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Disclaimer

• I am not a DUNE member
• I am not a TPC expert

è I will try to give an overview of the technical design and 
current status of the baseline far detector technologies from an 
outsider’s perspective
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Outline

• Broadbrush DUNE detector concept
• Single Phase (SP) LArTPC
• Dual Phase (DP) LArTPC
• ProtoDUNE status
• Summary and Outlook
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DUNE Detector Concept
• Long baseline neutrino beam from Fermilab to 

SURF facility in SD
• Near Detector (ND) at Fermilab:

– Design concept near final (CDR in 2019): 
highly segmented LArTPC, magnetized multi-
purpose tracker, EM calorimeter, muon 
chambers

– Preserve option to move off-axis
• Far Detector (FD) at SURF:

– Four independent 10kt detector modules
– Flexibility for staging and evolution
– DUNE is pursuing two LArTPC technologies:

• Single Phase: mature (ICARUS, MicroBooNE)
• Dual Phase: lower technical readiness; a 

number of potential advantages and 
challenges

– DUNE is committed to deploying both
technologies; decision on staging depends on
ProtoDUNE results and funding/interests
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DUNE FD LArTPC Concepts
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Single Phase LArTPC Far Detector Module

• Profits from experience w/ design, 
construction, operation, data analysis w/ 
numerous SP LArTPC experiments and 
prototypes

• 10kt active LAr mass
• Charged particles ionize the medium 

while also producing scintillation light
• Ionization drifts along E-field towards 

anode layers (several ms)
• TPC segmented into four horizontal drift 

volumes (APA ß CPA à APA ß CPA à APA)
• Anodes are covered with finely spaced 

wires at different angles, which terminate 
the drift charge in a collection layer 
(current vs time)

• Scintillation light in Ar is in deep UV 
(127nm) and needs wavelength shifters 
to be detected in photon detectors (pulse 
characteristics vs time)
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Anode Plane Assembly (APA)
• Anode plane: 25(h)x2(v) APA frames = 58m x 12m
• APA frame: 2.3m x 6m x 12cm (hollow stainless steel 

tubes covered by fine (80µm) bronze mesh as ground 
plane) [150 APAs/FD module]

• Active on both sides of plane: covered in 2560 sense 
wires in three planes oriented at angles: X (vertical 
collection plane), U, V (�35.7�induction planes) à
reduces ambiguities

• Wires (150µm BeCu) are wrapped around frame, allowing 
read out from one end of APA

• Wire pitch (4.7�0.5mm) meets performance requirements 
for MIPs and particle ID

• Read out through wire termination boards, which connect 
to FE readout electronics inside LAr

• Photon detectors are housed inside APA frames, 
sandwiched between wires
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Cathode Plane Assembly  (CPA) and Field Cage (FC)

• CPA provides constant potential surface at 
-180kV

• 6cm thick FR4 frames at 1.2m intervals 
reinforce stiffness of resistive panels: thin 
layer of carbon-impregnated Kapton 
laminated on both sides of a 3mm thick 
FR4 sheet

• FC consists of extruded Al profiles to 
establish equipotential surfaces and 
uniform E-field

• Local electric fields need to be ≪30kV/cm
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Photo Detection System (PDS)

• Detection of prompt scintillation light emitted in 
coincidence w/ an ionizing event allows 
determination of event time (à allows to 
reconstruct drift time à allows to localize event 
in space, important for energy corrections

• Scintillation light may be used as trigger
• LAr scintillation light: 40 photons/keV w/o E-

field, smaller w/ E-field due to recombination
• Nominal DUNE: 500V/cm à 24 photons/keV
• Most common wavelength shifter TPB: absorbs 

VUV photons and re-emits them around 420nm
• Ongoing R&D for TPB coating in LAr
• Ongoing intense R&D to maximize photon 

detection efficiency: different PD designs 
considered (read out by SiPMS):
– ARAPUCA (baseline)
– Wavelength shifting light guides
– ArCLight

• Some R&D w/ VUV sensitive SiPMs from
Hamamatsu also ongoing
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10 PD modules/APA
1500 total
14.6cm x 9.6cm x 212.7 cm



PDS - continued

• ARAPUCA: 
– VUV light enters through dichroic filter (pTP), which shifts 

wavelength to near-visible
– Inside of the box: highly reflective walls coated w/ TPB
– Light collected with SiPMs

• ARAPUCA prototypes have shown detection efficiencies of 
0.4 – 1.8%, significantly higher than light guide concept

• One option is to coat CPA w/ wavelength shifter to improve 
uniformity of light collection throughout LAr volume

• SiPMs: 
– R&D still needed for reliable operation in cryogenic LAr
– Ongoing investigations of MPPCs (multi-pixel photon counters) 

from Hamamatsu, and a device by FBK in collaboration w/ 
DarkSide

– Need to develop (passive or active) ganging of SiPMs to reduce 
channel count

• ProtoDUNE-SP has 2 ARAPUCA trays, 29 double-shift 
guides and 29 dip-coated guides

• Baseline design anticipated by time of TDR (mid-2019) 
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Charge Readout Electronics
• Anode wire signals à charge sensitive amplifiers à pulse 

shaping circuit à ADC à merge onto high-speed serial links 
(1.28 Gbps)

• Cold electronics boxes mounted on APAs inside LAr to 
reduce input capacitance/noise

• Advantage of operating at LAr temperatures: 
– Higher charge carrier mobility in Si
– Lower thermal fluctuations
à substantially higher gain and ~1/2 noise for CMOS electronics

• Placing digitizing and multiplexing electronics inside cryostat 
minimizes feedthroughs

• Continuous readout: digitized ADC sample from each APA 
channel up to every 500ns (2MHz sampling rate)

• ASICs:
– Baseline: 

• 16-channel FE ASIC for amplification and pulse shaping (LArASIC)
• 16-channel 12-bit cold ADC ASIC operating at 2MHz (Cold ADC)
• 64-channel control and communications ASIC (COLDATA)

– Alternatives: 64-channel ASIC that will consolidate all three functions
(SLAC nEXO CRYO ASIC), LBNL’s LArPix, and ATLAS ADC (Columbia 
University)
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SP Performance Parameters

• Extremely high Ar purity (ppt) à undisturbed drift
• Very low noise readout electronics (<1000e- ENC) à detect faint

ionization signals, two track separation, vertex resolution
• Robust and stable HV system à uniform E-field over entire detector 

volume 
• Long operating lifetimes at LAr temperatures for all internal devices due to

inaccessibility for decades
• Vertex resolution of 1.5cm à able to determine fiducial volume to 1% 
• FE peaking time 1-3µs, determined by drift time
• ADC sampling frequency 2MHz (matching shaping time [1µs] while

minimizing data rate)
• Linear response up to >500,000e- (<5% of beam related events saturate)
• Dynamic range ≧3000:1 à 12-bit ADC
• Power: <50mW/channel
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SP: Crucial Ongoing R&D

• Photon detectors:
– ARAPUCA vs light guides
– X-ARAPUCA
– ArCLight

• ASICs: 
– LArASIC+Cold ADC+COLDATA vs nEXO CRYO ASIC
– LArPix ASIC as developed for Near Detector
– +ADC backup from ATLAS
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Dual Phase LArTPC Far Detector Module

• Amplification of ionization signal in 
an avalanche process

• Electrons drift vertically upward
towards an extraction grid just
below liquid-vapor interface

• After reaching grid, an E-field 
stronger than drift field extracts the 
electrons

• Electrons encounter micro-pattern 
gas detectors w/ high-field regions 
(LEMs)

• Amplified charge is collected and
recorded on a 2D anode

• Scintillation light is collected by 
PMTs (coated w/ wavelength 
shifter) below the cathode
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Key Parameters
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• 12m max. drift length 
• 10.643kt fiducial volume



Charge Readout Plane (CRP)
• Three-layered sandwich of extraction grid + 

LEM + anode
• Connected horizontally to modular units of

9m2

• Partially immersed in LAr
• CRPs collect charge in a projective way w/o 

dead regions, readout signals in 2 collection 
views, no induction view à simplifies reco
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CRP - continued
• Extraction grid: submerged array of x and y

oriented stainless steel wires (∅=0.1mm) w/ 
3.125mm pitch

• LEMs (Large Electron Multiplier): 1mm-thick PCB 
w/ electrodes on both sides; drilled through w/ 
many holes (E<35kV/cm) to form micro-pattern 
structure (Townsend multiplication of ionization 
electrons)

• Anode: amplified charge collected on 2D anode
consisting of two sets of 3.125mm-pitch gold-
plated copper strips

• E-field ~2kV/cm across liquid-gas interface à aim 
for ~100% extraction efficiency for electrons

• E-field 30kV/cm in argon gas à increases S/N by 
x20-100 (tunable, high S/N)

• Amplification gain in S/N compensates for loss
due to very long drift time à same purity
requirement as SP (100ppt oxygen equiv.)
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HV, Cathode Plane & Field Cage

• HV: 500V/cm E-field
• Cathode Plane (CP): 80 

modules à 3x3m2

– Stainless steel mechanical
structure and grid

– 60% optical transparency, 
uniform potential

– Max. local field required:
30kV/cm

• Ground Plane: stainless steel
tubes below CP

• Field Cage: Al profiles attached
to structural elements made of 
FRP
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Photon Detection System

• PDS delivers time stamp for beam and non-beam events, trigger for non-
beam events, and enables calorimetric measurements

• Layer of PMTs installed below Cathode Plane, 1 PMT(8”)/m2

• PMTs are coated w/ wavelength shifter (TPB)
– R&D ongoing to study dissolution of TPB in LAr

• In addition to primary scintillation light, one also has proportional 
scintillation component from amplified electrons in the gas
– Small fraction of this reaches PMTs

• Light detection efficiency a challenge: require 2.5 photoelectrons/MeV 
light yield

• PMTs are powered between 1.5-2.0kV à gain of 107-109

• Light collectors to increase detected photons are under study
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Readout Electronics
• RO electronics connected through Signal Feed Through (SFT) 

chimneys
• FE cards house analog cryogenic pre-amps in CMOS ASICs

matching signal dynamics of a DP module
• FE cards actively cooled to 110K inside chimney
• FE cards can be accessed and replaced during data taking
• Digital electronics sits at room temperature: high-speed, low-

cost networking technologies from telecom industries [µTCA]
(2.5MHz digitization, 10Gbits/s links)

• PMTs read out by µTCA cards, based on CATIROC ASIC for 
light readout and triggering; high precision charge and start 
time of signals from each PMT

• Light Readout (LRO) needs to be sensitive to single
photoelectron (precise timestamp)

• Precise charge measurement allows for gain monitoring of 
PMTs
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DP Performance Requirements/Design Specifications
• Measure charge signals up to 1200fC w/o saturation

– Determined by max. occupancy in shower events
– A MIP is ~30fC à operation range of up to 40 MIPs

• Charge readout noise <2500e-

– Driven by min. S/N = 5:1
• 2.5MHz sampling rate w/ 12-bit resolution and 1µs pulse-shaping time à

<1mm drift resolution
• Power dissipation of FE electronics <50mW/channel
• Replaceable FE electronics for long-term reliability
• ADC noise on order of 1 count w/ large dynamic range (12-bit ADC)
• Warm digital electronics à use latest, cost effective commercial 

components
• Purity requirement of 100ppt leads to 3ms electron lifetime:

– Example: w/ drift field of 0.5kV/cm, LEM gain of 20 à S/N=40:1 for tracks up 
to 6m from anode, reaching 11:1 for MIPs that are 12m from anode
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DP: Crucial Ongoing R&D

• Much less experience in building and operating a DP detector
than a SP

• ProtoDUNE-DP is a crucial testbed for DP technology 
choices

• Especially HV requirements (up to 600kV)
• And Photon Detection System (light detection efficiency, TPB 

dissolution in LAr)
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Comparison of DP and SP technologies
• Construction of larger drift volumes:

– Reducing quantity of non-active materials in the LAr achieved by DP design
– Reduces number of components to be built à lower cost
– Allows for a single, fully homogeneous LAr volume w/ a much longer drift length, but 

need higher S/N to compensate
– But, need to apply much higher HV (600kV)

• S/N of charge readout:
– Higher in DP, lowering threshold for smallest observable signals, but offset by longer 

drift length
• Readout granularity:

– DP has finer anode pitch, but could be done in SP as well
– Number of readout channels: 153,600 (DP) vs 384,000 (SP) à lower cost

• Reliability:
– DP’s FE electronics is fully accessible and replaceable during operations 
– SP design allows for lower HV on the cathode due to shorter drift à safer
– DP needs to reach 600kV, not yet achieved?
– DP has no active electronics elements in cryostat except PMT bases
– More construction, operation and reconstruction experience w/ SP technology
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ProtoDUNE Status at CERN
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ProtoDUNE(s)
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Role of ProtoDUNE
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ProtoDUNE Programme
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Status as of July’18 Fermilab PAC Meeting:
• ProtoDUNE-SP: installation complete, cooling down

now, cosmic and test beam data Aug-Nov’18
• ProtoDUNE-DP: FC installed, coldbox tests of first

CRP ongoing, close cryostat w/ 2 out of 4 CRPs in
Oct’18, cosmic data end of ‘18



ProtoDUNE Assembly
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Summary and Outlook

• Two conceptually different designs foreseen for FD modules
• Both, SP and DP designs quite mature, but a few crucial R&D

topics still ongoing
• Both designs able to fulfill DUNE physics requirements
• Experience and results from building and operating 

ProtoDUNE detectors crucial to inform final designs for TDR
– Results expected over next half year
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Backup
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Single Phase Milestones
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Dual Phase Milestones
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Single Phase FD Task Force

• Studies of reducing wire pitch from 4.7mm to 3mm, or 
changing the angle from 35.7�to 45�show no significant 
impact on main physics goals

• Substantial cost impact on making these changes to SP
module design not justified
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ProtoDUNE-DP CRP Test in Cold Box 
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3x1x1 DP Prototype (WA105) at CERN
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