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Introduction
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•Liquid Argon Time Projection Chambers (LArTPCs) are imaging 
detectors that offer exceptional capabilities for studying neutrinos.

•In this workshop you’ve heard about pioneering work done by ICARUS, 
and you’ve just heard about physics potential of this technology.

•I will give an overview of recent LArTPC activities in the U.S., focusing 
mainly on technical developments, which has become a very daunting 
task due to the wide array of projects underway. 



Before I Start...
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F igure 4.1: Single vessel design wi t h mul t i-layered insula t ion.

drivers on t he top of t he feed t hroughs. T his will enable loca t ion of t he readout elect ronics close

to t he detector bu t not necessarily right a t t he feed t hrough loca t ion. T he change is par t ially

mot iva ted by being closer to a system t ha t can be ex t rapola ted to a large system.

Significant progress has been made in refining t he design of t he experiment . P rototypes

of preamps have been built , t he readou t chain has been est ablished, and C ryost a t design has

progressed. B y complet ing t his det ailed design work and rela ted tests now, we ant icipa te

reducing t he t ime scheduled for design work in t he fu ture.

In t he following we give a summary of t he main changes to t he design.

4.1 C r yost a t an d C r yogenics

In t he t ime since t he November ’07 PA C meet ing we have carried out a det ailed st udy of t hree

di  erent cryost a t designs to determine which approach would minimize const ruct ion costs while

Liquid Argon in the U.S.
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View of the T962 cryostat installed upstream of the MINOS near detector at FNAL
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Rapid progress in LArTPC 
development

Bo
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UCLA/Pisa 
Long-Drift Test at 

CERN

LArTPC Work at Fermilab

4

20 Kilotons

20 Kilotons

Materials/Electronics Test 
Stand

2007

2008 2013

20??

ArgoNeuT MicroBooNE

100%

R&D

100%
Physics

20 Kilotons

Refs:
1.) A Regnerable Filter for Liquid Argon Purification Curioni et al,  NIM A605:306-311 (2009) 
2.) A system to test the effect of materials on electron drift lifetime in liquid argon and the effect of water  Andrews et al, NIM A608:251-258 (2009)

L.A.P.D.

2010

NNN 08:  Paris, France NNN 10:  Toyama, Japan

It seems to be something of a tradition at NNN to have a talk that 
summarizes LArTPC work in the U.S. and elsewhere.

Our ideas continue to evolve, and enthusiasm for this 
combination of physics and technology only seems to grow.



An opinion, since this is a workshop...
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In the past ~2 years in the U.S. we seem (to me at least) to have crossed a 
“tipping point” where the idea that massive, kiloton-scale LArTPCs are 

technically possible has become accepted within the community. 
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Even if we are entering the “Snowball” region and gaining 
momentum towards large detectors, there is still a LOT of 

development of hardware/software/physics that needs to happen.  
The U.S.-based activities I will describe in this talk will help push us 

further in the right direction.



Liquid Argon Neutrino Detectors
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•Ionization produced in neutrino interactions is drifted along E-field to finely segmented wireplanes.

•Timing of wire pulse information is combined with known drift speed to determine drift-direction coordinate.

•Calorimetry information is extracted from wire pulse characteristics.

•Abundant scintillation light, which LAr is transparent to, also available for collection and triggering.

Refs:
1.) Liquid-argon ionization chambers as total-absorption detectors, W. Willis and V. Radeka, Nuclear Instruments and Methods 120 (1974), no. 2, 221-236.
2.) The Liquid-argon time projection chamber: a new concept for Neutrino Detector, C. Rubbia, CERN-EP/77-08 (1977)
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Neutrino Interaction in ArgoNeuT
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Why Noble Liquids for Neutrinos?
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Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120.0 165.0 373

Density [g/cm3] 0.125 1.2 1.4 2.4 3.0 1

Radiation Length [cm] 755.2 24.0 14.0 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3.0 3.8 1.9
Scintillation [γ/MeV] 19,000 30,000 40,000 25,000 42,000
Scintillation λ [nm] 80 78 128 150 175

•Abundant ionization electrons and scintillation light can both be used for detection.
•If liquids are highly purified (<0.1ppb), ionization can be drifted over long distances.
•Excellent dielectric properties accommodate very large voltages.
•Noble liquids are dense, so they make a good target for neutrinos.
•Argon is relatively cheap and easy to obtain (1% of atmosphere).
•Drawbacks?...no free protons...nuclear effects.



Technical Considerations for LArTPCs
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‣Purity: relying on Trigon “getters” and molecular sieve coupled with continuous recirculation 
and clean materials.

‣Wires vs. “GEMs”: U.S. doesn’t seem to have focused on GEMs very much.

‣Electronics : cold electronics for better S/N ; multiplexing ; etc...

‣Light collection : lots of new and interesting ideas being pursued (PMTs, lightguides, etc...)

‣High Voltage : How to test system before starting operations ; Do we understand physics of 
HV in ultraclean LAr?

‣Cryogenics and recirculation scheme:  major cost drivers.  Is there ground to gain here?

‣Calibration : dedicated test-beam exposures, UV lasers, flashers, etc...

‣Supply of many kilotons of LAr : Where do you buy many kilotons of LAr?

‣Reconstruction/Software : Need to develop tools, preferably automated,  that take full 
advantage of the TPC event images and light collection information.  Need to be able to keep 
up with flood of raw data.



LAr Worldwide
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US
Materials Test Stand

ArgoNeuT
Liquid Argon Purity Demonstrator

MicroBooNE
LBNE

1 kTon LArTPC
Test-Beam @ FNAL (LArIAT)

Test-Beam @ Los Alamos (CAPTAIN)
GLADE
RADAR

Europe
3-ton prototype
50-liter @ CERN

10m3

ICARUS
LArTPC in B-Field
LANDD @ CERN
ArgonTube @ Bern

UV Laser
GLACIER/LAGUNA

Double-LAr @ CERN-PS

Japan
Test-Beam (T32) at J-PARC

100 kTon @ Okinoshima island

*LAr also pursued for Dark Matter: DarkSide, ArDM, DEAP/CLEAN, WARP, Depleted Argon, ...  

Completed/Ongoing/Potential/Proposed/Suggested LAr Projects, 
separated by location of the detectors.

Message is that majority of these ideas are <5 years 
old, demonstrating growing interest.



The ArgoNeuT Project
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•ArgoNeuT deployed a ~175 liter LArTPC in Fermilab NuMI neutrino beam.
•Located upstream of MINOS near detector, which provides muon reconstruction and sign selection.
•Collected 1.35×1020 Protons on Target (POT), predominantly in antineutrino mode.

NuMI Beam at Fermilab

NuMI 

MINOS 

ArgoNeuT in the NuMI Tunnel

Cryostat Volume 500 Liters
TPC Volume 175 Liters (90cm x 40cm x 47.5cm)

# Electronic Channels 480
Electronics Style (Temp.) JFET (293 K)

Wire Pitch (Plane Separation) 4 mm (4 mm)
Electric Field 500 V/cm 

Max. Drift Length (Time) 0.5 m (330 μs)
Wire Properties 0.15mm diameter BeCu

Refs:
1.) The ArgoNeuT detector in the NuMI low-energy beam line at Fermilab, C. Anderson et al.,  JINST 7 P10019, Oct. 2012, arXiv:1205.6747



S. Zeller, Penn seminar, 04/17/12 

Liquid Argon TPCs 
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•  ArgoNeuT = 175L LAr TPC 
•  but need to take care to       
  disentangle 2p2h from FSI! 
(other effects can also produce multiple protons) 

J. Spitz, arXiv:1009.2515 [hep-ex] 

µ+p 

µ+p+p 

µ+p+p+p 

•  can measure proton kinematics 
  and multiplicities in LAr 
  (can detect protons down to very low energy) 

ArgoNeuT: Physics
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•ArgoNeuT has highlighted need to consider nuclear effects (e.g. - Multinucleon 
Correlations, final-state activity) when analyzing LArTPCs.

•Repeat of CC-Inclusive analysis (shown at previous NNNs) in antineutrino mode.  
•Papers in progress.

Refs:
1.) Exclusive Topologies reconstruction in LAr-TPC experiments: a Novel Approach for precise Neutrino-Nucleus Cross-Sections Measurements, O. Palamara, K. Partyka, F. Cavanna, arXiv:1309.7480
2.) New Results from ArgoNeuT, T. Yang, NuFACT2013, hep-ex/1311.2096
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Figure 3. Distributions of proton multiplicity for 1µ + Np + 0π sample compared with genie
predictions. Right panel shows νµ distributions and left panel shows ν̄µ distributions. Both data

and genie predictions are normalized to unit area.

which makes the results model dependent. In ArgoNeuT we developed a different approach:85

instead of measuring a specific channel, we measure the cross section for a well-defined event86

topology. Such measurements provide useful information for both neutrino cross sections and87

nuclear effects.88

A first topological analysis is currently developed by the ArgoNeuT experiment, namely89

1µ+Np+0π, where we select events with one muon, any number of protons but without pions.90

The analysis takes two steps. First a similar event selection to the inclusive CC cross section91

measurements is applied to select events with muons. The selected events are then scanned to92

remove pion background and reconstruct the proton kinematics. The particle identification is93

done taking advantage of the detailed calorimetry information provided by the LArTPC. The94

particle species is determined by the energy deposition information as a function of residual95

range along the track trajectory if the particle stops inside the TPC. The kinetic energy is96

measured by summing the charge collected on each wire after correcting for electron lifetime97

and recombination effects. The threshold to reconstruct a proton in ArgoNeuT is determined98

to be Tp = 21 MeV, where Tp is the proton kinetic energy.99

Figure 3 shows the distributions of proton multiplicity for 1µ+Np+0π sample in comparison100

with genie predictions. The genie predictions have longer tails compared to ArgoNeuT data.101

This information is useful to improve the neutrino generator genie.102

5. Conclusions103

ArgoNeuT was the first LArTPC placed in a low energy neutrino beam and it provides invaluable104

experience for future experiments that employ LArTPCs. We have measured the νµ and ν̄µ CC105

inclusive cross sections on argon. We also developed techniques to measure topological cross106

sections, which have yields results that are useful for understanding nuclear effects in neutrino-107

nucleus interactions. Currently there are many ongoing ArgoNeuT analyses. We are searching108

for events with one muon and two protons where the two protons go back-to-back. This would109

be an indication for nucleon-nucleon correlation in neutrino scattering. Other analyses include110

a search for neutral hyperon production, electron/photon identification, measurements of NC111

π0 cross sections, nuclear deexcitation γs, coherent pion production, and νe measurements.112

References113

[1] Anderson C et al. 2012 JINST 7 P10019114

[2] Anderson C et al. (ArgoNeuT Collaboration) 2012 Phys. Rev. Lett. 108 161802115
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Figure 1. Comparisons of reconstructed quantities (vertex x, y, z, muon angle and muon
momentum) versus true quantities for simulated νµs and ν̄µs after event selection.
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Figure 2. Distributions of muon angle and muon momentum for µ−’s and µ+’s compared
with genie predictions. The genie prediction is broken down as the NC (neutral current)
background, WS (wrong sign) background, QE (quasielastic) CC, RES (resonance) CC and DIS
(deep inelastic scattering) CC. Both data and genie total predictions are normalized to unit
area.
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Figure 3. Distributions of proton multiplicity for 1µ + Np + 0π sample compared with genie
predictions. Right panel shows νµ distributions and left panel shows ν̄µ distributions. Both data

and genie predictions are normalized to unit area.
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[2] Anderson C et al. (ArgoNeuT Collaboration) 2012 Phys. Rev. Lett. 108 161802115



The MicroBooNE Experiment
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•MicroBooNE will operate in the Booster neutrino beam at Fermilab starting in 2014.
•Combines physics with hardware R&D necessary for the evolution of LArTPCs.
‣MiniBooNE low-energy excess
‣Low-Energy (<1 GeV) neutrino cross-sections
‣Cold Electronics (preamplifiers in liquid)
‣Long drift (2.5m) 
‣Purity without evacuation.

MicroBooNE Construction
Refs:
1.) Proposal for a New Experiment Using the Booster and NuMI Neutrino Beamlines, H. Chen et al., FERMILAB-PROPOSAL-0974

MicroBooNE Experiment



MicroBooNE: TPC Detector
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Cryostat Volume 150 Tons

TPC Volume (l x w x h) 89 Tons (10.4m x 2.5m x 2.3m)

# Electronic Channels 8256

Electronics Style (Temp.) CMOS (87 K)

Wire Pitch (Plane Separation) 3 mm (3mm)

Max. Drift Length (Time) 2.5m (1.5ms)

Wire Properties 0.15mm diameter SS, Cu/Au plated

Light Collection 30 8” Hamamatsu PMTs

MicroBooNE TPC (Nov. 2013)
TPC Wires

Drift 
Direction



MicroBooNE: Cold Electronics
•CMOS preamplifiers located in liquid, attached to TPC, to minimize noise.
•12-bit ADCs sampled at 2MHz (i.e. - 500ns per sample) for 4.8ms (x3 drift window).
•Several hour data buffering for Supernova analysis (triggered by receipt of alert signal 

from SNEWS).

14

ADC
CLK

1
2
3
4
5
6
7
8

On Board Memory

CLK/
PLL

"Cold"-Twisted Pair
Cables  
[~2-5 m]

Warm
Feedthrough

LAr

CMOS Analog 
Front End ASIC
in LAr @ ~90K

TPC Readout Board 

GAr

Decoupling
and Wire Bias

Warm Flange
2x8 + 2x7 rows pin carriers
32 readout channels/row

"Warm"- Shielded
Twisted Pair Cables  
[~10-20 m]

DAQ in Detector Hall

Intermediate Amplifier 
Line Driver

Faraday Cage Extension

Single Vessel Cryostat with 8-10% Ullage
Foam Insulation

Optical Link

Receiver

To DAQ PC

Backplane

Transmit Module 

Optical
Transmitter

Digitizing Section Data Handling Section

PA+Sh+Drv

Flange

PMT Shaper

ADC
CLK

1
2
3
4
5
6
7
8

On Board Memory

CLK/
PLL

PMT Readout Board 

Optical Link

Receiver

To DAQ PC

Backplane

Transmit Module 

Optical
Transmitter

Digitizing Section Data Handling Section Trigger
Board

Beam Gate

FEM (Front End Module)

FPGA

D-SER

FPGA

D-SER

FEM (Front End Module)

8256 TPC channels

30 PMT channels

Wire-carrier Board

μBooNE/LBNE: Cold Electronics

28

Noise vs Temperature

• A primary goal of μBooNE is to 
understand running cold electronics in a 
LArTPC

• Electronics are being designed primarily 
by BNL, will be used in LBNE too 

• Tests show 

• Noise at 87k is half that at 300k

• crosstalk is < 0.3%, gain variations are 
7%

• Stress tests also performed show no 
problems after many immersions in LN2 

• BNL experience from ATLAS and NA48 
calorimeters show very low failure rate 
over many years

• Electronics designed for > 30 year 
lifetime

Heat dissipation of 5 mW/channel

Refs:
1.) Readout Electronics Design Considerations for LAr TPC, H. Chen, ANT2013 Conference

Signal Feed-through, Cable Assembly 
Signal Feed-through 

ATLAS LAr Calorimeter style feed-through, 
technology exists 
Pin carriers welded on flange: 100% 
hermetical 
2x8 + 2x7 rows pin carriers: high signal 
density (1920 pins) 
Custom designed bias voltage feed-through 
Faraday box is built and mounted on feed-
through 

Cable Assemblies 
Cold cable: Teflon FEP insulation, 100  +- 
10%, AWG 26 solid core sliver plated 
Cold cable terminate assembly: commercial 
connector and jackscrews with custom 
designed shells to provide reliable assembly 
and easy handling 
Warm cable assembly is commercial off-the-
shelf SCSI-3 Ultra LVD/SE MD68M/M cable 
Warm cable connector: Micro-Density 68-pin, 
34 pairs 
Warm cable has aluminum-foil shielding with 
10% overlap to provide Faraday cage 
extension 

09/20/2012 H. Chen - TWEPP 2012 - MicroBooNE FEE 21 

Full signal feed-through 
assembly drawing 

Cold MotherBoards



MicroBooNE: Light Collection
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Figure 1. A picture of the mechanical model of the MicroBooNE PMT unit in the test facility. A PMT is
fixed in the mount, which is surrounded by the magnetic shield up to the equator of the PMT, and the wave
length shifter deposited acrylic plate is equipped in front of the PMT.

Figure 2. The schematic of the MicroBooNE PMT. PMTs and bases are both located inside the cryostat at
cryogenic LAr temperature. Since the PMT is operated with positive HV, a decoupling capacitor is required
to split the signal from the HV outside of the cryostat (that is, at room temperature).

The performance of such a large diameter PMT is sensitive to the Earth’s magnetic field and
a cryogenic magnetic shield has been designed and tested. It is made of a material featured with
nonzero permeability at cryogenic temperatures [14]. Our tests show that these specially made
shields are effective at liquid nitrogen temperatures, and shielding performance, especially with
respect to the orientation of the PMT in the earth magnetic shield, is consistent with other published
results [15].

1.4 The PMT base design

The base is designed for positive HV operation, i.e., the photocathode is grounded, and the last
dynode in the chain is held at high voltage. This scheme has a number of advantages for present
purposes. First, only one cable is needed for each channel, as each cable carries both the DC HV

– 3 –

PMT Assembly

Plate (that will be) coated with 
wavelength shifter

Refs:
1.) Testing of Cryogenic Photomultiplier Tubes for the MicroBooNE Experiment, T. Briese et al., hep-ex/1304.0821

• 30 8” Hamamatsu (R5912-02mod) cryogenic PMTs facing into the TPC volume.
• Tetraphenyl Butadiene coated plate in front of PMT to shift wavelength of UV scintillation light. 
• PMTs are essential in disentangling out-of-time cosmic tracks from in-time neutrino interactions.

PMT System Installed in Cryostat (Sept. 2013).



MicroBooNE: Status

16

•Will move sealed-up detector over to new LArTF enclosure in early 2014.
•Commissioning begins in summer of 2014.
•Cryogenic recirculation system already being installed and tested prior to arrival of cryostat.

Rendering of cryostat + “hair” in LArTF Liquid Argon Test Facility (LArTF)



LAr Purity R&D @ Fermilab
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•LBNE pursuing membrane cryostats, using experience from industry.
•Currently building 35-ton membrane cryostat to demonstrate liquid purity 

without initial evacuation as has previously been demonstrated by Liquid 
Argon Purity Demonstrator (LAPD) in a “traditional” cryostat.

7–92 Chapter 7: Detector Development Program

Figure 7–5: Liquid Argon Purity Demonstration Filtration and Tank

Liquid Argon Far Detector Configuration

LAPD 
(30-ton cryostat)

35-ton
Membrane Cryostat

Membrane Cryostat for 
industrial LNG shipping

35 Ton Membrane Cryostat Prototype

11

• Membrane cryostats appear to be a 
good option for large LAr detectors

• Well understood technology with 
industry suppliers

• Prototype will demonstrate thermal 
performance, leak tightness, and use 
for LAr

• Will also show there are no issues 
related to this technology that can 
affect LAr purity

• Will share LAPD cryogenic filtration 
and pumping system 

• Part of the LBNE project

Monday, June 18, 2012



LAr Purity R&D @ Fermilab
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Gaseous Argon Purge

5

• Set of sniffer tubes monitored the oxygen content of the gas inside the vessel at 
various depths throughout the purge

• Plot shows the content relative to the pre-purge state of the tank in solid lines

• Clear front of argon gas moving through the vessel

• Comparison to calculations (points) shows good agreement, aside from some 
discrepancy in time that is likely due to 3D flow and mixing as argon gas is forced 
into the bottom of the tank

Near Vessel Center

Bottom 
of Tank

Top of 
Tank

Monday, June 18, 2012

Refs:
1.) LAPD Update, B. Rebel, 2012 Fermilab PAC Meeting

•Argon gas acts like a piston, pushing atmosphere up and out of cryostat.
•Gas is cycled through cryostat until desired Oxygen concentration is reached.
•LAPD has routinely achieved LAr lifetimes >3 ms, (LBNE/MicroBooNE 

require ~1.5 ms)
Phase I - Purification without Evacuation

Ar Gas

Air

AirAir

4

• Basic idea is to use an argon 
piston for initial purification

• Cycle a few volumes of clean, 
argon gas through the volume 
to push out ambient air and 
dry out surfaces 

• Then recirculate the gas 
through filter system until the 
contamination level no longer 
decreases

• At that point we will fill with 
liquid argon

Monday, October 3, 2011



LArIAT
•Dedicated test-beam exposure of LArTPC to charged-particles in 

appropriate energy regime will provide invaluable calibration 
information to feed into simulations.

•Liquid Argon In A Testbeam (LArIAT) experiment envisions two 
phases of running...initially with a small ArgoNeuT-sized detector 
(starting 2014), followed by a larger MicroBooNE scale detector.

19
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FIG. 22: The LArIAT cryostat.

gies important for experiments such as MicroBooNE and

LBNE. The program is divided into two phases. The

first makes use of the existing ArgoNeuT detector, with

modifications to make it suitable for collecting data in a

charged particle beam instead of a neutrino beam, shown

in Fig. 22. The second phase will collect data in the same

beamline, but with a larger volume TPC that will con-

tain a large fraction of the energy and extent of EM and

hadronic showers.

Both phases of the experiment will be hosted in the

Fermilab Test Beam Facility, which will have a dedicated

liquid argon calibration and R&D area with a highly con-

figurable secondary or tertiary beam line created from the

tunable primary proton beam.

In the first phase of LArIAT, the experimental program

will include: i) experimental measurement and proof of

e/γ separation in LArTPCs, ii) measurement of the ef-

fects of charge recombination along ionization tracks for

a range of particles and energies, iii) optimization of

particle identification methods using dE/dx and residual

range for single tracks, and iv) development of charge

sign determination criteria without a magnetic field.

Separation of electron-initiated from photon-initiated

showers is critical for the upcoming MicroBooNE exper-

iment, which will address the question of whether the

low-energy excess seen in MiniBooNE arose from elec-

trons, an indication of new physics, possibly sterile neu-

trinos, or from photons, an indication of an unaccounted

background, possibly due to a previously unmeasured

process. The first few centimeters of an EM shower in

a LArTPC are the most important for determining the

shower’s origin; in these first few centimeters, a photon-

initiated shower will leave double the ionization of an

electron-initiated shower, since the photon only becomes

visible when it converts to an e+e− pair. A simulation

of expected dE/dx for the first 2.4 cm of the two types

of showers is shown in Fig. 23. LArIAT will provide the

first direct experimental measurement and verification of

this capability of LArTPCs.

FIG. 23: Top panel: Electron-vs. photon-initiated shower
separation by dE/dx (electrons in black,photons in red) for
Monte Carlo simulation. Bottom panel: Simulated event with
photon-initiated shower from bremsstrahlung of the incident
electron.

With the large sample of charged particles collected in

the test beam, LArIAT will also determine the calibration

from measured charge to incident particle energy. This

requires precise measurements of electron-ion recombi-

nation in the argon for a range of energy deposition and

different electric field values in the ∼ 300 − 1000 V/cm

range, and at different track-to-electric field angles. The

ideal tool for studying these is a test beam with particles

that penetrate and slow down to stop in the LArTPC.

The same sample of stopping particles will provide an ex-

cellent test bed for further development and refinement

of particle identification algorithms.

The possibility of determining the sign of charged par-

ticles in a LArTPC has not been explored, but would

be a powerful tool if it is demonstrated. Even in the

absence of a magnetic field, it may be possible to statis-

tically separate positively and negatively charged muons

based on topological differences between muon capture

and muon decay: positively charged muons always de-

cay, while negatively charged muons capture 75% of the

time and decay only 25% of the time. LArIAT will make

a systematic study of capture in argon and LArTPC sign-

selection capabilities.

The first phase of LArIAT will also be dedicated to

small-scale R&D. As described in § VIIG PMT-based

light collection system installed in the cryostat, viewing

the active volume through the wire planes, aims to use

methods adopted from dark matter searches to augment

the calorimetric reconstruction and particle identification

in neutrino experiments. One goal is to test the use of

pulse shape discrimination as a possibility for improving

Modified ArgoNeuT Cryostat



LAr1 + LAr1-ND
• Coupling a 1-kiloton “far detector” (LAr1) with existing MicroBooNE 

experiment would create fantastic short-baseline neutrino program at Fermilab.
• First phase is to install “near detector” (LAr1-ND) in vacant SciBooNE enclosure.  

Active volume of ~75 tons.
• Leverage LBNE design work; provide beam test of the hardware. 

20

LAr1-ND White Paper / 28

Figure 15: Top view schematic drawing of the LAr1-ND detector concept. A membrane cryostat

construction is built to fill the existing enclosure. 0.5 m of foam insulation surrounds the corrugated

steel membrane. The neutrino beam enters from the bottom in this graphic.

Figure 16: This rendering shows a partially assembled APA for the LAr1-ND TPC with 18 photon

detector modules. The APA is a smaller version of the LBNE APA design: 2.3m(W) × 4.5m(H).

Refs:
1.) LAr1-ND: Testing Neutrino Anomalies with Multiple LArTPC Detectors at Fermilab, C. Adams et al., arXiv:1309.7987

LAr1 Proposal (In Preparation)  

!  LAr1 is a proposal for a neutrino 
oscillation experiment on the 
booster neutrino beam 
•  Multiple LArTPCs to address the 

anti-neutrino short baseline 
anomalies and provide development 
input for very large LArTPC 
detectors for long baseline 
oscillation physics 

•  LAr1-ND at 100 m 
•  MicroBooNE at 470 m 
•  LAr1-FD at 700 m 

!  Design of LAr1 detector relies 
heavily on and is the evolution of 
many years of generic detector 
R&D and work done on 
MicroBooNE and LBNE 

5/11/13 H. Chen - ANT 2013 22 

Conceptual design of LAr1-FD TPC inside the cryostat LAr1-ND in SciBooNE Building LAr1



LBNE
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• All of this technology development culminates in the multi-kiloton LBNE far-detector, which 
will use a LArTPC to search for CP violation, proton decay, supernova neutrinos, etc...

• Detector will be located underground at 4850 ft. level in the Sanford Underground Research 
Facility (SURF), in the path of an intense beam originating at Fermilab.

Refs:
1.) Scientific Opportunities with the Long-Baseline Neutrino Experiement, C. Adams et al., hep-ex/1307.7335

Cryostat Volume 9400 tons (x2 = 18600 tons) 

TPC Volume (l x w x h) 5000 tons (x2 = 10000 tons)

# Electronic Channels ~150k/cryostat (x2 = ~300k) 

Electronics Style (Temp.) CMOS (87 K)

Wire Pitch ~5 mm

Max. Drift Length (Time) 2.3m (1.4ms)

Light Collection Acrylic bars with TPB



LBNE
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•Two separate membrane cryostats each with 9.4 kiloton volume.
•TPC is formed by alternating rows of cathode (CPAs) and anode (APAs)

assemblies that are hung from the ceiling of the cryostat.
Chapter 3: Overview of the LBNE Project and Design 3–53

Figure 3–15: View of the Far Detector showing the building, overburden and access regions
(left). 3D view of the detector showing the two modules and the orientation with the neutrino
beam (right).

gas (LNG) industry. With similar requirements and geometries, adaptation of industrial LNG
cryostat design provides a high-performance, extensively tested approach to the challange of
the construction of large vessels for the containment of liquid argon for LBNE. The cryostats
in large LNG tanker ships are constructed using thick foam insulation and a thin (1–2 mm)
stainless steel inner membrane, supported by the hull. This construction gives a completely
passive cryostat with only stainless steel as the wetted surface, making it ideal for liquid
argon detectors where high purity is essential.

The cryogenics systems consist of three 55 kW liquid nitrogen liquefaction plants, a liquid
argon receiving station, a liquid argon circulation system with liquid purifiers, and a liquid
argon re-condensing system with gas purifiers. All the cryogenics systems are similar to
large-scale systems found in industry applications.

The LBNE TPC (see Figure 3–16) consists of 4 rows of cathode plane assemblies (CPA’s)
interspersed with three rows of anode plane assemblies (APA’s) with readout electronics
mounted directly on the APA frames. These elements run the length of a cryostat module,
save for space at one end allocated for cryogenics systems. A field cage to shape the electric
field covers the top, bottom, and ends of the detector. For the surface detector, the CPA-
APA spacing is 2.3 meters, and the cathode planes will be operated at −114 kV, establishing
a drift field of 500 V/cm and a corresponding maximum drift time of 1.4 ms.

The APA’s and CPA’s are designed in a modular fashion as illustrated in Figure 3–16. Each
APA/CPA is constructed with a channel frame 2.5 m long and 7 m high; these dimensions
are chosen for ease of transportation to the detector site and installation within the cryostat.
During installation two APAs are connected end-to-end to form a 14-m tall 2.5-m long unit,

Scientific Opportunities with LBNE
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Analog ASIC + cold cable + intermediate amplifier + ADC 
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LBNE
•APAs are formed by wrapping angled wires around perimeter of 

frame.  This allows readout all to come off the ends of the assembly, 
and helps to control the channel count.

•Light detection systems could be placed inside the APAs, 
minimizing their impact on active volume of LAr.
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Building TPCs

• MicroBooNE TPC is built and wires attached - 2.5 m x 2.5 m x 10 m

• Lots of valuable experience gained in this process - understanding how to 
work with various materials, tolerances on things like the flatness of the 
cathode plane

• LBNE TPC has a different design - hanging planes for cathodes and anodes

Prototype APA at University of Wisconsin 
Physical Sciences Laboratory APA Design



Software
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• Extracting physics results from LArTPC data presents its own challenges that 
must be overcome and will require significant effort.

• Developing generators, simulation, reconstruction, etc... that fully encapsulate 
neutrino interactions in a LArTPC is a challenge that (in my opinion) rivals the 
hardware development.  Deserves more attention than I’m giving it here.

• LArSoft framework is an attempt to share effort amongst experiments by 
developing common language and tools for analyzing LArTPCs.

Refs:
1.) https://cdcvs.fnal.gov/redmine/projects/larsoftsvn/wiki

https://cdcvs.fnal.gov/redmine/projects/larsoftsvn/wiki
https://cdcvs.fnal.gov/redmine/projects/larsoftsvn/wiki


Conclusions

•LArTPCs are powerful detectors for studying neutrinos.

•Tremendous progress in recent years in U.S. efforts to develop this 
technology.  Growing interest, which is good since there is lots of work 
to be done.

•My apologies to activities I didn’t have time to cover at all (Materials 
Test Stand, CAPTAIN, Light-Collection R&D, Long-Bo in 
LAPD, ...others).

•Next few years should be very exciting as experiments come online, 
and as development of kiloton-scale experiments continues.  

25



 

Back-Up Slides

26



ArgoNeuT: Physics

27

2 45. Neutrino Cross Section Measurements
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Figure 45.1: Measurements of νµ and νµ CC inclusive scattering cross sections
divided by neutrino energy as a function of neutrino energy. Note the transition
between logarithmic and linear scales occurring at 100 GeV. Neutrino-nucleon cross
sections are typically twice as large as the corresponding antineutrino cross sections,
though this difference can be larger at lower energies. NC cross sections (not shown)
are generally smaller (but non-negligible) compared to their CC counterparts.

45.2. Quasi-elastic scattering

Historically, neutrino (or antineutrino) quasi-elastic scattering refers to the processes,
νµ n → µ− p and νµ p → µ+ n, where a charged lepton and single nucleon are ejected
in the elastic interaction of a neutrino (or antineutrino) with a nucleon in the target
material. This is the final state one would strictly observe, for example, in scattering
off of a free nucleon target. QE scattering is important as it is the dominant neutrino
interaction at energies less than about 1 GeV and is a large signal sample in many
neutrino oscillation experiments.

Fig. 45.2 displays the current status of existing measurements of νµ and νµ QE
scattering cross sections as a function of neutrino energy. In this plot, and all others in
this review, the prediction from a representative neutrino event generator (NUANCE) [7]
provides a theoretical comparator. Other generators and more sophisticated calculations
exist which can give different predictions [8].

In many of these initial measurements of the neutrino QE cross section, bubble
chamber experiments typically employed light targets (H2 or D2) and required both the
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The composition of the selected signal samples in both
distributions is predicted to be 95% pure.

After subtracting the expected 18 event background
contribution, the selected θµ and Pµ distributions are effi-
ciency corrected on a bin-by-bin basis according to Eq. 1.5

A νµ CC event that originates in the ArgoNeuT fiducial
volume enters the signal sample after ArgoNeuT-MINOS
reconstruction, track matching, and selection 57.6% of
the time in the θµ measurement range and 49.5% in
the Pµ range. These values receive contributions from10

muon acceptance between ArgoNeuT and MINOS, ver-
tex reconstruction inefficiencies in ArgoNeuT, track re-
construction inefficiencies in both detectors, and selection
efficiency. Inefficiencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active15

region of MINOS. The poor acceptance of θµ> 36◦ muons
accords the Pµ sample with a lower detection efficiency
than that of the θµ sample.

The flux-integrated differential cross sections in θµ and
Pµ from νµ CC events on an argon target are shown in20

Figs. 2 and 3, respectively, and are tabulated in Tables II
and III. The data and GENIE expectation agree well
across most of the measurement ranges. More data are
needed to confirm the apparent discrepancies at low an-
gles and momenta. The cross sections correspond to the25

neutrino flux in Table IV; the energy-integrated flux from
0-50 GeV is (2.91±0.46)×105 ν/m2/109 POT.

The data were taken in neutrino-mode, with the down-
stream end of the target placed 10 cm from the neck of
the first focusing horn, a horn current of 185 kA, and the30

polarity set to focus positively charged mesons [1]. For
the 3-50 GeV NuMI neutrino energy range, the MINOS
flux prediction utilizes a low hadronic energy transfer (ν)
subset of neutrino events to estimate the shape of the
neutrino energy spectrum. As the differential cross sec-35

tion (dσdν ) is independent of neutrino energy in the limit
of ν → 0, the shape is predicted simply based on the
number of events at low-ν in bins of neutrino energy.
The flux shape is then normalized to the 1% precision
world average cross section measured from 30-50 GeV.40

The “low-ν” method is described in detail in Ref. [1].
For the 0-3 GeV range, the flux prediction is determined
using a Monte Carlo simulation of the NuMI beamline
and is independent of MINOS near detector data and
neutrino cross section assumptions.45

The uncertainties in the differential cross section mea-
surements are statistics-limited as shown in Figs. 2 and
3. However, systematic uncertainties due to knowledge
of the flux as well as measurement resolution contribute
significantly. The 15.7% uncertainty on the energy-50

integrated flux leads the systematic error contributions.
The uncertainties associated with measurement resolu-
tion are determined by recalculating the differential cross
sections after adjusting the measured θµ and Pµ by ±1σ,
where σ comes from the reconstructed variable’s resolu-55

tion as determined by simulation and reconstruction in
each measurement bin. The muon angular resolution over
the majority of the measurement range is 1-1.5◦ and the

momentum resolution is 5-10%. The uncertainty is con-
servatively set equal to the largest deviation from the cen-60

tral value, due to either the plus or minus 1σ adjustment
and the resulting bin weight redistribution. Other possi-
ble sources of systematic uncertainty have been found to
be negligible.
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FIG. 2: The νµ CC differential cross section (per argon nu-
cleus) in muon angle.
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FIG. 3: The νµ CC differential cross section (per argon nu-
cleus) in muon momentum.

Differential cross sections on an isoscalar target are65

useful for a simple comparison of these results to other
measurements on different nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated νµ CC interaction based on its70

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon differential cross
section measurement bin in order to obtain the differen-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-75
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Refs:
1.) First Measurements of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon, C. Anderson et al.,  PRL 108 (2012) 161802, arXiv:1111.0103
2.) Neutrino cross section measurements, J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012)
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ArgoNeuT

•First Results: Using 2 weeks of neutrino-mode data (8.5×1018 POT), 
the differential cross-section for inclusive charged-current muon 
neutrino production was measured.
•Analysis Selection:

‣Track originating within ArgoNeuT fiducial region.
‣Match to corresponding track in MINOS near detector.
‣MINOS track is negatively charged.
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The ArgoNeuT collaboration presents the first measurements of inclusive muon neutrino charged

current differential cross sections on argon. Obtained in the NuMI neutrino beamline at Fermilab,

the results are reported in terms of outgoing muon angle and momentum. The data are consistent

with the Monte Carlo expectation across the full range of kinematics sampled, 0
◦< θµ< 36

◦
and

0< Pµ< 25 GeV/c. Along with confirming the viability of liquid argon time projection chamber

technology for neutrino detection, the measurements allow tests of low energy neutrino scatter-

ing models important for interpreting results from long baseline neutrino oscillation experiments

designed to investigate CP violation and the orientation of the neutrino mass hierarchy.

Precision neutrino cross section measurements are re-
quired in order to fully characterize the properties of
the neutrino-nucleus interaction and are important for
the reduction of systematic uncertainties in long base-20

line neutrino oscillation experiments sensitive to non-
zero θ13, CP-violation in the lepton sector, and the ori-
entation of the neutrino mass hierarchy. The inclusive
muon neutrino charged current (νµ CC) interaction can
be considered a “standard candle” for characterizing the25

composition of a neutrino beam as event identification
is insensitive to the complicating effects of intra-nuclear
effects and experiment-specific exclusive channel defini-
tions. As such, CC-inclusive samples remain free from
significant background contamination, regardless of the30

experimental configuration. Despite the preponderance
of total cross section results, most recently in Refs. [1–
3], differential cross section measurements as a function
of outgoing particle properties are sparse. Such mea-
surements are necessary for obtaining a complete kine-35

matic description of neutrino-nucleus scattering. This
letter presents νµ CC differential cross sections as mea-
sured with ArgoNeuT (Argon Neutrino Test) in a neu-
trino/muon kinematic range relevant for MINOS [4],
T2K [5], NOvA [6], and LBNE [7]. The total νµ CC40

cross section at �Eν� = 4.3 GeV is also reported.

ArgoNeuT is the first liquid argon time projection
chamber (LArTPC) [8] to take data in a low energy neu-
trino beam, and the second at any energy [9]. ArgoNeuT
collected neutrino and anti-neutrino events in Fermilab’s45

NuMI beamline [10] at the MINOS near detector (hence-
forth referred to as “MINOS) hall from September 2009

to February 2010. Along with performing timely and
relevant physics, the ArgoNeuT experiment represents
an important development step towards the realization50

of a kiloton-scale precision LArTPC-based detector to
be used for understanding accelerator- and atmospheric-
based neutrino oscillations, proton decay, and supernova
burst/diffuse neutrinos.
ArgoNeuT employs a set of two wire planes at the edge55

of a 175 liter TPC in order to detect neutrino-induced
particle tracks. An electric field imposed in the liquid
argon volume of the TPC allows the ionization trails cre-
ated by charged particles to be drifted toward the sensing
wire planes. The ionization induces a current on the in-60

ner “induction” wire plane as it approaches and recedes
and is subsequently collected on the outer “collection”
wire plane. The signal information from the wire planes,
oriented with respect to one another at an angle of 60◦,
combined with timing provide a three dimensional pic-65

ture of the neutrino event with complete calorimetric in-
formation [11]. Table I summarizes the most important
detector properties. Figure 1 depicts a νµ CC candidate
event collected in the 47 × 40 × 90 cm3 (drift × vertical
× beam coordinate) ArgoNeuT TPC.70

The differential cross section in terms of a measured
variable u in bin i is given by

∂σ(ui)

∂u
=

Nmeasured,i −Nbackground,i

∆ui �i Ntarg Φ
, (1)

where Nmeasured,i represents the number of signal
and background events passing analysis selection,
Nbackground,i is the number of expected background


