cold(test(3x1m2(CRP(@(CERN(
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Nord$Area$EHN1$extension$

19$

CERN test beam area extension
•Extension of the North Area (EHN1) in the context of the CERN Neutrino Platform

The Experimental Hall North 1 - EHN1 

H2-VLEext : energy range 0.4 - 12 GeV/c 
H4-VLEext : energy range 0.4 - 7 GeV/c 
Both beams emerge from an 80 GeV/c secondary beam 

I. Efthymiopoulos - CERN

EHN1 Extension - General beam layout

3

H2-VLEext

H4-VLEext
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DUNE FD prototyping effort @ CERN

We are expecting to deliver the structure in ENH1 at the first 
half of next year and to do the final pre-assembly in the 
second half. The plan is to pre-assemble as much as 
possible and store complete walls in the existing building.

Investigating a possibility to start the mechanical work even 
before the building extension is ready. 

Currently working on the installation procedure in ENH1.

ENH1 - Layout
WA105

ProtoDUNE

• ProtoDUNE and WA105 are the prototypes of the single-phase 
and dual-phase DUNE far detector designs. 

WA105 – Cryostat Cut-out

6 m

6 m

6 m

Engineering Prototype Run
• Measure and benchmark detector performance using full-

scale detector components
• Develop manufacturing capabilities at multiple sites
• Test installation procedures and operation

Test Beam Run
• Assess detector systematic uncertainties 
• Validate and tune MC simulation to data
• Test reconstruction tools and particle ID algorithms
• Study particle interactions

Extraction grid : Modules inter-space 

9 

• 3x3 modules design induces a space between modules  
• Max inter-space value : 10 mm 

 
 

 

Main structure 

G10 Structure 

Anode 
LEM 

Wire 

10 mm inter-space 

Preliminary 
Design 

4x(3x3m2 CRP)
A View of the CERN TPC Prototype

3(APAs(
3(APAs(

Field(
Cage(

CPAs(

Field(
Cage(

3.6m(

3.6m(

Detector(components((
are(same(as(for(DUNE((
far(detector(
(
Keep(op>on(to(reduce(
dri2(distance(to(2.5m(
(reduced(space(charge((
effects)(
!Use(experience(from((
35t(detector(to(inform(
strategy(
(

6/2/2015 Thomas Kutter | FD Prototyping & Test Beam9

Timescale ≈ 2018
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Conclusions
★ The LAr TPC is truly a new instrument for discoveries. In recent years, the 

technology has developed into a very mature technique for running or planned 
experiments at Fermilab and CERN.

★ The LAr TPC offers truly unique “bubble-chamber-like” tracking performance, as 
well as excellent calorimetry – these features will be fully exploited to reach 
the science goals of next generation experiments, such as MicroBooNE, SBN 
and DUNE. 

★ The foreseen test beam campaigns and neutrino beam measurements with 
very large statistics will provide the data to accurately understand the response 
of the LAr TPCs to single particles and neutrinos, opening the path to neutrino 
precision measurements with LAr TPCs. Exclusive neutrino interaction 
processes on Argon will be studied with very high precision, providing an 
environment to study aspects of nuclear physics with weak interactions.

★ Thanks to worldwide efforts and supported by the big science projects, significant 
R&D continues to be performed. In this context, there is now a unique and 
timely opportunity to further develop the noble liquids, and in particular 
liquid Argon TPCs.

★ [In particular, the possibility of a magnetised LAr TPC should be pursued.]
52
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Backup slides

53

Courtesy PvZ
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DarkSide-50 @ LNGS

54

Radon-free Assembly 

Clean Room 

1,000-tonne Water-based Cherenkov Cosmic 
Ray Veto 

30-tonne Liquid Scintillator 

Neutron and γ’s Veto Inner detector TPC 

4

χ

S1: primary scintillation light 
S2: scintillation light proportional 
to free electrons from primary 
ionization

S1

Two Phase Argon TPC

e- S1 S2

Drift Time

The time between the S1 and S2 
signals gives the vertical position

E
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S2
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Kr (Global Fit)85

Ar (Global Fit)391/300

39

Ar in UAr < 1 mBq/kg 
85

Kr in UAr ~ 2 mBq/kg 

Taking data

The DarkSide-50 detectors at LNGS

4
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ArDM-1t @ LSC

55
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Taking data

No fiducial cuts

30M events 

Background separation by PSD only - very promising

f90

TPC Calibration

energy [keVee ]

en
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r 1

ke
V

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

1

10

210

310

410

510 Total light Entries        3.4382e+07

Run time         37025 s

Ar39 rate    ~ 1Bq/kg

39Ar

BKG

40K (1460 keV)

208Tl (2615 keV)

No fiducial cuts

30M events 

• First operating ton-
scale LAr DM 
detector 

• Now in single phase 
physics mode 

• Dual phase in 2016
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Underground Ar (depleted)

56

17

Underground Ar
1. Extraction at Colorado (CO2 Well) 
Extract a crude argon gas mixture (Ar, N2, 

and He)

Plant at Colorado

Distillation Column at 
Fermilab

2. Purification at Fermilab 
Separate Ar from He and N2

3. Arrived at LNGS 
Ready to fill into DS-50

UAr bottles at LNGS

Urania: Replacement of the Ar extraction plant in Colorado  → capacity of 100 kg/day 

Aria: 350 m tall distillation column in the Seruci mine in Sardinia, Italy Chemical and 
isotopic purification of Underground Argon 

Exploits finite vapour pressure difference between 
39

Ar/
40

Ar 
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DarkSide-20k @ LNGS

Present design parameters:  

15 m2 of SiPM’s reduced radioactivity  
 improved photon detection yield  
→ intense R&D
Low-radioactivity titanium cryostat 
30 tons of depleted UAr

Future DarkSide detectors

DS-20k 

30 tonne (20 tonne fiducial) detector

ARGO

300 tonne (200 tonne fiducial) detector

?

Timescale ≈ 2020

Proposal in preparation

Beyond DS20k ➞ Argo: aim at 
reaching the neutrino floor
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  liquid	
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  medium
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Electric field in Glacier

7

• The maximum average 
electric field is in vapor!

• Largest average electric 
field in liquid ~15kV/cm

• Sharp edges imply large 
electric field

• Caution designing the 
electrodes

15 kV/cm

1 kV/cm

35 kV/cm

Filippo Resnati - LAGUNA-LBNO General Meeting - CERN - February 11th, 2014

9

From Technodyne

Actual cathode

Classical solution

Filippo Resnati - LAGUNA-LBNO General Meeting - CERN - February 11th, 2014

Electric field computation

11Filippo Resnati - LAGUNA-LBNO General Meeting - CERN - February 11th, 2014

17

HV electrode

ground electrode

ground plate

holder

The chamber custom
 m

ade feedthrough

Filippo Resnati - LAGUNA-LBNO General Meeting - CERN - February 11th, 2014

100kV/cm and no current

18

Heinzinger PNC 100000
Max voltage: 100kV (negative)

Filippo Resnati - LAGUNA-LBNO General Meeting - CERN - February 11th, 2014

arXiv:1401.2777

GLACIER
50 kton

2 MV

http://arxiv.org/abs/arXiv:1401.2777
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HV feedthrough for drift in the 3x1x1m3

ETH
E idgenöss i sche  Techn i sche  Hochschu le  Zür i ch
Swiss  Federa l   In s t i tu te  of  Techno logy Franco Sergiampietri 21/01/2015  13

1. Main purposes: 

1.1 Generate the drift field for the 3x1x1m3 (50-100 kV/m) with 100kV power 
supply (possible with existing FT).

1.2 Possible electrical rigidity test of LAr at higher voltages with the 300 kV power 
supply (new FT required).

2. Requirements:

2.1 Length ≥ 2.5m, to cross the top cap thickness (1.2m), the Ar gas thickness 
(0.5m), plus 0.5m immersed in LAr and  0.3m over the top cap plate. Valid for 
the 3x1x1m3 and for the 6x6x6m3.

3. Next steps:

3.1 Executive drawings (mainly extrapolated by the existing feedthrough 
drawings) for the producing company. Required time: ~1week.

3.2 Assembling and test at the producing company (*). Required time (confirmed 
by CINEL) : ≤2 weeks.

3.3 Test at CERN-WA105. Adapt the existing test setup and test up to 300 kV.

(*) Availability verified at CINEL of long (4m) travel lathe, with ≥ 3m distance to the tailstock 
lathe and of cryogenic/vacuum facilities.

High voltage feedthrough

59

WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014

Rogowski profile electrodes for LAr electrical rigidity tests at 100kV 

ETH
E idgenöss i sche  Techn i sche  Hochschu le  Zür i ch
Swiss  Federa l   In s t i tu te  of  Techno logy Franco Sergiampietri 21/01/2015  8

Positive results (100.0kV - 0.000mA) 
when the LAr is quite

W. Rogowski, Arch. Electrotech., 12(1923), 1

NEXT STEPS: Adapt the present HVFT to the 300kV cable 
and test in the range 100-300kV

Build a new HVFT suitable for the 6x6x6m3

and adapt it for the 3x1x1m3

Evidence of electric breakdown 
induced by bubbles in liquid 
argon

F. Bay, C. Cantini, S. Murphy, 
F. Resnati, A. Rubbia, 
F. Sergiampietri, S. Wu
http://arxiv.org/abs/1401.2777

-300kV High Voltage Power Supply
(from HEINZINGER)

Residual ripple: ≤0.001% UNOM ± 50mV
Residual Ripple at -300kV ≤3V ± 50mV

Can be reduced by the RC filter in the load:
with a fieldcage-to-GND capacitance of 5.5nF and a switching 
frequency of 34kHz, a series resistor of ~1kΩ is required.

ETH
E idgenöss i sche  Techn i sche  Hochschu le  Zür i ch
Swiss  Federa l   In s t i tu te  of  Techno logy Franco Sergiampietri 21/01/2015  7

-300kV High Voltage Power Supply
(from HEINZINGER)

Residual ripple: ≤0.001% UNOM ± 50mV
Residual Ripple at -300kV ≤3V ± 50mV

Can be reduced by the RC filter in the load:
with a fieldcage-to-GND capacitance of 5.5nF and a switching 
frequency of 34kHz, a series resistor of ~1kΩ is required.

ETH
E idgenöss i sche  Techn i sche  Hochschu le  Zür i ch
Swiss  Federa l   In s t i tu te  of  Techno logy Franco Sergiampietri 21/01/2015  7

300 kV test under preparation

5

liquid argon temperature. The shrinkage of the materials in cold is computed to a↵ect the distance

between the electrodes less than 1%.
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FIG. 3. Left: Computed electric field. The cross sections of the electrodes are shown in grey, and the colour

pattern is proportional to the absolute value of the electric field. The electric field is essentially uniform in

the central region. Right: Computed electric field on the profile of the top electrode as a function of the

radius. The largest field is attained between the electrodes.

III. RESULTS

In December 2013 the setup was operated for the first time. The goal of the first test was to

commission the setup, and to check if a field of 100 kV/cm can be reached in stable conditions.

The operation with the high voltage power supply switched on lasted about 4 hours.

With the liquid argon temperature below the boiling point at a given pressure, a voltage of

-100 kV was applied to the top electrode. This value was limited by the maximum voltage of the

power supply. This configuration corresponds to a uniform electric field of 100 kV/cm in a region

of about 20 cm2 area between the electrodes. Several cycles of discharging and charging up of the

power supply were performed. The system could also be stressed several times by ramping up the

voltage from 0 V to -100 kV in about 20 s without provoking any breakdown.

A completely di↵erent behaviour was observed with boiling argon. We could cause several

breakdowns between the electrodes at fields as low as 40 kV/cm. The stillness of the liquid argon

was controlled by varying the pressure of the argon vapour and was monitored visually by looking

through the viewport. The pressure was regulated by acting on the flow of the liquid nitrogen

passing through the heat exchanger. In fact, the thermal inertia of the liquid argon bulk makes

temperature variations very slow, hence increasing the cooling power translates in an rapid decrease

4

voltages larger than 150 kV.

FIG. 2. Left: Image of the High voltage feedthrough. Right: figure of the electrodes structure.

High electric fields can be achieved with low potentials and electrodes with small curvature radii,

but, since the breakdown is a random process, we believe it is important to test a sizeable region

of the electrodes. For these reasons, we designed a system that provides a uniform electric field

over 20 cm2 area. A picture of the electrodes structure is shown in figure 2 right. The two 10 cm

diameter electrodes have the same shape and are facing each other at a distance of 1 cm. The top

electrode is connected to the live contact of the HV feedthrough, and the bottom one is connected

to ground through the vessel. The electrodes, made out of mechanically polished stainless steel,

are shaped according to the Rogowski profile13 that guarantees that the highest electric field is

almost uniform (in a region of about 5 cm in diameter), and confined in between the two electrodes,

as shown in figure 3. The left image shows, in cylindrical coordinates, the absolute value of the

electric field in the vicinity of the electrodes, computed with COMSOL14. On the right the electric

field along the profile of the top electrode as a function of the radius is shown.

The two electrodes form a standalone structure, that is assembled first and then mounted.

By construction, the structure ensures the parallelism of the electrodes when cooled down to the
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Stability of the gain
Gain of LEM depends on: 1. gas property (pressure, temperature, mixture…)

2. electric field across the LEM - E

3. effective length across the LEM – x

Described by function:                                      where
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13

arXiv:1312.6487
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Stability of the gain

G(t) (after pressure correction)

To describe the initial decrease:    W/)( 01
1)( tte

GtG ��f �
u 

ʏ = 1.6±0.04 days

discharge

Shuoxing Wu ETHZ 14

9 Gain stabilizes at ~15 (at LEM field of 33 kV/cm) after an initial decrease with ʏ ~ 1.6 days
9 Discharge does not affect the overall gain

arXiv:1312.6487
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What happens locally when discharging? 

LAGUNA-LBNO CERN 11-Feb-2014

before discharge: when discharging: after discharge:

4 hours 4 hours
“hot spot” follows a similar decay:

ʏ = 1.5±0.2 days

Summary of number of discharges:

LEM field Run Time    Ndischarge

33 kV/cm 46 days 8

34 kV/cm 7 days 0

35 kV/cm 7 days 1

15

arXiv:1312.6487
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Stability of the gain
Gain of LEM depends on: 1. gas property (pressure, temperature, mixture…)

2. electric field across the LEM - E

3. effective length across the LEM – x

Described by function:                                      where

To describe the initial decrease:    
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July run: test 

Anode B
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1)( tte

GtG ��f �
u 

ʏ = 2.1±0.5 days

Shuoxing Wu ETHZ

Pressure 

inside

future detectors’ll

operate under 

controlled pressure! 
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Optimisation of anode
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R&D towards large area anodes

21

Detector inside the 
vessel
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anode pattern too corse. Low capacitance but 
charge collection not uniform

dC/dl ~ 100 pF/m

dC/dl ~ 150 pF/m

3 liter chamber. Small detector with rapid turnaround
ideal for testing readouts
anode: compromise between resolution on charge 
measurement and capacitance

C Cantini et al 2014 JINST 9 P03017

Shuoxing Wu ETHZ

To reach basic GLACIER 4x4m2 CRP (2m readout length) design: 
• reduce capacitance: have long readout strips while keeping minimum noise 
     (upper limit for ~1000 e- ENC noise ~ 350 pF) 
• simplify production: integrate two views on same PCB layer 
• symmetric X-Y charge sharing 

Anode requirements for large area readout

X pitch: 3 mm

Y pitch:  
3 mm

Best solution to optimize capacitance and resolution

ϕ

10

dC/dl~150 pF/m

TPC symposium, Paris, 2014
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