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In the beginning…
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Nov. 13, 1970 Argonne ZGS 12-foot bubble chamber
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Neutrino Detectors
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Enter the LArTPC…
• 1950s - Liquid argon ionization 

chambers were in use 

• 1968 - Alvarez proposed using 
liquid noble gas devices for particle 
physics 

• 1970s - Liquid noble calorimeters 
were in use 

• 1977 - Carlo Rubbia proposed 
using Liquid Argon Time Projection 
chamber for detecting neutrinos 
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ICARUS
• 1985 - Proposal for ICARUS T600 

in Gran Sasso, starting the 
ICARUS R&D program 

• This program addressed many 
of the technical challenges of 
developing LAr TPCs as viable 
neutrino detectors 

• 2010-2012 - The T600 took data 
from the CNGS beam  

• 2014+ - T600 is at CERN for 
refurbishment before it is moved 
to Fermilab as part of the Short 
Baseline Neutrino (SBN) program 5
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The US Program
Building upon the ICARUS program a rich R&D and physics 
program based around LArTPCs has blossomed 
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How Does a TPC Work? 
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Three different samples of data were used for
the vd measurements: (1) single, long minimum
ionizing tracks crossing the volume from anode to
cathode or vice versa, (2) large shower events
extending over the whole drift region, and (3)
signals from the purity monitors. In all three cases
the drift velocity was extracted from the ratio of
the cathode–anode distance and the measured
electron drift time: vd ¼ lCA=tCA:

For the two first data samples (single tracks and
showers) lCA is the maximum drift distance for
cooled detector conditions ð1482 mmÞ: The drift
time tCA is obtained using the recorded signal
waveforms from the two wires corresponding to
the entry point and to the exit point of the tracks.
In the purity monitor sample, lCA is the distance
between the anode and cathode grids ð160 mmÞ
and tCA is the measured drift time of the electron
bunch between the two grids.

The measured values of the electron drift
velocity from the three data samples at different
electric fields ðj~EE jÞ are reported in Table 1. These
values corrected for temperature are consistent

with data previously measured by using smaller
detector prototypes [6,7]. For the minimum ioniz-
ing tracks and shower events, the error on the
determination of the drift velocity due to the
dispersion of the measurements includes (1) the
precision on the knowledge of the cathode–anode
distance, that can locally vary because of the non-
perfect planarity of the cathode (less than 5 mm),
and (2) by the small gradients of temperature
inside the LAr volume.

The compilation of the results for drift velocities
at low (purity monitors) and high electric fields is
presented in Fig. 6 (points) together with the result
of a 5-parameter polynomial fit to the data (solid
line). The polynomial function describes very well
the behavior of vd over the whole range of electric
fields. For comparison, the prediction from the
empirical function proposed in Ref. [8], calculated
at the nominal temperature of 89 K; is also shown
(dashed line). The two results are in good
agreement.

ARTICLE IN PRESS

Table 1
Measured values of the drift velocity ðvdÞ for different electric
field strengths ðj~EE jÞ at T ¼ 89 K from physical events and
purity monitor data samples

j~EE j vd Event type
(kV/cm) ðmm=msÞ

Imaging sample
0.304 1:16970:003 Tracks
0.405 1:38570:005 Tracks
0.506 1:55170:015 Tracks

1:5670:02 Shower
0.607 1:68270:012 Tracks

1:6870:02 Shower
0.708 1:79270:025 Tracks

1:7870:03 Shower
0.810 1:89370:025 Tracks
0.911 1:96470:006 Tracks
1.012 2:05770:011 Tracks

2:0370:03 Shower

Purity monitor sample
0.056 0:28970:002
0.075 0:38170:006
0.1 0:49970:010
0.15 0:69470:008
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Fig. 6. Electron drift velocity in LAr as a function of the
electric field, as measured in the ICARUS T600 half-module.
Data from purity monitor measurements (open circles), from
crossing single muon tracks (full circles) and from shower data
(squares). The result of the P5-polynomial fit through all points
(solid line) together with the analytical prediction from Ref. [8]
assuming T ¼ 89 K (dashed line) are also shown.

S. Amoruso et al. / Nuclear Instruments and Methods in Physics Research A 516 (2004) 68–79 75

High Voltage 
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High Voltage Breakdowns In LAr
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Cathode (-100 kV)
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Breakdown
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Protection Methods
Effectively halts breakdowns 
at field strengths >3x these

Protects sensitive elements  
from over-voltage
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How Does a TPC Work? 
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How Does a TPC Work? 
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Ar

How Does Argon Scintillation Work?
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High Voltage: Charge Vs. Light
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High Voltage: Charge Vs. Light
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FIG. 2. Variation of relative luminescence intensity L and collected charge Q in liquid argon, krypton, and xenon vs applied-
electric-field strength for 0.976- and 1.05-MeV electrons.

tensity decreases were 64% at 6 kV/cm for liquid ar-
gon and 60 and 70% at 4 kV/cm for liquid krypton
and for liquid xenon, respectively, relative to the in-
tensities without an electric field. Reproducible
results were obtained for different experimental runs.
No photons were detected without POPOP.
Here it is interesting to compare the slopes of the

luminescence intensity and collected charge for F. & 3
kV/cm shown in Fig. 2. The slopes for liquid xenon
are steeper than those for liquid argon. This fact
suggests that electrons are more easily separated from
the positive ions in liquid xenon. This is mainly due
to the smaller recombination cross section and partly
dut to the larger electron mobility in liquid xenon
compared with those in liquid argon. A detailed
study of the saturation curves will be published else-

Figure 2 shows that 92% of the produced charge
for liquid argon, 94% of that for liquid krypton, and
96'/o of that for liquid xenon were collected at 4
kV/cm. This confirms that the decay characteristics
at such a high field can be attributed to the self-
trapped exciton luminescence.
The luminescence intensity can be divided into two

constituents L,„and L„where L,„ is the lumines-
cence intensity due to the self-trapped exciton
luminescence and L, is due to the recombination
luminescence. Under the condition of complete
charge collection, L, is zero. The values of
L„/(L,„+L„)can be obtained from Fig. 2 by the
same method as described in I and they are shown in
Table II.
Figure 3 sho~s typical decay curves with and

without applied electric fields for liquid argon. They

TABLE II. Measured L,/(L, „+L,), calculated Rc and L,
and the true range Ro of 1-Me& electrons.

Liquids L,/(L, „+L,) Rc( L (A) R,(cm)

Argon
Krypton
Xenon

0.64
0.67
0.71

1100
780
400

1400
700
440

0.58
0.34
0.28

are plotted so that the ratio of total counts for the
two curves are equal to the ratio (L,„+L,)/L, „. It
can be seen that the decay curve with an applied elec-
tric field is similar to the decay curve without an ap-
plied electric field. The decay curve for recombina-
tion luminescence obtained as the difference of the
two decay curves is also shown in Fig. 3. This decay
curve shows almost two exponential components and
the decay times of the fast and the slow components
are 6.3 and 940 ns, respectively. " These values are
nearly equal to those for self-trapped exciton
luminescence (see Table I). This fact suggests that
the recombination time is significantly short com-
pared with the decay times for the excited molecular
states and that two excited molecular states ('X„+ and
3X+) are also produced through the recombination of
free electrons and positive ions.
Figures 4 and 5 show the decays for the recombi-

nation luminescence for liquid krypton and for liquid
xenon, respectively, which were obtained by the
same method as for liquid argon. As a reference, we
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How Does a TPC Work? 
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Liquid Argon Time Projection Chambers
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Liquid Argon Time Projection Chambers
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Why Argon?

• Argon is transparent to drifting electrons and its own scintillation light 
• Impurities in the argon can capture electrons and quench 

scintillation light, originally these argon purity was viewed as the 
largest technical challenge of LAr TPCs

22

Courtesy of !
M. Soderberg Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120 165 373

Density [g/cm 0.125 1.2 1.4 2.4 3 1

Radiation Length [cm] 755.2 24 14 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3 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
Approx. Cost [$/kg] 52 330 5 330 1200
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Purity and Drifting Electrons
When electronegative contaminants are 
introduced to the liquid they can capture 
drifting electrons, reducing their number 
exponentially in time

23
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Argon Purity
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Purity and Scintillation Light
• Harder to remove from argon is 

nitrogen, which does not affect the 
drifting electrons 
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Physics Enabled by LArTPCs 
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Phys. Rev. D 90, 012008 (2014)

Phys.Rev.Lett. 110 (2013) 161801
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• Investigating Short Baseline 
Anomalies 

• Careful measurements of ν-Ar cross 
sections  
• With full characterization of the 

vertex  
• Supernova Neutrinos 

• Proton decay (pgKμv)̅ 

• Searches for long baseline 
oscillations (mass hierarchy and CP 
Violation)
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Phys.Rev.Lett. 110 (2013) 161801

Anne Will Cover This Next Session

Alex Will Cover This Next Session
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Next Steps For LArTPCs 
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Magnetized 
LArTPC Cherenkov Light 

Detection

Single Phase, Pad Readout 

Dual Phase, LEM Readout 

New Readout 
Methods 

New J.Phys. 7 (2005) 63

NIM A516 (2004) 348-363
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Conclusions
• With a totally electronic readout and bubble 

chamber quality resolution the liquid argon TPC 
allows for precision neutrino physics  

• Many of the technical challenges that we faced in 
past decades have been addressed  

• These detectors are allowing us to start 
investigating details of nature that have so far 
escaped our understanding 

There is a bright future ahead of us as we push to 
improve these detectors! 
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Thank you!
JINST 9 (2014) 11, P11022
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Two Phase

32
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Nuclear Effects

• While water and scintillator have free protons in the form of 
bound hydrogen atoms argon does not 

• As baryons from neutrino interactions traverse the nuclear 
medium they can interact with the rest of the nucleus

33
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Measuring Nuclear Effects
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Phys. Rev. D 90, 012008 (2014)

Results from ArgoNeuT

Proton

Proton

Muon

Nuclear Effects

Charged Current Quasi-elastic Classification Based on Topology

Topological characterization of the events: Count (PId) and 
reconstruct protons at the neutrino interaction vertex* !

(low proton energy threshold)!
Analysis fully exploiting LAr TPC’s capabilities !

4

*The%muon+Np%sample%can%also%contain%
neutrons.%The%presence%of%neutrons%in%the%
events%cannot%be%measured,%since%
ArgoNeuT%volume%is%too%small%to%have%
signicant%chances%for%n%to%convert%into%
protons%in%the%LAr%volume%before%escaping.%
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ArgoNeuT νµ CC 0 pion topological analysis

Topological characterization of the events: Count (PId) and 
reconstruct protons at the neutrino interaction vertex !

(low proton energy threshold) !
Analysis fully exploiting LAr TPC’s capabilities !
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ArgoNeuT νµ CC 0 pion topological analysis

Topological characterization of the events: Count (PId) and 
reconstruct protons at the neutrino interaction vertex !

(low proton energy threshold) !
Analysis fully exploiting LAr TPC’s capabilities !

6

ArgoNeuT νµ CC 0 pion topological analysis

!+2p

" interaction vertexν beam!

2D views from the two wire planes

Multi-p accompanying 
the leading muon



J. Zennamo, UChicago

Laser Calibration
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How Does a TPC Work? 
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Space Charge in Surface Detectors
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Laser Calibration
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JINST 9 (2014) 11, P11010

Muon Track 
(pre-calibration)

Laser Track 
(pre-calibration)

Calibration Curve

Laser Track 
(post-calibration)

Muon Track 
(post-calibration)


