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The LAr TPC: 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.

★ We aim at the best possible of all detectors…
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Any one of these would be a major discovery !!!!
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Tia$Miceli

May 1, 2011

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)

8

4

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.

s)µHit charge (ADC
0 500 1000 1500 2000

N
um

be
r o

f H
its

0

200

400

600

800

1000

1200

1400

T32 Kaon
data
MC simulation

TPC Channel (cm)
0 20 40 60

N
um

be
r o

f E
ve

nt
s

0

20

40

60

80
T32 Kaon

data
MC simulation

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.
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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

E (GeV)
2 4 6 8 10

/Eσ

0

0.05

0.1

0.15

0.2

0.25

0.3

0.3%±, B=5.4E1% ±, A=13+πGEANT3 

0.3%±, B=10.2E1% ±, A=15+πGEANT4 

MC simulations at 
higher energies:
�MC

em

E
� 3%�

E
� 1%

�MC
had

E
� 15%�

E
� 10%

needs to be confirmed by 
experimental data

G3 and G4 comparison
0

2.5

5

7.5

10

12.5

15

17.5

20

22.5

25

0 10 20 30 40 50 60 70 80

Entries
Mean
RMS

            123
  27.90
  12.98

Energy (MeV)

N
um

be
r o

f e
ve

nt
s/

5.
3 

M
eV

Data
SM
Best fit

Michel electrons form 
stopping muon decay sample

�e

E
� 11%�

E(MeV)
� 4%

Eur. Phys. J. C
33, 233 (2004)

J. Rico, ETHZ thesis 
2002

Calorimetry with LAr TPC is less well known
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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 - showers reconstruction still challenging
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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 
+ Ion mobility << electrons & badly measured (10-2-10-4 cm2/Vs) 
+ 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

The ionisation signals provide the most valuable 
information of the event. For a 3mm pitch, collect ≈18000 
electrons for m.i.p, so ≈1000 ENC noise gives S/N ≈ 20.
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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
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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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Charge yield after e-ion 
recombination (mip) ~ 1 fC/mm  
(~ 6000 electrons/mm) before 
finite e-lifetime correction
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Charge attenuation because 
of attachment to impurities
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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
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First&T300&in&
Cleanroom&at&

CERN&

Ready&to&
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The path towards very large detectors
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The R&D path to GLACIER

LAr vessel

Long Drift

Argon purity

Diffusion
Readout devices 
and electronics

Argon purification,
cryogenic pumps

Detector engineering,
safety, underground 
construction

High Voltage
systems

   k h

6Tuesday, November 8, 11

Focusing on charge readout
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Milestones towards dual phase TPC
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2003: The concept
• AR, 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 3 liter LAr 
LEM-TPC prototype: 
• A. Badertscher et al., “Operation of a Double Phase pure argon Large Electron Multiplier Time 

Projection Chamber: comparison single and double phase” NIM A617 (2010) p188-192
• 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 ton-scale 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: 
• First results presented at TPC Symposium in Paris
• 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
• Creation of WA105 project at CERN Neutrino Platform
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Milestones towards dual phase TPC
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2014: further optimisation of the anode & LEM geometries 
• Performance study of the effective gain of the double phase liquid Argon LEM Time Projection 

Chamber  C Cantini et al JINST 10 (2015) 03, P03017
• Large-scale neutrino detector demonstrators for phased performance assessment in view of a long-

baseline oscillation experiment, L. Agostino et al.. CERN-SPSC-2014-013, SPSC-TDR-004  
• Approval of WA105 6x6x6m3 proposal by CERN

2015: design and development of 3x1x1m3 and 6x6x6m3 detectors 
• Progress report on LBNO-DEMO/WA105 (2015) CERN-SPSC-2015-013 ; SPSC-SR-158
• Short Status Update on LBNO-DEMO/WA105 (2015), CERN-SPSC-2015-027 ; SPSC-SR-166
• WA105 activities becomes part of DUNE prototyping effort known as ProtoDUNE-DP

2016 ?: first operation of 3x1x1m3 (10-ton scale) detector 
• Short Status Update on the WA105 experiment (2016) at the Neutrino Platform CERN-

SPSC-2016-009 ; SPSC-SR-179. - 2016

2018 ?: first operation of 6x6x6m3 (300-ton scale) detector 

http://inspirehep.net/record/1334421
http://inspirehep.net/author/profile/Agostino%2C%20L.?recid=1317228&ln=en
http://inspirehep.net/record/1317228
https://cds.cern.ch/record/2005291?ln=en


A. Rubbia Detector R&D seminar, FNAL Jan 2016

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Double phase LAr-TPC 
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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

12

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

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

• Fine readout pitch (3mm or less?)
• Robust S/N ratio with tuneable gain
• Low detection energy threshold
• Only charge collection (no induction 

planes) → pattern reconstruction with 
two views, save on r/o channels

• Cope with electron diffusion & charge 
attachment so longer drift paths 

• Insensitive to microphonic noise
• Gain demonstrated up to 180 →  

S/N≈10 for 15 keV of energy
• Optimal gain for neutrino physics 

operation ≈ 10 - 20
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UHV vessel 
(kept cold with 
open LAr bath)

Setup located at CERN

TPC
(10x10x20 cm3)

Charge Readout 
system (in gas phase 

above pure LAr)

CAEN DAQ system

Charge readout R&D: the 3L double 
phase argon LEM-TPC @CERN

‣3L size LAr-TPC is used to test new readout techniques in order to improve the signal to noise ratio
‣Successful tests done with two different gas multipliers: LEM (coupled with 2D anode) and MicroMeGas

8Tuesday, November 8, 11
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Dual phase “3L” setup (since 2008)

14

Detector inside the 

bath

We’re developing:

➢ Low noise (capacitance) 2D anode. !

➢ LEM with uniform and long term stable gain and   !

    discharge resistance.!

➢ Simplified readout electronics system.

10 cm 10 cm

20 cm

The 10x10x20 cm3 proof of principle LAr LEM TPC

Shuoxing Wu ETHZ

External 

bath

9

PMT and 
grid

cathode

field shaping  
rings

LEM

anode

Extraction grid

TPC symposium, Paris, 2014

Recent developments:

NIM A617 (2010) p188-192
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Double phase charge readout principle: 
LEM and projective 2D anode

Readout principle
1. ionization electrons are drifted to the liquid-gas 
interphase
2. if the E-field is high enough (≈ 3 kV/cm) they can 
efficiently be extracted to the gas phase
3. in the holes of the LEM the E-field is high enough 
to trigger an electron avalanche
4. the multiplied charge is collected on a 2D readout

Electric
fields

LEM (THGEM): Large electron multiplier

Projective 2D anode readout

500 μm 80 μm 
rim

•Charge is equally collected on two sets of strips (views)
•induced signals have the same shape for both views
•readout independent of multiplication

LEM and 2D anode produced by CERN TS/DEM group

•Macroscopic Gas hole multiplier
•more robust than GEMS (cryogenics, discharges)
•manufactured with std. PCB techniques
•Large area coverable (1 m2 size modules)

3 mm pitch

600 μm

ref: A. Badertscher, et al., NIM A 641 (2011) 48-57
9Tuesday, November 8, 11
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Effective gain of the LEM
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Figure 4. Computation of the electric field lines inside a LEM hole for three different thickness of the
insulator indicated on the figure (all the LEMs have a rim 80 µm and a hole diameter of 500 µm). The field
lines followed by the drifting charges and collected on the anode are shown in blue. The two graphs, a)
and b), show the ratio of the norm of the electric field at the center of the hole (x = 0, resp. y = 0) to the
field applied across the electrodes (E0) as a function of the y (resp. x) coordinates. The shaded green area
delimites the hole edges.

We define k as the ratio of the field at the center of the hole (x = 0,y = 0) to the applied field
E0 and E ⌘ kE0 as the amplification field. The effective gain Geff of the LEM is then generally
expressed with the function [3]:

Geff(E,r, t)⌘T ea(r,E)x⇥C (t) (2.1)

where T is a parameter proportional to the electrical transparency of the chamber; a(r,E) is
the first Townsend ionisation coefficient for the amplification field E and density r; x denotes the
effective amplification length which can be geometrically related to the length of the field plateau
along the hole axis shown in graph b) of figure 4; and C (t) represents any time variation of the
gain. The generalised form of the first Townsend coefficient as a function of the medium density r
and the electric field E can be approximated by [16]:

a(r,E) = Are�Br/E (2.2)

where A and B are parameters depending on the gas. A fit to the electric field dependence of
the Townsend coefficient in the range between 20 and 100 kV/cm predicted by MAGBOLTZ [17]
calculations, gives Ar = (7339± 90) cm�1 and Br = (183± 1.0) kV/cm for pure argon at 87 K
and 0.980 bar. We refer the reader to ref. [18] for a detailed explanation of charge amplification
inside the LEM hole.

The results from electrostatic simulations presented in figure 4 indicate that both the ampli-
fication field and length increase with thicker LEMs. The same simulations show that they also
increase with smaller rim sizes and smaller hole diameters. However those simulations do not take
into account parameters that affect the effective gain such as, for instance, the electrical transparen-
cies and breakdown voltages of the LEMs. The results from the data presented in the next sections
fully characterises the LEMs in terms of their maximal effective gain as well as time evolution of
the effective gain in pure Argon at 87 K.
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insulator indicated on the figure (all the LEMs have a rim 80 µm and a hole diameter of 500 µm). The field
lines followed by the drifting charges and collected on the anode are shown in blue. The two graphs, a)
and b), show the ratio of the norm of the electric field at the center of the hole (x = 0, resp. y = 0) to the
field applied across the electrodes (E0) as a function of the y (resp. x) coordinates. The shaded green area
delimites the hole edges.

We define k as the ratio of the field at the center of the hole (x = 0,y = 0) to the applied field
E0 and E ⌘ kE0 as the amplification field. The effective gain Geff of the LEM is then generally
expressed with the function [3]:

Geff(E,r, t)⌘T ea(r,E)x⇥C (t) (2.1)

where T is a parameter proportional to the electrical transparency of the chamber; a(r,E) is
the first Townsend ionisation coefficient for the amplification field E and density r; x denotes the
effective amplification length which can be geometrically related to the length of the field plateau
along the hole axis shown in graph b) of figure 4; and C (t) represents any time variation of the
gain. The generalised form of the first Townsend coefficient as a function of the medium density r
and the electric field E can be approximated by [16]:

a(r,E) = Are�Br/E (2.2)

where A and B are parameters depending on the gas. A fit to the electric field dependence of
the Townsend coefficient in the range between 20 and 100 kV/cm predicted by MAGBOLTZ [17]
calculations, gives Ar = (7339± 90) cm�1 and Br = (183± 1.0) kV/cm for pure argon at 87 K
and 0.980 bar. We refer the reader to ref. [18] for a detailed explanation of charge amplification
inside the LEM hole.

The results from electrostatic simulations presented in figure 4 indicate that both the ampli-
fication field and length increase with thicker LEMs. The same simulations show that they also
increase with smaller rim sizes and smaller hole diameters. However those simulations do not take
into account parameters that affect the effective gain such as, for instance, the electrical transparen-
cies and breakdown voltages of the LEMs. The results from the data presented in the next sections
fully characterises the LEMs in terms of their maximal effective gain as well as time evolution of
the effective gain in pure Argon at 87 K.
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Figure 4. Computation of the electric field lines inside a LEM hole for three different thickness of the
insulator indicated on the figure (all the LEMs have a rim 80 µm and a hole diameter of 500 µm). The field
lines followed by the drifting charges and collected on the anode are shown in blue. The two graphs, a)
and b), show the ratio of the norm of the electric field at the center of the hole (x = 0, resp. y = 0) to the
field applied across the electrodes (E0) as a function of the y (resp. x) coordinates. The shaded green area
delimites the hole edges.

We define k as the ratio of the field at the center of the hole (x = 0,y = 0) to the applied field
E0 and E ⌘ kE0 as the amplification field. The effective gain Geff of the LEM is then generally
expressed with the function [3]:

Geff(E,r, t)⌘T ea(r,E)x⇥C (t) (2.1)

where T is a parameter proportional to the electrical transparency of the chamber; a(r,E) is
the first Townsend ionisation coefficient for the amplification field E and density r; x denotes the
effective amplification length which can be geometrically related to the length of the field plateau
along the hole axis shown in graph b) of figure 4; and C (t) represents any time variation of the
gain. The generalised form of the first Townsend coefficient as a function of the medium density r
and the electric field E can be approximated by [16]:

a(r,E) = Are�Br/E (2.2)

where A and B are parameters depending on the gas. A fit to the electric field dependence of
the Townsend coefficient in the range between 20 and 100 kV/cm predicted by MAGBOLTZ [17]
calculations, gives Ar = (7339± 90) cm�1 and Br = (183± 1.0) kV/cm for pure argon at 87 K
and 0.980 bar. We refer the reader to ref. [18] for a detailed explanation of charge amplification
inside the LEM hole.

The results from electrostatic simulations presented in figure 4 indicate that both the ampli-
fication field and length increase with thicker LEMs. The same simulations show that they also
increase with smaller rim sizes and smaller hole diameters. However those simulations do not take
into account parameters that affect the effective gain such as, for instance, the electrical transparen-
cies and breakdown voltages of the LEMs. The results from the data presented in the next sections
fully characterises the LEMs in terms of their maximal effective gain as well as time evolution of
the effective gain in pure Argon at 87 K.
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Aρ = (7339 ± 90) cm−1 and Bρ = (183 ± 1.0) kV/cm MAGBOLTZ T=87K, p=0.980bar

Townsend coefficient:

Transparency Charging up (“time dep”)

JINST 10 (2015) 03, P03017
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Proof of principle on 10x10cm2
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Devis Lussi - 19.12.2012 - TPC symposium, Paris

Proof of principle with 10x10 cm2 prototype

6

charge sharing test of the 
2D anode
‣signal shape of x and y 
view identical
‣charge sharing verified:                    
(x-y)/<x+y> better than 5%
‣design parameters verified

gain curve
➡ dQ/dx data from MIPs have been used to characterize the 
detector:

dQ/dx distribution with different gains

gain 27
S/N>200

ref: A. Badertscher, et al., NIM A 641 (2011) 48-57

typical cosmic muon event

Sunday, December 16, 12
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Dual-phase 250L prototype (2011)

18Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Large area readout: the 40x76 cm2 prototype

19

60
 c

m

76 cm

40 cm

charge readout
plane

16 signal cables

4 capacitive 
level meters

detector fully assembled

going into the ArDM cryostat

A. Badertscher et al. JINST 8 (2013)P04012, 

zoom on the Charge readout plane



SBLNF - Dec05 A. Rubbia

The first production of a 40x80 cm2 charge 
readout sandwich !

•Manufacturer: CERN TS/DEM group and ELTOS company (Italy)
•Largest LEM/THGEM and 2D readout ever produced!!!

‣After successful test of LEM and 2D anode in the 3L setup we designed and produced a 40x80 cm2 
charge readout for a new 250L LAr LEM-TPC (production and assembling finished by summer 2011)
‣The ArDM cryostat @CERN was used for a first test of the new charge readout system 

Design of a compact, robust and 
scalable readout cassette
(“sandwich”)

Cockcroft-Walton 
HV multiplier

2 extr. grids

2D anode

LEM

signal coll. 
plane

HV decoupling
capacitors

capacitive level meters
19

40 cm

80 cm

O(106) holes!

80 cm

LEM2D anode
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80cm

CR events in dual-phase 250L
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Dual	phase	demonstrated	with	a	detector	of	the	size	of	ArgoNEUT/LArIAT
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m

80 cm

40 cm

Dual phase 250L chamber @  
ETHZ/CERN in 2012

A. Badertscher et al. 
JINST 8 (2013)P04012
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Delta-rays 250L prototype
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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 –
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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 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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The ArDM cryostat @ CERN

Cu purification cartridge

LAr recirculation pump

closed system: 
condenser
(500 W cryocoolers)

��

after few 
seconds in air

activated Cu 
(reddish)

3.SAES getter

2. membrane 
pump

1. heating 
strips warming 
up cold GAr

4. LAr bath cools 
down warm & 
purified GAr

Features
•independent gas and liquid purification circuits (needed to fill pure and keep< 1)
•It is kept cold with two cryocoolers (500 W, important for later underground operation)
•controlled by a PLC (programmable logic control, safety device)

Gas recirculation system

LAr bath

ArDM detector

➡More: see poster “Cryogenic 
system of the ArDM detector”

14Tuesday, November 8, 11

Purification system

22
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Proof that purity can be achieved

23
Devis Lussi - 19.12.2012 - TPC symposium, Paris

Results: free electron lifetime calibration
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 / ndf 2χ  116.6 / 37

/dx(0)> 0<dQ  0.29± 68.03 
 eτ  3.1± 369.1 

single run lifetime fit

τe[μs] ≈ 300 μs ppb/[O2]eq

Assuming a constant density of impurities, the 
charge, collected on the anode, is attenuated by a 
factor e-t/τ

Effect of electronegative impurities on the free electron 
lifetime τe:

To measure the free electron lifetime, we 
reconstruct dQ(tdrift)/dx of crossing muon tracks:
‣ dQ≈ΔQ= charge collected on each strip of the 

anode
‣ dx (corresponding ionization length) given by 

3D track reconstruction

impurities in LAr

➡Throughout the run the free electron lifetime 
improved from <200 μs ([O2]eq=1.5 ppb) to 
500 μs ([O2]eq=0.6 ppb).

measurement

Sunday, December 16, 12
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Gain achieved on 250L

24
Devis Lussi - 19.12.2012 - TPC symposium, Paris

Results: signal to noise and gain
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charge sharing between the two collection 
views: (Q1-Q0)/(Q1+Q0)≈8%
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After correcting for the free electron lifetime, a 
Landau function convoluted with a Gaussian could 
be fitted to the obtained dQ/dx distribution.

Results
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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

Simplified design with one extraction 
grid & 2D anode (2013)
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Optimisation of the anode (2014)

26

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

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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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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LEM geometry optimisation (2014)

27

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

rim

Max Gain 180 
= MIP S/N ~800!

C. Cantini et al  
JINST 10 P03017 
(2015)

Fitting function:

Optimisation from 10x10 cm2 LEMs in 
dual phase operation
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CR event with gain ≈180 !

28
7

Cosmic event at effective gain~160

saturation !
of the pre-amp

Shuoxing Wu ETHZ TPC symposium, Paris, 2014
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LAGUNA-LBNO CERN 11-Feb-2014

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:    

),,( ETpxeAG D�u E
cp

e
T
Bp

ETp
�

 ),,(D

G(t)

July run: test 

Anode B

W/)( 01
1)( tte

GtG ��f �
u 

ʏ = 2.1±0.5 days

Shuoxing Wu ETHZ

Pressure 

inside

future detectors’ll

operate under 

controlled pressure! 

28

Stability of the gain
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Gain and charging up effect

30
LAGUNA-LBNO CERN 11-Feb-2014

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:1312.6487JINST 9 (2014) P03017 
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Why we believe it’s charging up

31Shuoxing Wu ETHZ

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

We studied sparks that occurred during long term runs

JINST 9 (2014) P03017 
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Reproducibility of gain stability

32

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

C. Cantini et al  
JINST 10 P03017 
(2015)
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Current developments

33
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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 25 ton dual phase TPC

34

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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Hanging CRP + field cage

35

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

Drift cage (fixed to top-cap)

3x1 m2 CRP independent of drift cage 
adjustable to LAr level

 top-cap

3 point suspension feedthroughscryogenic pump tower

instrumentation feedthroughs
signal feedthroughs

PMTs

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
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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)

36

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.
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16

CRP

Wires Mesh:

- 100µm DIA
- 3.125 mm pitch
- ~1 Kg Tension per Wire

Extraction grid

37

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.

  

  -  100µm diameter  
-  3.125 mm pitch  
-  ~1 Kg Tension per Wire 
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50x50 cm2 LEMs & anodes

38

50x50 cm2 LEM 50x50 cm2 Anode

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 
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Front-end electronics and chimneys

39

94 4 DLAR DETECTOR COMPONENTS

beginning of end of the drift space) for the full size detector of LBNO, and from 90 to 120, for the

prototype detector, which has a maximum 6 m drift space instead of 20 m. The front-end electronics

will be coupled to the DAQ system, described in the following, based on 12 bits ADC, well matching

the needed dynamic range.

The design of the 6× 6× 6m3 demonstrator includes a total number of 7680 channels for the charge

readout of the X and Y strips views. The strips have a pitch of 3.125 mm and a length of 3 m per

channel. Channels are then arranged in groups of 640 per chimney.

The 40 ASIC amplifiers needed for the readout of each group of 640 channels will be arranged on

cards hosted on the feed-through at the bottom of each chimney (see Figure 71). The total power

FIG. 71: Location of the FE cards at the bottom of the chimneys.

dissipation of the front-end electronics will be of about 11.5 W per chimney. The structure of the

chimneys allows for heat dissipation in the cryostat and for minimising the connection length from the

cards hosting the ASIC chips to the double phase detectors down to half a meter.

The ASIC chips needed to equip the final LBNO far detectors can be produced in a dedicated run

including 6 wafers for a cost going from 0.28 to 0.37 eur/channel, including encapsulation. This cost

varies depending on the fact that the production version will be based on 16 or 32 channels per ASIC.

This dedicated production can handle up to 28k ASIC chips in the 16 channels version (14k in the 32

channels version). The production volume needed for the LBNO prototype is much smaller and it will

rely on an extended multi-project run with a consequently higher cost (3.91 eur/channel). The total

Cold electronics with “hot plug” accessibility
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Front-end electronics and chimneys

40

Cold electronics with “hot plug” accessibility

4

ETHZ preamp

Cable length = 0.5-0.75m 
≡ 21.5-32.5pF
Anode = 150 pF/m
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First chimney produced & tested

41

critical parts:
-card insertion over 2 meters. 
Had been tested in warm and is 
ok. Connectors each have 2 
pairs of pins free, one will be 
used to light an LED to signal 
that the contact is ok.
-vacuum tightness of PCB 
flange: tested in warm and cold 
up to 1e-9 mbar l/s. 
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WA105 – Cryostat Cut-out
ProtoDUNE dual phase demonstrator

42

Main Goals: 
• Validate construction techniques and 

operational performance of full-scale dual-
phase TPC prototype modules for DUNE FD

• Collect and analyze the beam test 
calibration data necessary for understanding 
the deep-underground data to be collected 
with the large-scale detector modules

6 m

6 m

6 m

CRP Configuration for WA105 

3 

• 4 modules of 3x3m 

• 3 SPFT by module = 12 SPFT 

• Individual extraction grids 

Readout composed 
of 4 3x3 independent 
CRP readout units, 
each acting as an 

independent detector
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Elements of protoDUNE DP

43

drift cage + divider

cathode

HV 
feedthrough 
up to 600 kV

signal, suspension 
and slow control 
feedthroughs

CRP (charge readout plane)

Drift cage

6m

The Dual-Phase ProtoDUNE/WA105 6x6x6 m3 detector is built out of the 
same 3x3m2 Charge Readout Plane units (CRP) foreseen for the 10 kton 
Dual-Phase DUNE Far DetectorDual Phase DUNE Far Detector

WA105: 4 CRP

10 kton: 80 CRP

6 m

12 m

6 m 60 m6 m 22
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Interspace with “wave-breaker”

44

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 

Extraction grid : hanging system design 

10 

Preliminary 
Design 

10 

5 10
 

Liquid Ar 1,6 
Metalized Via 

Cables are soldered in metalized via 

• Very small system 

• Completely flooded in liquid : no sparks 

• High tension connection in gas is 

isolated by potting (see next slide) 

 

Positioning 
and 

embedding  

0,5 

PCB Cable Plate 
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Drift field cage design and HV
• Drift field = 0.5-1 kV/cm (with 300-600 kV on cathode) 
• Homogeneous drift field created by suspended field cage made of 60 equally 

spaced SS electrodes (69mm diam, 100mm pitch)
• Electric field < 30 kV/cm anywhere

45

88 4 DLAR DETECTOR COMPONENTS

FIG. 65: Electrostatic field calculation of the field cage: global view of the field cage embedded in the vessel.
The simulation takes into account the corrugation of the membrane vessel which is display by the green dots.

0.5 to 1 kV/cm, and again 30% from 1 to 2 kV/cm [108]. From a technical point of view, however,

di�culties increase with increasing field intensity which requires higher voltages. Therefore, it should

be determined by a right compromise between the detector performance and the practicality of the

high voltage. A field intensity between 0.5 and 1 kV/cm is a reasonable compromise for very long

drifts.

For the 6 × 6 × 6m3, a drift field in the range 0.5 − 1 kV/cm requires a potential di↵erence at the

cathode in the range of 300−600 kV. In comparison, the GLACIER drift length of 20 m [22] would

require 2 MV. Two di↵erent approaches have been considered and realised for the drift field system for

4.3 Drift high voltage 87

FIG. 64: Conceptual design of the field cage. The high-voltage feed-through is located in the left corner of the
cage.

4.3 Drift high voltage

The intensity of the drift electric field is one of the important design parameters for liquid argon time

projection chambers (LAr-TPCs). A better collection of ionisation charges is attained by increasing

the field intensity because: (1) more electron-ion recombination is prevented [18] and (2) attenuation

of the drift electrons due to their attachment to residual electronegative impurities such as oxygen

decreases. The dependence of the attachment cross section on the electric field is known to be weak in

the practical range of the intensity (0.5–1 kV/cm) [17]. The attenuation then is described well by an

exponential decrease with drift time, characterised by the drift electron lifetime ⌧ which is determined

dominantly by the impurity concentration. The mean drift velocity of the electrons increases with

increasing electric field, leading to the shorter collection time and consequently to the less attenuation

(see Section 3.9). The drift velocity increases by 30% by doubling the electric field intensity from

30 kV/cm

20 kV/cm

10 kV/cm

0 kV/cm
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High fields in liquid argon medium

46

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

LBNO
50 kton

2 MV

http://arxiv.org/abs/arXiv:1401.2777
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Test with Rogowski profile

47

Rogowski profile electrodes for LAr electrical rigidity tests at 100kV 
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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

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

20 cm2 profile, 
1 cm gap

•Held 100 kV (limit of the supply) for 
four hours 
•In boiling LAr, breakdowns were 
observed at fields as low as 40 kV/cm 
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Compilation&measurements by LHEP

48

Max admissible field set to 30 kV/cm
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300 kV high voltage test
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-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.
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HVFT for 300kV 
with Rogowsky 
profile electrodes

F. Sergiampietri

HV FT for ICARUS (1999)
150 kV
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Final goal

50
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DUNE FD dual phase design

51

Dual-Phase DUNE FD: 20 times replication of Dual-Phase ProtoDUNE (drift 6m → 12m)

Signal chimneys with DAQ
uTCA crates

Field cage 
suspension 

Active LAr mass:  12.096 kton, fid mass: 10.643 kton, number of channels: 153600

p
chimneys

Anode

60 m

12 m
HV FT

12 m
driftField shaping rings

PMTPMTs
(180)

Cathode

� 80 CRP units
� 60 Field shaping rings

240 Si l FT hi

4

� 240 Signal FT chimneys
� 240 Suspension chimneys
� 180 PMTs
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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. 

★ 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.

★ Since many years, we have been working on the successful 
development of the Dual Phase LAr TPC and we have a clear path 
to develop a 300-ton scale device by 2019. This is very exciting – 
Anyone interested in welcome to join!

52
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Courtesy PvZ

Thank you for 
your attention !
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input:
K = 10-4 cm3/s
τ = ∞ ms
G = 1

output:
Enominal = 1 kV/cm
Emin = 0.968 kV/cm
Emax = 1.102 kV/cm

Ar+

e-

O2-

drift (m)

ρ 
(c

m
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)
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Event building workstations

Storage : 
15 disks servers R730
2 metadata servers R630 
1 config. server R430

6 = 60 Gbps

Triggers :
Beam
Counters

charge

Compressed data / ZS data

charge

4 = 160 Gbps 

15
3

10 Gbps

Processing :
16 lames M630
16x24 = 384 cores

Master switch

MasterCLK

PC : 
WR slave

Trigger board 
Raw data : light 

CERN C.C.

LAr

Top of
cryostat

C.R.

C.R.
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-
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10 Gbps
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40 Gbps



A. Rubbia Detector R&D seminar, FNAL Jan 2016

Gain uniformity

56

Gain uniformity

<dQ/dx> (fC/cm) 
 (normalized to 
100 fC/cm):

15Shuoxing Wu ETHZ

Projections on 
X and Y axis:

View 0 View 1

TPC symposium, Paris, 2014
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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

57

•  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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Alternative charge readout R&D: 
First test with a MicroMeGas

First test of a MicroMeGas as charge readout of 
a double phase argon TPC (87 K, 1 bar):
• LEM and anode replaced with micromegas  
(produced by the PCB workshop at CERN)
• readout: 30 strips, 3 mm wide (only one view)
• spacers: diameter=450 μm, pitch=3 mm and 
gap=100 μm (128 μm)
• mesh: wire pitch=63 μm, wire diameter=18 μm

charge light

recorded cosmic muon event

prompt scintillation light produced in LAr 
➡ used as trigger

secondary scintillation light produced in GAr (field 
between extr. grids and micromegas) 
➡ proportional to charge

Collaboration with CEA-Saclay
24Tuesday, November 8, 11
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ArDM: Scintillation light R&D

TPB coated by evaporation

14 low radioactivity Hamamatsu
 8’’ PMTs [R5912-02MOD]

‣LAr emission spectrum peaked at 128 nm
‣The WLS TPB (tetraphenyl butadien) is used 
to shift the light to the visible(430 nm)  
‣indirect light: 15 cylindrically arranged 
overlapping foils of TTX (120x25 cm2) coated 
with 1.0 mg/cm2 TPB by vacuum evaporation
‣direct light: The PMTs are coated with TPB 
by evaporation

Light Readout 

17.06.2010 9 U. Degunda, SPS Annual Meeting 2010 

� 14 x 8 inch cryogenic low 
radioactivity PMT from 
Hamamatsu 

� located at the bottom of the 
detector 
 

� Wavelength of the scintillation 
light: 128 nm 

� PMTs are not sensitive in the 
VUV range 

���	
������������
����������� 
      TPB (Tetraphenyl butadiene): 
      ��������������� 
 
 � PMTs coated with TPB in order to detect the 

direct light 

� Reflector foil around the fiducial volume coated 
with TPB in order to shift indirect light 

Reflector foil under UV illumination 

Na22 spectrum

neutron appearance with ext. AmBe source

Preliminary yield with 14PMTs: ≈0.7 p.e./keVee

PMT array

25Tuesday, November 8, 11


