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WHY AN ARGON TPC? 2

Fine-grained, 3D images of neutrino interactions. 
Particle identification based on dE/dx. 
Close to full acceptance.



WHY A GASEOUS ARGON TPC?

• The lower density of gaseous argon (85 times less 
dense, for 10 bar pressure) results in 
• less multiple scattering and hence better momentum 

resolution; 
• lower detection thresholds and thus higher 

sensitivity to soft hadrons produced in neutrino 
interactions. 

• Might be the only feasible argon near detector if pile-
up or magnetisation result too challenging for LAr. 
• See James’s talk for details on how those issues are 

being addressed.
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Nuclear E↵ects in Neutrino Experiments 19

Figure 2.6: Plots the predicted range of protons in the drift gas of the ND280 TPCs as
a function of kinetic energy (left) and momentum (right), from particle gun
simulation. Limits are drawn on to show the anticipated minimum track length
for successful reconstruction, showing that in this medium there is the potential
to reconstruct protons with as little kinetic energy as 0.4 MeV.

simulation packages use di↵erent physics models, as detailed in Section 4.2.2. Figure

2.7 shows that these di↵erences lead to large discrepancies between the two generators

when it comes to the number and momentum of protons emerging from the neutrino

interaction.

Figure 2.7: Plots showing the predictions from NEUT and GENIE for the momentum (left)
and multiplicity (right) of protons leaving the target nucleus for charged-current
⌫µ interactions on Ar in the T2K beam. Of particular interest are the model
disagreements at high multiplicity and low momentum. The momentum distribu-
tions are annotated to show how the extra sensitivity of a gas detector covers the
region of maximum tension between the two generators.

Pip Hamilton’s PhD Thesis, “A study of neutrino interactions in argon gas”



WHY A GASEOUS ARGON TPC?

• Nuclear effects seen as largest uncertainty in cross 
sections: 
• ISI 
• FSI 
• 2p2h 
• Etc. 

• Uncertainties in cross sections affect 
• neutrino energy reconstruction; 
• background estimations; 
• near-far acceptance corrections.
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Table 3. Characteristics and performance of some TPCs.

Parameter/Experiment PEP4 TRIUMF TOPAZ AlEPH DELPHI STAR ALICEa

Operation 1982/1984 1982/1983 1987 1989 1989 2000 2009
Inner/Outer radius (m) 0.2/1.0 ∼ 0.15/0.50 0.38/1.1 0.35/1.8 0.35/1.4 0.5/2.0 0.85/2.5
Max. driftlength (L/2) (m) 1 0.34 1.1 2.2 1.34 2.1 2.5
Magnetic field (T) 0.4/1.325 0.9 1 1.5 1.23 0.25/0.5 0.5
Gas : Ar/CH4 Ar/CH4 Ar/CH4 Ar/CH4 Ar/CH4 Ar/CH4 Ne /CO2/ N2

Mixture 80/20 80/20 90/10 91/9 80/20 90/10 90/ 10/ 5
Pressure (atm) 8.5 1 3.5 1 1 1 1

Drift field (kV cm−1 atm−1) 0.088 0.25 0.1 0.11 0.15 0.14 0.4
Electron drift velocity (cm µs−1) 5 7 5.3 5 6.69 5.45 2.7
ωτ (see section 2.2.1.3) 0.2/0.7 2 1.5 7 5 1.15/2.3 <1
Pads: Size w × L (mm × mm) 7.5 × 7.5 (5.3–6.4) × 19 (9–11) × 12 6.2 × 30 ∼7 × 7 2.85 × 11.5 4 × 7.5

6.2 × 19.5 6 × 10/15
Max. no. 3D points 15—straight 12 10—linear 9 + 12—circular 16—circular 13 + 32—straight 63 + 64 + 32
dE/dx: Max. no. samples/track 183 12 175 148 + 196 192 13 + 32 63 + 64 + 32
Sample size (mm atm); w or p 4 × 8.5; wires 6.35; wires 4 × 3.5; wires 4; wires 4; wires 11.5 + 19.5; pads 7.5 + 10 + 15; pads
Gas amplification 1000 50 000 3000–5000 5000 3000/1100 20 000
Gap a–p; a–c; c–gateb 4; 4; 8 6 4; 4; 8 4; 4; 6 4; 4; 6 2; 2; 6/4; 4 ; 6 2; 2; 3/3; 3; 3
Pitch a–a; cathode; gate 4; 1; 1 4; 1; 1 4; 1; 2 4; 1; 1 4; 1; 1/ 4; 1; 1 2.5; 2.5; 1.5
Pulse sampling (MHz/no. samples) 10/455, CCD only 1 digitiz., ADC 10/ 455, CCD 11/ 512, FADC 14/300, FADC 9.6/400 5–10/500–1000, ADC
Gatingc !1984 o.on tr. !1983 o.on tr. o. on tr. synchr. cl.wo.tr static o.on tr. o.on tr.
Pads, total number 15 000 7800 8200 41 000 20 000 137 000 560 000

Performance
#xT (µm)-best/typ. 130–200 200/ 185/230 170/200–450 180/190–280 300–600 spec:800–1100
#xL (µm)-best/typ. 160–260 3000 335/900 500–1700 900 500–1200 spec:1100–1250
Two-track separation (mm), T/L 20 25 15 15 8 - 13/30
∂p/p2 (GeV/c) −1 : TPC alone; high p 0.0065 0.015 0.0012 0.005 0.006 spec:0.005
dE/dx (%) Single tracks/ in jets 2.7/4.0 4.4 / 4.4 / 5.7/7.4 7.4/7.6 spec:4.9/6.8
Comments a in single PCs chevron pads circular pad rows circular pad rows No field wires No field wires

strong E × B effect >3000 tracks "20 000 tracks

a Expected performance.
b a = anode, p = pads, c = cathode grid.
c o. on tr.: gate opens on trigger; cl.wo.tr. : opens before collision and closes without trigger; static : closed for ions only (see text).
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Figure 26. PID from ionization measurements (dE/dx) in the PEP4
TPC. (Reprinted with permission from [15]. Copyright 2008, The
Regents of the University of California.)

calculated straggling functions for different sample lengths x
in argon. As these distributions are normalized to x, the mean
loss ⟨!/x⟩ is the same, but the most probable loss changes.
This means that straggling functions cannot be scaled with
a single parameter (e.g. Imp). It turns out, however, that a
2-parameter scaling is adequate [77].

The quality of PID is determined by the separation power
D with

D = (IA − IB)/[σ (IA) + σ (IB)]/2, (3.5)

i.e. the separation of particle types A and B expressed in num-
ber of standard deviations. For the PEP4 TPC, the best K- π
separation obtained was about 3σ (Iπ ) with σ (Iπ )/Iπ = 3.0%
for minimum ionizing pions [64]. Figure 30 shows for a
number of gas mixtures the measured separation power at
15 GeV/c, obtained from the lowest 40% pulse heights from
64 samples of 4 cm length [78]. The relativistic rise at 1 atm is
highest for noble gases, around 1.6–1.7 with respect to the min-
imum dE/dx. The low-Z molecular gases show better resolu-
tion σ (I ) but have a lower relativistic rise. There is no ‘magic
gas’ with outstanding PID properties in all respects, although
there are significant differences. For the choice of gas in a par-
ticular experiment, other characteristics such as diffusion, drift
velocity and radiation length will enter, in addition to PID.

For rough estimates of the relative truncated mean
resolution σ (I )/I as a function of pressure p, sample size d
and number N of samples in mixtures of Ar with 10–20% CH4

the following relation has been derived from the PAI model for
pure argon [75]:

σ (I )/I = 0.41(pd)−0.32N−0.46 = 0.41(pL)−0.32N−0.14,

(3.6)

where L is the total length over which I is measured. To allow
comparison of different gases, an extension was proposed:

σ (I )/I = 0.345(Apd)−0.32N−0.46,

with A = 6.83νpD/(β2I ), (3.7)

where ν is the mean number of electrons per molecule. For
He, Ne, Ar, Kr and Xe, A = 0.32, 0.50, 0.62, 0.65 and 0.70,
respectively. Values obtained from these theoretical relations
based on a likelihood treatment were intended as a guide only
to estimate best possible resolutions. Based on experimental
results, it has been argued that below a sample size of about
5 cm atm in argon the gain in resolution is negligible [79].
More recent studies, however, indicate that sampling down
to 0.5 cm atm still improves the accuracy [80].

Table 4 gives an overview of the PID performance of some
TPCs. Included are also the jet chamber of OPAL at LEP and
two big detectors, the EPI and ISIS2, which were dedicated to
dE/dx measurements with only restricted tracking capability.
The best measured values for σ (I ) are compared with the ideal
resolution obtained from the relations cited above, assuming
the maximum number Nmax of samples can be used. The last
row shows the calculated resolution for the case that only 70%
of Nmax samples are useful, which is closer to reality in most
cases. The measured values are very close to these theoretical
numbers. For PEP4 and EPI, the best values are obtained for
very clean tracks, where the assumption of Nmax contributing
samples is reasonable.

4. Particularities of some TPCs

4.1. Global aspects

Many TPCs have been constructed. They may be grouped
crudely according to the type of experiments they were or are
part of.

(a) Electron/positron storage rings: PEP4, TOPAZ, ALEPH
and DELPHI.
These experiments demanded large TPCs but had to
handle only low rates of events with multiplicities of
2–30 charged tracks. Their designs are similar. PEP4
and TOPAZ were pressurized to maximize PID. ALEPH,
the largest of these four TPCs, with the longest drift
length (2.2 m) of all TPCs up to now and DELPHI put
emphasis on momentum resolution, pattern recognition
and reduced material in front of other components and
chose operation at 1 atm. The size of the DELPHI TPC had
to be reduced because of the addition of a RICH for more
powerful PID. Both ALEPH and DELPHI used circular
pad rows to improve spatial resolution. ALEPH chose
longer pads for better momentum resolution at the highest
energies, DELPHI preferred shorter pads for better two-
track separation of lower momentum particles.
A reconstructed event from the PEP4 TPC is shown in
figure 31.

(b) Heavy ions: fixed-target and collider experiments.
Medium-sized and large TPCs have been used in a number
of fixed-target experiments: EOS/HISS at the BEVALEC,
the BNL 810 TPC at Brookhaven and NA35, NA36 and
NA49 at CERN. A very large TPC is operating for STAR
at Brookhaven and an even larger one, ALICE, is ready for
data taking at the LHC at CERN. All these TPCs have to
handle high particle multiplicities up to several thousand
per event in STAR and even more in ALICE. They use(d)
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PROS AND CONS

+ Target = detector 

+ 3D track reconstruction 

+ High-resolution momentum measurement 

+ Excellent PID capabilities 

+ Low detection thresholds 

+ Almost full acceptance 

+ Possibility to use different gases/targets 

– Low mass (requires high pressure and large volume) 

– Slow detector (all interactions in a spill integrated in a drift window)
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TARGET MASS & GAS PRESSURE

• FGT contains 112 kg of argon (passive targets) and 377 kg of 
calcium. 
• Expected statistics: O(1M) CC events in neutrino mode per 

year; O(0.3M) CC events in antineutrino mode. 

• To provide similar statistics (assuming a ~50% passive/active 
volume ratio), 1 tonne of argon needed for GArTPC: 
• 5 bar, 300 K: 125 m3  
• 10 bar, 300 K: 62 m3 
• 15 bar, 300 K: 41 m3 

• Vessel dimensions for 10 bar match approximately those of 
the FGT’s straw-tube tracker, and that pressure seems also 
more manageable for charge readout.
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PRESSURE VESSEL

• Titanium alloy UNS-R56323 
• Wall thickness: barrel, 9 mm (0.25X0); endcaps, 

17 mm (0.5X0). 
• Mass: ~13 tonnes. 5 bar, 300 K: 125 m3  

• Stainless steel 304L 
• Wall thickness: barrel, 15 mm (1X0); endcaps, 27 

mm (2X0). 
• Mass: ~20 tonnes.

14

Calculations by S. Cárcel (IFIC, Valencia) following 
ASME code and assuming torispherical endcaps.
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THE ELECTROMAGNETIC CALORIMETER

• The TF GArTPC-ND copies the ECAL design used by the FGT (Pb 
and plastic scintillator sampling calorimeter): 
• Downstream: 1.75 mm Pb, 1 cm scint., 60 layers. 
• Barrel, upstream: 3.5 mm Pb, 1 cm scint., 18 layers. 

• ECAL is essential for detection of π0’s. 
• A 100 MeV gamma has an attenuation length of tens of meters in 

argon gas. 
• ECAL also used for particle identification and track time-stamping.

17
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Figure 17: Log-likelihood distributions for simulated particles entering the
DsECal in the T2K neutrino beam. The simulation was particle gun MC
re-weighted to the predicted p � ✓ distribution predicted in production 5C
full spill NEUT MC.
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Figure 17: Log-likelihood distributions for simulated particles entering the
DsECal in the T2K neutrino beam. The simulation was particle gun MC
re-weighted to the predicted p � ✓ distribution predicted in production 5C
full spill NEUT MC.
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Figure 17: Log-likelihood distributions for simulated particles entering the
DsECal in the T2K neutrino beam. The simulation was particle gun MC
re-weighted to the predicted p � ✓ distribution predicted in production 5C
full spill NEUT MC.

28



0.1 1 10 100
Interactions per spill

Yoke

Coils

B-ECAL

DS-ECAL

US-ECAL

Vessel

Gas

0 10 20 30 40 50 60 70 80
Atomic number

0.1

1

10

100

In
te

ra
ct

io
ns

 p
er

 s
pi

ll

0.15 interactions per spill (7.5E13 POT) and tonne of argon;  
3 orders of magnitude more interactions in other detector volumes.

EVENT RATE 18



100 200 300 400 500 600 700

100−

50−

0

50

100

0

2

4

6

8

10

100 200 300 400 500 600 700

100−

50−

0

50

100

0

2

4

6

8

10

BACKGROUND TRACKS 19



BACKGROUND TRACKS 20



BEYOND THE TF DESIGN 21

ν beam ⊗
B

• Motivation for most design choices in TF GArTPC-ND was facilitating the 
comparison with FGT.  

• Optimizations possible, but they will most likely depend on role of GArTPC in 
ND system. 
• For example, total detector mass could be smaller if the ND system has a 

LArTPC. 

•  Some obvious studies: 
• ECAL configuration (shape, integration with vessel, etc.). 
• Fiducial volume and magnetic field.



BEYOND THE TF DESIGN 22

• Detector R&D efforts in Europe and USA will try to address 
open design questions: 
• readout technology; 
• gas mixture (if any); 
• gas pressure; 
• etc. 

• UK prototype (~1 m3 TPC with optical and charge readout) will 
measure proton/pion response at CERN test beam next year. 
• See M. Wascko’s talk tomorrow. 

• Ongoing work on track reconstruction (TREx). 
• See J. Haigh’s talk tomorrow.



CONCLUSIONS 23

• A GAr TPC offers a continuos argon target with low 
detection thresholds, good momentum resolution 
and excellent particle identification capabilities. 

• Might be the idea detector to measure nuclear effects 
in neutrino interactions. 

• Ongoing hardware (two prototypes in different 
stages of development) and software (simulation and 
reconstruction) efforts within the DUNE GArTPC 
WG.
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