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Who am I?
• Scientist at Fermilab since 1982
• Worked on :
- Fixed Target : Hyperons, Neutrinos (DONUT) (‘80s & ‘90s)

- Deputy Head of Research Division (mid ‘90s)

- NuMI/MINOS Project management (late ’90s)

- Soudan Laboratory Operations Manager for Fermilab (2004-2008)

- Co-leader of Future Long Baseline Study (2006 – 2007)

- LBNE Project (2008 – 2011)

- MicroBooNE Project Manager (2011 – 2015)

- Neutrino Division Head (2014 – 2016)

- ProtoDUNE-SP Construction Coordinator (2016 – 2018)

- DUNE Resource Coordinator (2019 - )
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Outline for Today
• DUNE Overview and Organization

• The DUNE  Far Detector Single Phase Module
- High Voltage : Cathode Planes and Field Cages

- Anode Plane Assemblies

- TPC Electronics (cold and warm)

- Photon Detectors

- Data Acquisition

- Instrumentation and Calibration

• Consortia Cost Books

• Cost Book Rollup

• Resource Matrix

• Next Steps

10/25/19 Rameika | NCG Kick-off Meeting3



DUNE Overview
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DUNE Status and Plans

Ed Blucher, Stefan Söldner-Rembold
14th DUNE Collaboration Meeting
23 September 2019



Far Site – Detector Caverns
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Free-Standing Steel Cryostat Design

People for Scale

External Dimensions
62.7’ W x 59’ H x 216.5’  L (19.1m W x 18.0m H x 66.0m L)

ü Warm steel structure successfully 
completed final design review.

ü Destructive tests confirmed modeling.
ü Membrane design by GTT for SP detector 

completed.
Designed and 
engineered 
by 

6

LBNF Scope



DUNE Detector Technologies
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500 V/cm

=500 V/cm

DUNE Far Detector Technologies

19 Sep 2019 RRB Meeting16

• Ionization charges drift horizontally 
and are read out with wires

• No signal amplification in liquid
• 3.5 m maximum drift

• Ionization charges drift vertically and are 
read out on PCB anode

• Amplification of signal in gas phase by LEM
• 12 m maximum drift

DUNE is planning to employ (and is prototyping) two LAr readout technologies:
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Far Detector Consortia
Single-Phase
• APA: Christos Touramanis (Liverpool)
• Photon Detection System: Ettore Segreto (Campinas)
• TPC Electronics: Dave Christian (FNAL)
Dual-Phase
• CRP: Dominique Duchesneau (LAPP)
• Photon Detection System: Ines Gil Botella (CIEMAT)
• TPC Electronics: Dario Autiero (IPNL)
Joint SP/DP
• HV System: Francesco Pietropaolo (CERN)
• DAQ: Giovanna Lehmann Miotto (CERN)
• Slow Controls/Instrumentation: Sowjanya Gollapinni (Tennessee)
• Computing: Heidi Schellman (Oregon State) 
• Calibration: Jose Maneira (LIP)

RRB Meeting13 19 Sep 2019
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DUNE

DUNE 
Collaboration 

General Assembly

Institutional Board Chair: 
R. WIlson

Co-Spokespersons  
E. Blucher                     

S. Söldner-Rembold

Techincal 
Coordinator            

E. James

Resource 
Coordinator         
G. Rameika

Executive Board
Chair: E. Blucher

IB Chair                
R. Wilson

Appointee            
F. Cavanna

EFIG                    
M. Nessi

Physics 
Coordination            
R. Patterson        
E. Worcester

Beam 
Coordination       

L. Fields

Near Detector 
Design Group       

A. Weber

SP APA                
C. Touramanis

SP Photon 
System

E. Segreto

SP Electronics
D. Christian

Computing
H. Schellman

Calibration
J. Maneira

DP CRP
D. Duchesneau

DP Photon 
System

I. Gil-Botella

DP Electronics
D. Autiero

DAQ
D. Newbold

HV
F. Pietropaolo

SC/Cryogenics
S. Gallopini

Techincal 
Coordinator

E. James

Resource 
Coordinator
G. Rameika

Management Team

LBNF

Spokespersons 
Advisory

Committee

CERN 
Neutrino Platform

ProtoDUNEs Physics Near Detecttor Beam

As of 01-27-19

Consortia

DUNE Executive Board

Collaboration Management

19 Sep 2019 RRB Meeting12

Appointments
now under 
review



DUNE Far Detectors at SURF
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SP

SP
DP



Single Phase Components
• Drift ionization charge : High Voltage 
- HV power supply and feed-through
- Cathode Plane
- Field Cages

• Resistive dividers

• Collect ionization charge : Sense wires, electronics
- Anode Planes
- Front-end amplification, digitization, readout

• Collect scintillation light : wavelength shifters, light guides, light 
collection electronics
- Photon detector modules with SiPM readout

• Data Acquisition
• Instrumentation and Calibration systems
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The DUNE Single Phase Module
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Chapter 1: High Voltage 1–3

Figure 1.1: A schematic of a SP module showing the three APA arrays (at the far left and right and
in the center, all of which span the entire 58.17 m detector module length) and the two CPA arrays,
occupying the intermediate second and fourth positions. The top and bottom FC modules are shown
in blue; the endwall field cages (endwall FCs) are not shown. On the right, the front top and bottom
FC modules are shown (in blue) folded up against the CPA panels to which they connect, as they are
positioned for shipping and insertion into the cryostat. The cathode plane assemblies, anode plane
assemblies, and FCs together define the four drift volumes of the SP module. The sizes and quantities
of the FC and CPA-array components are listed in Tables 1.2 and 1.3 and represented in this image.

Chapter Breakout:
vol-sp

ch-sp-hv

The DUNE Technical Design Report

Anode Planes

150 APAs arranged
in three planes,
double high APAs
in 25 rows

12 m



The DUNE Single Phase Module
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Chapter 1: High Voltage 1–3

Figure 1.1: A schematic of a SP module showing the three APA arrays (at the far left and right and
in the center, all of which span the entire 58.17 m detector module length) and the two CPA arrays,
occupying the intermediate second and fourth positions. The top and bottom FC modules are shown
in blue; the endwall field cages (endwall FCs) are not shown. On the right, the front top and bottom
FC modules are shown (in blue) folded up against the CPA panels to which they connect, as they are
positioned for shipping and insertion into the cryostat. The cathode plane assemblies, anode plane
assemblies, and FCs together define the four drift volumes of the SP module. The sizes and quantities
of the FC and CPA-array components are listed in Tables 1.2 and 1.3 and represented in this image.

Chapter Breakout:
vol-sp

ch-sp-hv

The DUNE Technical Design Report

High Voltage
Cathode Planes

2 cathode planes
each composed of
150 1.2m w x 4m h
CPA modules

3.4 m drift



The DUNE Single Phase Module
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Chapter 1: High Voltage 1–3

Figure 1.1: A schematic of a SP module showing the three APA arrays (at the far left and right and
in the center, all of which span the entire 58.17 m detector module length) and the two CPA arrays,
occupying the intermediate second and fourth positions. The top and bottom FC modules are shown
in blue; the endwall field cages (endwall FCs) are not shown. On the right, the front top and bottom
FC modules are shown (in blue) folded up against the CPA panels to which they connect, as they are
positioned for shipping and insertion into the cryostat. The cathode plane assemblies, anode plane
assemblies, and FCs together define the four drift volumes of the SP module. The sizes and quantities
of the FC and CPA-array components are listed in Tables 1.2 and 1.3 and represented in this image.
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Field Cages :

Top, Bottom and
Endwalls

100 T and B modules
48 Endwall modules



High Voltage System Components

Chapter 1: High Voltage 1–15

The spare downstream port provides redundancy against any failure of the primary HV delivery1

system.2

Each CPA array services two drift volumes in parallel, presenting a net resistance of 1.14 G�3

to each power supply. At the nominal 180 kV cathode voltage, each power supply must provide4

0.16 mA.5

The power supply model planned for the SP module is similar to that used on ProtoDUNE-SP.36

The HV cables are commercially available models compatible with the selected power supplies.7

Filter resistors are placed between the power supply and the feedthrough. Along with the cables,8

these resistors reduce the discharge impact by partitioning the stored energy in the system. The9

resistors and cables together also serve as a low-pass filter reducing the 30 kHz voltage ripple on10

the output of the power supply. With filtering, such supplies have been used successfully in other11

LArTPC experiments, such as MicroBooNE and ICARUS.Figure 1.4 shows the HV supply circuit.12

HV Power Supply

HV Out

Varistor 
(MOV) RF 

RG = 10 kΩ 
DigiKey 696-1716

Ferrite to 
monitor 

instabilities

HV into 
cryostat

HV 
Feedthrough 
on cryostat

Varistor 
(MOV) RF 

RG = 10 kΩ 
DigiKey 696-1716

Ferrite to 
monitor 

instabilities

Heinzinger PNChp 3000000 
Negative polarity 

Voltage:  0 to -300 kV 
Current:  0-0.5 mA

Dielectric 
Sciences HV 

Cable 
#2236, rated 

for 320 kV DC

Figure 1.4: Left: Examples of 300 kV and 200 kV power supplies. Right: A schematic showing the HV
delivery system to the cryostat. One of the two filter resistors sits near the power supply; the other sits
near the feedthrough.

The requirement on low electronics noise sets the upper limit of residual voltage ripple on the13

cathode to be 0.9 mV. Typically, commercial supplies specify a ripple variation limit of 0.001 %14

around an absolute precision in nominal voltage of ±50 mV. Assuming cable lengths of 30 m and 3 m15

between the filters themselves, and between the filter and feedthrough, respectively, calculations16

and experience confirm that resistances as low as a few M� yield the required noise reduction.17

3Heinzinger, PNC HP300000 HV power supply, Heinzinger™ Power Supplies, http://www.heinzinger.com/.

Chapter Breakout:
vol-sp

ch-sp-hv

The DUNE Technical Design Report
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Chapter 1: High Voltage 1–16

The filter resistors are of a cylindrical design. Each end of a HV resistor is electrically connected1

to a cable receptacle. The resistor must withstand a large over-power condition. Radially out from2

the resistor is an insulator. The outer case of the filter is a grounded stainless steel or aluminum3

shell.4

The HV feedthrough is based on the successful ICARUS design [6], which was adapted for ProtoDUNE-5

SP. The voltage is transmitted by a stainless steel center conductor. On the warm side of the6

cryostat, this conductor mates with a cable end. Inside the cryostat, the end of the center conduc-7

tor has a spring-loaded tip that contacts a receptacle cup mounted on the cathode, delivering HV8

to the FC. The center conductor of the feedthrough is surrounded by ultra-high molecular weight9

polyethylene (UHMWPE), an insulator. This is illustrated in Figure 1.5.10

Recommended Liquid Level Position (~1cm 
over the terminal ground ring)

HMDPE RCH1000 with minimum 
thickness 36mm (breakdown voltage 

90kV/mm)

Transversally and vertically sliding HV 
contact

Figure 1.5: Photograph and drawing of a HV feedthrough.

To first order the operating voltage upper bound on a feedthrough is set by the maximum E11

field on it. This E field is reduced by increasing the insulator radius. For the target voltage, the12

feedthrough uses a UHMWPE cylinder of approximately 15 cm diameter. In the gas space and13

into at least 15 cm of the liquid, the insulator is surrounded by a tight-fitting stainless steel ground14

tube. A Conflat industry standard flange is welded onto the ground tube for attachment to the15

cryostat.16

Outside the cryostat, the HV power supply and cable-mounted toroids monitor the HV. The17

power supplies have capabilities down to tens of nA in current read-back and are able to sample18

the current and voltage every 300 ms. The cable-mounted toroids are sensitive to fast changes in19

current; the polarity of a toroid’s signal indicates the location of the current-drawing feature as20

either upstream or downstream of it. Experience from the DUNE 35 ton prototype installation21

suggests that sensitivities to changing currents are on a timescale between 0.1 µs to 10 µs.22

Inside the cryostat, pick-o� points near the anode monitor the current in each resistor chain.23

Additionally, the voltage of the GPs above and below each drift region can be equipped to diagnose24

problems via a high-value resistor connecting the GP to the cryostat. In the DUNE 35 ton25

prototype, such instrumentation provided useful information on HV stability and locations of any26

stray charge flows.27

Chapter Breakout:
vol-sp

ch-sp-hv
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Chapter 1: High Voltage 1–24

penetrate the I-beam flanges. The profile o�set with respect to the FRP frame is di�erent for1

modules closest to the endwall FCs, and modules in the center of the active volume.2

Five GPs are connected to the outside (i.e., the non-drift side) of each top FC and bottom FC3

module. The GPs are positioned ≥30 cm away from the profiles, and begin at the CPA end of the4

module, leaving the last 14 profiles (88 cm) on the APA end of the module exposed. Between the5

GPs and the 15 cm I-beams, stando�s made of short sections of 10.2 cm (4 in) FRP I-beams are6

connected with FRP threaded rods and slip nuts. The electrical connection between the GPs is7

made with copper strips.8

The connections between the top and bottom modules and the cathode plane assemblies are made9

with aluminum hinges, 2.54 cm (1 in) in thickness, that allow the modules to be folded in on the10

CPA during installation. The hinges are electrically connected to the second profile from the11

CPA. The connections to the anode plane assemblies are made with stainless steel latches that are12

engaged once the top and bottom FC modules are unfolded and fully extended toward the APA.13

The voltage drop between adjacent profiles is established by voltage divider boards screwed into14

the drift-volume side of the profiles. A custom-machined nut plate is inserted into the open slot of15

each profile and twisted 90° to lock into position. Two additional boards to connect the modules16

to the cathode plane assemblies screw into the last profile on the CPA end of the module. This17

system is more fully described in Section 1.5. A fully assembled module is pictured in Figure 1.13.18

Figure 1.13: A fully assembled module with ground planes is shown.

Chapter Breakout:
vol-sp

ch-sp-hv
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Chapter 1: High Voltage 1–27

Figure 1.15: Left: A ProtoDUNE-SP Resistor Divider Board. Right: Schematic diagram of Resistor
Divider Board

An example of a simulated E field distortion which would be caused by a failed resistor is shown1

in Figure 1.16.2

Figure 1.16: Simulated E field distortion from one broken resistor in the middle of the voltage divider
chain on one bottom field cage module, emphasizing the need for redundancy. Left: Extent of E field
non-uniformity in the active volume of the TPC. the green planes mark the boundaries of the active
volume inside the field cage. The partial contour surfaces represent the volume boundaries where E
field exceeds 5% (dark red, contains less than 100 kg of LAr) and 10% (dark blue, contains less than
20 kg of LAr) of the nominal drift field. The units are V · m≠1 in the legend. Right: electron drift lines
connecting the CPA to APA in a bottom/end wall field cage corner. The maximum distortion to the
field line is about 5 cm for electrons starting at mid-drift at the bottom edge of the active volume.

The e�ect of the non-uniformity in resistor values can also be scaled from this study. A 2% change3

in a resistor value (1% change from the 2R in parallel) would give about 1.5% of the distortion from4

a broken resistor, i.e. less than 1 mm of transverse distortion in track position, with no noticeable5

drift field amplitude change inside the active volume.6

Chapter Breakout:
vol-sp

ch-sp-hv
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Power Supply
Feed-through

Resistor Dividers

Chapter 1: High Voltage 1–19

Figure 1.8: Completed ProtoDUNE-SP CPA panel on production table.

Chapter Breakout:
vol-sp

ch-sp-hv
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US-DOE, CERN, INFN

CPA Panel (from PD)
DUNE will be
2X longer

Top/bottom Field
Cage module

with Ground plane

End-wall



High voltage drift volume in PD
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Chapter 1: High Voltage 1–30

1.2 m wide by 6.0 m high (half-height relative to a SP module), and is positioned 359 cm away from1

each APA array, matching the maximum drift distance of a SP module.2

Six top and six bottom FC modules connect the horizontal edges of the CPA and APA arrays, and3

four endwall FCs connect the vertical edges (two per drift volume). Each endwall FC comprises4

of four endwall modules (half-height relative to a SP module). A Heinzinger ≠300 kV 0.5 mA HV5

power supply delivers voltage to the cathode. Two HV filters in series between the power supply6

and HV feedthrough filter out high-frequency fluctuations upstream of the cathode.7

Figure 1.18: One of the two drift volumes of ProtoDUNE-SP. The FC modules shown enclose the drift
volume between the CPA array (at the center of the image) and the APA array (upper right). The
endwall FCs are oriented vertically; the top and bottom units are horizontal. The staggered printed
circuit boards connecting the endwall FC profiles are the voltage divider boards.

1.6.1 Summary of Construction and Operation8

The ProtoDUNE-SP HV components underwent various levels of preassembly o�site prior to trans-9

port and final assembly in the ProtoDUNE-SP clean room adjacent to the cryostat.10

Parts for the top and bottom FC frames were procured and test fit at Stony Brook University before11

being shipped to CERN for module assembly in a clean room about 5 km away from the detector12

hall. Fully assembled modules were transported individually to the detector hall for storage until13

installation. CERN provided the GPs for the top and bottom FCs as well as the field shaping14

profiles for all FCs.15

Louisiana State University provided all the voltage divider boards, then procured and test fit16

Chapter Breakout:
vol-sp

ch-sp-hv
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Anode Plane Assemblies
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Chapter 1: Anode Plane Assemblies 1–6

Figure 1.4: Completed ProtoDUNE-SP APA ready for shipment to CERN.

Chapter Breakout:

vol-sp
ch-sp-apa

The DUNE Technical Design Report

UK - 150
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Chapter 1: Anode Plane Assemblies 1–11

Anode Plane Bias Voltage
G - Grid ≠665 V
U - Induction ≠370 V
V - Induction 0 V
X - Collection 820 V
Grounding Mesh 0 V

Table 1.2: Baseline bias voltages for APA wire
layers.

Figure 1.6: Field lines and resulting signal shapes
on the APA induction and collection wires.

• Wire type and tension. The wire selected for the anode plane assemblies is 150 µm1

beryllium (1.9%) copper wire, chosen for its mechanical and electrical properties, ease of2

soldering, and cost. The tension on the wires, combined with intermediate support combs3

(described in Section 1.2.5.4) on the APA frame cross beams, ensure that the wires are held4

taut in place with minimal sag. Wire sag can a�ect the precision of reconstruction, as well5

as the transparency of the TPC wire planes. The tension must be low enough that when the6

wires are cooled, which increases their tension due to thermal contraction, they stay safely7

below the break load of the beryllium copper wire. A tension of 6±1 N is the baseline for8

DUNE, to be confirmed after ProtoDUNE analysis is completed. To further mitigate wire9

slippage and its e�ect on detector performance, each wire in the APA is anchored twice at all10

end points with both solder and epoxy. See Section 1.2.4 for more details about the wires.11

Table 1.3 summarizes some of the principal design parameters for the DUNE anode plane assem-12

blies.13

1.2.2 Support Frames14

The APA frames are built of rectangular hollow section (RHS) stainless steel tubes. Figure 1.715

shows three long tubes, a foot tube, a head tube, and eight cross-piece ribs that bolt together to16

create the 6.0 m tall by 2.3 m wide frame. All hollow sections are 4 in. deep with varying widths17

depending on their role.18

The head and foot tubes are bolted to the side and center pieces via abutment flanges welded to19

the tubes. In production, the pieces can be individually machined and cleaned before assembly20

to give flexibility both in the production process and help remain within the flatness and shape21

tolerances. During final assembly, shims are used to create a flat, rectangular frame of the specified22

dimensions. The central cross pieces are similarly attached to the side pieces. Figure 1.8 shows23

models of the di�erent joints.24

The APA frames also house the photon detection system (PDS). Rectangular slots are machined25
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Chapter 1: Anode Plane Assemblies 1–14

Table 1.3: APA design parameters
Parameter Value
Active height 5.984 m
Active width 2.300 m
Wire pitch (U, V ) 4.669 mm
Wire pitch (X, G) 4.790 mm
Wire pitch tolerance ±0.5 mm
Wire plane spacing 4.75 mm
Wire plane spacing tolerance ±0.5 mm
Wire Angle (w.r.t. vertical) (U, V ) ±35.7 ¶

Wire Angle (w.r.t. vertical) (X, G) 0 ¶

Number of wires / APA 960 (X), 960 (G), 800 (U), 800 (V )
Number of electronic channels / APA 2560
Wire material beryllium copper
Wire diameter 150 µm

in the outer frame tubes and guide rails are used to slide in photon detector elements from the1

edges. (See Section 1.4 for more details on interfacing with the PDS.)2

In a far detector SP module, pairs of APA frames will be mechanically connected to form a 12 m3

tall structure as shown in Figure 1.9, with electronics for TPC readout at both the top and bottom4

of this two-frame assembly and PDs installed throughout. The APA frame design, therefore, must5

support cable routing to the top of the detector from both the bottom APA readout electronics and6

the PDs mounted throughout both anode plane assemblies. Again, see Section 1.4 on interfaces or7

Chapter ?? for more details.8

1.2.3 Grounding Mesh9

Beneath the layers of sense wires, a uniform conducting surface is desired to evenly terminate the10

E field and improve the uniformity of field lines around the wire planes. A fine woven mesh is used11

in order to be optically transparent and allow scintillation photons to pass through to the PDs12

mounted inside the frame. The mesh also shields the wires to minimize picking up any potential13

signal from other detectors.14

In the ProtoDUNE-SP anode plane assemblies, the mesh was installed in four long sheets, along15

the length of the left- and right-hand halves of each side of the APA and epoxied directly to the16

frame. This approach to mesh installation was found to be slow and cumbersome. For the DUNE17

mass production, a modular window-frame design is being developed, where mesh is pre-stretched18

over smaller sub-frames that can be clipped into each gap between cross beams in the full APA19

frame. This improves the reliability of the installed mesh (more uniform tension across the mesh)20

and allows much easier installation on the APA frame. The mesh will be from a woven conducting21

304 stainless steel 80 µm wire and is 85% transparent. The mesh is mounted on 304 stainless22
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• Two APA’s are stacked vertically, joined at the 
“feet”

• Production
- 150 produced in UK, 150 in US

- UK Factory at Daresbury Lab
• 4 winding machines

- US Production Sites : Chicago, Yale and PSL(Wisc)
• 2 winding machines each at Chicago, Yale, PSL

10/25/19 Rameika | NCG Kick-off Meeting19
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APA Factory layouts
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Chapter 1: Anode Plane Assemblies 1–36

At Daresbury Laboratory in the UK the existing single production line used for ProtoDUNE-SP1

construction will be expanded to four. The “Inner Hall” on the Daresbury site has been identified as2

an area that is large enough to be used for DUNE APA construction. It has good access and crane3

coverage throughout. Daresbury Laboratory management have agreed that the area is available,4

but a working environment that meets DUNE’s safety standards will require some investment.5

Preparation for construction is underway, clearing the current area of existing facilities, obsolete6

cranes, and ancillary equipment. The renovation of a plant room is also planned, so it can be used7

for storage and as a shipping area. This work is ongoing. The production factory is being designed8

to hold four winding machines and associated process equipment and tooling.9

Figure 1.28: Developing concepts for factory layouts at Daresbury Lab (top left), University of Chicago
(top right), and Yale University (bottom left), and the existing APA production area at PSL (bottom
right).

In the USA, there will be five total production lines at three facilities at the University of Chicago10

(2), Yale University (2), and the already existing production line at the University of Wisconsin’s11

PSL (1), where the construction for ProtoDUNE-SP has been carried out, with up to 1850 m212

(20,000 ft2) total space available for continued DUNE activities.13

The APA factory at the University of Chicago will be housed in the Accelerator building on campus14

in Hyde Park. The building has hosted assembly of large apparatus for numerous experiments over15

the course of its history and features an extensive high bay with an overhead crane, an indoor truck16

bay, clean laboratory spaces, a professional machine shop, and proximity to faculty and sta� o�ces.17

Winding will be done inside a clean room installed on the first floor-level mezzanine, where there is18

234 m2 of floor space, above the machine shop. A 2 ton capacity bridge crane will be installed inside19
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TPC Electronics 
• 2560 electronics channels (wires) per APA
• 128 channels per FE ASIC -> 20 COLD mother boards per APA
• 3000 mother boards per Single Phase module

10/25/19 Rameika | NCG Kick-off Meeting21

100% DOE Scope

Chapter 1: Executive Summary 1–13

1.8 Electronics1

The job of the readout electronics is to send out of the cryostat digitized waveforms from the2

APA wires. To enable us to look at low-energy particles, we aim to keep noise to below 1000 e
≠3

per channel, which should be compared to the 20k–30k e
≠ per channel from a minimum-ionizing4

particle. For large signals, we require a linear response up to 500, 000 e
≠, which ensures that fewer5

than 10% of beam events experience saturation. This can be achieved using 12 analog-to-digital6

converter (ADC) bits. In addition, the electronics are designed with a front-end peaking time of7

1 µs, which matches the time for the electrons to drift between wires planes on the APA; this then8

leads to a design sampling frequency of 2 MHz.9

The digitization electronics are mounted on the head ends of the APAs in the liquid argon and are10

therefore referred to as cold electronics. The low temperatures reduce thermal noise. Figure 1.1011

shows a block diagram of the front-end motherboards mounted on the APAs. Each APA is in-12

strumented with 20 front-end motherboards, each of which takes the signals from 40 u-layer wires,13

40 v-layer wires, and 48 x-layer wires. The signals all pass through a series of three ASICs. The14

first ASIC, the front-end ASIC, shapes and amplifies the signals. The next ASIC, the ADC ASIC,15

performs the analogue-to-digital conversion. Finally, a COLDATA ASIC merges the datastreams16

from the preceding ASICs for transmission to the outside world; this COLDATA ASIC also con-17

trols the front-end motherboard and facilitates communications between the motherboard and the18

outside world.19

Front-end motherboard
40 u wires
40 v wires
48 x wires (collection)

x 20 per APA

Mounted on the APAs, in the cold, which 
reduces noise

FE 
ASIC

ADC 
ASIC

Shaping & 
amplification

x8 x8

COLDATA 
ASIC

x2
Merge data streams
Control & comms

Outside 
world

Read out at one end of APAs
(Top end of top APAs bottom end of 
bottom APAs)

Analogue 
to digital

Figure 1.10: A block diagram of the readout electronics mounted on the APAs. The FEMB is the

front-end motherboard.

Once the data has passed out of the cryostat through feedthroughs in the roof, it is passed to warm20

interface boards, which transmit the signals to the DAQ system along 10 GB/s optical fibers. These21

warm interface boards also transmit the clock and control signals and the low-voltage power back22
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3 ASIC solution*

*alternative : single ASIC 
CRYO chip under development



Cold cables to warm electronics
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Chapter 1: TPC Electronics 1–11

Wire Bias

U wire V wireX wire

Upper APA
CE Flange

PD Flange

Warm 
Interface 
Boards

Faraday Cage

Optical
Links

DC In

Bias In

Lower APA
CE Flange

Warm 
Interface 
Boards

Faraday Cage

Optical
Links

DC In

Bias In

U wireV wire

X wire

Upper 
APA

Lower
APA

PDs x10

PDs x10

20 FEMBs

20 FEMBs

Figure 1.2: Connections between the signal flanges and APA. The lower APA shares the photon detector
flange with the upper APA but has a separate TPC readout flange.
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Figure 1.28: TPC CE feedthrough. The WIBs are seen edge-on in the left panel and in an oblique
side-view in the right panel, which also shows the warm crate for an SP module in a cutaway view.

measured power consumption for LArASIC and ColdADC and the estimates for COLDATA the1

total power required to operate each FEMB is estimated as 6 W (2.4 A and 2.5 V), including the2

power dissipated in the linear voltage regulators. This assumes that linear voltage regulators are3

used on the FEMB to reduce the 2.5 V provided by the WIB down to the various voltages required4

by the three ASICs:5

• 1.8 V for LArASIC, and6

• 2.25 V and 1.1 V for ColdADC and COLDATA.7

We currently assume that only 2.5 V will be provided by the WIB, since the largest fraction of8

the power required by the FEMB is at 2.25 V. We are currently planning on using a total of9

eight 20AWG twisted-pair wires, seven of which will be used for bringing the 2.25 V to the FEMB,10

with the eighth one reserved for the 5 V bias for the linear voltage regulators (this connection11

carries a very low current). With this cable plant the resistance of the cable bundle is 41 mim�12

for the upper APA (9 m cable length) and 101 m� for the lower APA (22 m cable length). To13

account for the voltage drop along the wires and the returns, the WIB needs to provide (operation14

in warm) 2.7 V and 3.0 V for the upper and lower anode plane assemblies, respectively. For one15

FEMB the power dissipated in the cables is 0.2 W and 0.5 W for the upper and lower anode plane16

assemblies, respectively. The figures for the power dissipated in the cables are reduced by two17

thirds for operation in LAr, which allows for a reduction of the voltage provided by the WIB. The18

size of the cable bundles planned for DUNE represents a small reduction compared to that used19

for ProtoDUNE-SP, where bundles of nice 20AWG twisted-pair wires were used. Overall the total20

resistance of the power return wires are 2 m� and 5 m� for the upper and lower APA, respectively,21
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1 Feed-through per APA pair
5 WIBs per APA



Photon Detector System
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ARAPUCA Modules : Brazil
SiPMs & Summing : Italy, Spain
Readout : Peru, Columbia
Calibration : US DOE 

Chapter 1: Executive Summary 1–8

Figure 1.4: Left: a photon-detector module. Right: a photon-detector module mounted in an APA.

(WLS) plate, which converts the photons into the visible spectrum; one WLS plate runs the full1

length of each supercell. Visible photons emitted inside the WLS plate at an angle to the surface2

greater than the critical angle are transported to SiPMs at the ends of the plates. Visible photons3

that escape the WLS plates are reflected o� the dichroic filters, which have an optical cuto� for4

photons with wavelengths more than 400 nm, back into the WLS plates.5

Figure 1.5: Left: an X-Arapuca cell. Right: an exploded view of the X-Arapuca cell, where the blue

sheet is the wavelength-shifting plate and the yellow sheets the dichroic filters.

The 48 SiPMs on each X-Arapuca module are ganged together and the signals collected by front-6

end electronics, mounted on the module, the design of which is inspired by the system used for7

the Mu2e cosmic-ray tagger, which uses commercial ultrasound ASICs. The front-end electronics8

define the 1 µs timing resolution of the photon-detector system.9
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SP-PDS-15
Dark noise
rate in
SP-PD

< 1 kHz Keep data rate
within electronics
bandwidth limits.

Pre-production
photosensor test-
ing, ProtoDUNE-
SP, ICEBERG and
ProtoDUNE-2

SP-PDS-16
Dynamic
Range in
SP-PD

< 20 % Keep the rate of sat-
urating channels low
enough for e�ective
mitigation.

Pre-production
photosensor test-
ing, ProtoDUNE-
SP, ICEBERG and
ProtoDUNE-2

1.2.2 Scope1

The scope of the SP PDS, provided by the DUNE PDS consortium, includes the selection and2

procurement of materials for, and the fabrication, testing, delivery and installation of light col-3

lectors (X-ARAPUCA), silicon photosensors (silicon photomultipliers (SiPMs)), electronics, and a4

calibration and monitoring system. The baseline components are listed in Table 1.2.5

Table 1.2: PDS Baseline Configuration

Component Description Quantity
Light collector X-ARAPUCA 10 modules per APA; 1500 total (1000 single-

sided; 500 double-sided)
Photosensor Hamamatsu MPPC 6 mm◊6 mm 192 SiPM per module; 288,000 total
SiPM signal
summing

6 passive ◊ 8 active 4 circuits per module; 6000 total

Readout elec-
tronics

Based on commercial ultrasound
chip

4 channels/module; 6000 total

Calibration and
monitoring

Pulsed UV via cathode-mounted dif-
fusers

45 di�users/CPA side; 135 di�users for 3 CPA
sides

Although the configuration of SP and DP liquid argon time-projection chambers (LArTPCs) led6

to significantly di�erent solutions for the PDS, a number of scientific and technical issues impact7

them in a similar way, and the consortia for these two systems cooperate closely on these. See8

Dual-Phase Far Detector Module, Chapter 5.9
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*

* FBK/Italy also being studied

180 total



Photon Detector 
Monitoring
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DUNE photon monitoring system

•  Simulation and analyzed data show a single 
diffuser at CPA illuminates 4x4 m2 on APA

•  We would need overlap of photons from 
adjacent diffusers for cross calibration

•  This configuration offers that opportunity

•  Side view of one DUNE CPA Panel 

8 

ProtoDUNE Design Components

Cathode plane



Data Acquisition
• System requirements driven by need for 

- High uptime

- Configurable and controllable from remote 
locations

- Operational during installation  and 
commissioning via separate partitions

- Large buffering capability and low fake triggers for 
Supernova 

- Reduce data volume prior top off-line storage

• Five sub-systems

- Upstream DAQ

- Data selection

- Back-end subsystem

- Control, Configuration and Monitoring

- Timing and synchronization

10/25/19 Rameika | NCG Kick-off Meeting25

CERN

Data Selection scope
(trigger) in NSF proposal

UK

Chapter 1: Data Acquisition 1–14

server responsible for further processing and module-level triggering. The module level trigger also1

interfaces to a second server which is responsible for receiving and propagating cross-module and2

external trigger and timing information. The module level trigger considers trigger candidates and3

external trigger inputs in issuing a “trigger command” to the BE subsystem. The BE subsystem4

facilitates event building in approximately ten serversand bu�ering for built events on non-volatile Why 10?Why 10?5

storage. Upon receiving a trigger command, the BE queries data from the upstream DAQ bu�ers6

and builds that into an “event record”, which is temporarily stored as (a number of) files. Event7

records can be optionally processed in a high-level filter/data reduction stage, which is part of8

overall data selection, prior to event records being shipped to DUNE o�ine. Pervasively, the DAQ9

control, configuration and monitoring sub-system (CCM) provides the data taking orchestration10

(Section 1.3.5), and the DAQ timing and synchronization sub-system (TSS) provides synchro-11

nization and synchronous command distribution (Section 1.3.6). Figure 1.3 provides a conceptual12

illustration of the overal DAQ system functionality while Figure 1.4 illustrates the deployment of13

the system.14
DAQ Conceptual Functionality and Relationships

Buffering selected 
channels, 
selected 

time range

all channels 
full-stream

IPC

Detector 
electronics Input

Control 
Configuration 

Monitoring

query

Output files offline 
disk

collection 
channels 

full-stream Triggering
trigger 

commands

Figure 1.3: Conceptual Overview of DAQ System Functionality for a single 10 kt module

Someone draw this. Roland?

Figure 1.4: DAQ Deployment

Key to the implementation of the DAQ design is the requirement that the system is partitionable.15

Specifically, the system can operate in the form of multiple independent DAQ instances, each16

executed across all DAQ subsystems and uniquely mapped among subsystem components. More17

specifically, a given partition may span the entire detector module or some subset of it; its extent is18

configurable at run start. This ensures continual readout of the majority of the detector in normal19

Chapter Breakout:
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Each set of APA WIBs connects to one FELIX
FPGA PCIe 3.0 board   



• APA’s + electronics, along with Photon Detectors, the High Voltage and Data 
Acquisition Systems comprise the essential elements of the Single Phase Detector.

10/25/19 Rameika | NCG Kick-off Meeting26

The Single Phase TPC



Instrumentation and Calibration
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• Instrumentation includes :
- Temperature probes

- Level meters

- Gas analyzers

- Purity Monitors

- Cameras

• Systems proposed :
- Laser *

- Pulsed Neutron Source

- Radioactive source

Currently no LBNF/DUNE Scope 
for Instrumentation or 
Calibration; may include small 
amount

Static Temperature Probes to be
provided by IFIC, Valencia

These systems had Scope reviews in June 2019;
ProtoDUNE-II plans being developed

Potential contributions from 
DUNE-US project funds or other
funding sources (i.e. ECA)

*Lasers are the most significant 
cost impact of these two areas



DUNE Costing Model : 
International Responsibility Matrix
• Modeled after the CERN approach to quantify international 

contributions
- Based on CORE accounting (direct M&S for capital investments)

• No R&D, escalation, overheads,  contingency

• NO LABOR Costs, hours documented

• Here’s where it get tricky : different approaches …
- Ability/desire to cover a specific scope (by %) -> $ contribution to 

total CORE cost

- Ability/desire to contribute a specific $ amount
• How much is available for M&S -> % contribution of CORE

- Depending on the situation, developing the matrix needs to be an 
iterative process
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Status of Cost Estimates
• Single Phase
- Cost Workbooks (CORE accounting : M&S plus Labor hours) either complete of 

nearing completion for all major systems
- P6 accounting for DOE scope 
- 1st pass CORE accounting for 2 modules

• Some systems more rigorous than others

• Dual Phase
- Cost Workbook (in current format) for Photon Detectors
- Cost estimate (older format) for Electronics
- Cost estimate (top down) for CRPs
- Cost estimates from SP-DP Joint consortia being developed
- Preliminary 1st pass CORE accounting for 1 module coming soon 

• Near Detector
- Preliminary estimates for a minimum reference detector being developed

10/25/19 Rameika | NCG Kick-off Meeting29



Maturity of SP Estimates
• Cost estimates are prepared by the Consortia Technical Leaders
- Technical Leads are also the L2 managers where there is DOE scope
- We are trying to ensure that CORE costs and hours can be reconciled 

with the P6 costs; work in progress 

• APAs, CE and HV based on actual costs from building ProtoDUNE
• DAQ based on costs of FELIX system in ATLAS; cost driver (but not 

CORE) is labor
• Photon system is new (Arapuca based); ProtoDUNE was strictly a 

development phase; SiPM cost is large, but under negotiation; readout 
being based on existing mu2e design to reduce cost from what was 
used for ProtoDUNE

• Instrumentation : material costs known from ProtoDUNE, labor is 
largely collaboration supplied

• Calibration : new system, scope under review, lasers are expensive; 
still studying technical feasibility of source calibration systems
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Consortia Cost Books
• Cost Books are posted in DUNE DocDB#14458 
• In order of CORE Cost :
- SP-APA_Sept2019.xlsx : organization based on the NSF proposal; solid 

estimate with BOE’s based on PD 
- SP-CE_May2019.xlsx : good organization; BOEs based on PD

• Update for DOE IPR in DocDB#10315 (open to ncg)
- SP-PD_May2019.xlsx : SiPM is cost driver; solid BOEs
- SP-DAQ_Aug2019.xlsx : good organization; based on recent 

experiences; M&S is higher than earlier planned, but solid; driver in this 
system is labor

- SP-HV_Sept2019.xlsx : good organization; based on PD but updated to 
accommodate design and assembly changes

- SP-Cal_July2019.xlsx : not very detailed; concentration on cost of big 
ticket items (lasers); system scope not finalized

- SP-CISC_May2019 : lots of smallish components here; not real cost 
driver 
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Cost Book Detail
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BOE Documentation
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Cost Book Rollup
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WBS WBS Element Name M&S Engineer Designer Tech
Student 

Tech
Grad-

Student
Post-

Doc
Faculty

/Staff
2.4 DUNE SP-PD (Single 10KT) $9,491,035 15,620                 4,320                   72,403                 21,290            2,660                10,485       7,919           113,633             
2.4.1* Project Management (Milestones, Reviews) $0 220 0 0 0 880 880 880
2.4.2* Physics and Simulations $0 1960 0 0 0 0 2260 0

2.4.3 Design, Engineering and R&D $555,057 5860 2120 4020 2860 1260 2270 1630
2.4.3.1 Light Collectors Design and Engineering $185,000 3040 0 1440 1120 0 0 880
2.4.3.2 Photo Sensors Design and Engineering $175,000 880 500 1340 420 300 350 150
2.4.3.3 Electronics, Cabling and Monitoring Design and Engineering $165,057 1360 940 880 1080 960 1460 280
2.4.3.4 Integration and Installation Test Hardware Design and Engineering $30,000 580 680 360 240 0 460 320

2.4.4 Production Setup $498,117 2220 1160 3020 1480 840 360 790 7880
2.4.4.1 Light Collectors Production Setup $263,117 640 0 800 880 0 0 160
2.4.4.2 Photo Sensors Production Setup $100,000 880 520 840 600 360 240 320
2.4.4.3 Electronics, Cabling and Monitoring Production Setup $90,000 460 520 840 0 480 0 250
2.4.4.4 Integration and Installation Test Hardware Production Setup $45,000 240 120 540 0 0 120 60

2.4.5 Production $8,387,862 6690 240 46738 16275 560 1280 2359 69943
2.4.5.1 Light Collector Production $3,134,179 1960 0 32575 1775 0 150 680
2.4.5.2 Photo Sensors Production $3,978,480 3030 0 7320 14500 200 440 1280
2.4.5.3 Electronics, Cabling and Monitoring Production $1,275,203 1700 240 6843 0 360 690 399

2.4.6 Integration and Installation $50,000 850 800 18625 675 0 6575 3140 20950

* not included in sums 98773
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SP-Master_Oct2019.xlsx
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WBS WBS Element Name M&S Engineer Designer Tech Student GS Post-Doc Scientist

2 DUNE SP Far Detector $105,000,670        170,631            4,474        442,180        120,838        268,130        252,677        151,290 
# of modules 2

2.2 SP APA System (SP-APA) $29,417,102 69,571 0 205,918 0 129,040 3,772 1,840

2.2.4 Production Setup $4,219,422 7,042            -                1,992            -                4,240            -                -                
2.2.5 Production $25,197,680 61,908          -                203,044        -                112,640        -                -                
2.2.6 Integration and Installation $0 621               -                882               -                12,160          3,772            1,840            

2.3 SP TPC Electronics System (SP-CE) $26,283,696            17,915              1,020            34,032            44,992            24,064            49,339            19,040 

2.3.4 Production Setup $2,001,371 6095 1020 1374 2284 620 2981 2540
2.3.5 Production $24,237,801 3320 0 8658 42708 900 11758 0
2.3.6 Integration and Installation $44,524 8500 0 24000 0 22544 34600 16500

2.4 SP Photon Detection System (SP-PD) $17,373,840 15,720          2,080            131,525        34,780          1,120            15,710          11,158          

2.4.4 Production Setup $498,117 640               -                800               880               -                -                160               
2.4.5 Production $16,775,723 13,380          480               93,475          32,550          1,120            2,560            4,718            
2.4.6 Integration and Installation $100,000 1,700            1,600            37,250          1,350            -                13,150          6,280            

2.8 SP HV System (SP-HV) $10,643,310 2,842 1,374 31,849 41,066 13,427 12,528 14,193

2.8.4 Production Setup $163,000 432 250 2463 457 180 200 808
2.8.5 Production $10,468,310 2410 660 29386 28305 13247 11800 7753
2.8.6 Integration and Installation $12,000 0 464 0 12304 0 528 5632

2.9 SP DAQ System (SP-DAQ) $14,772,000 38,984 0 25,427 0 45,760 97,856 51,040

2.9.4 Production Setup $0 -                -                -                -                -                -                -                
2.9.5 Production $14,552,696 28864 0 25427 0 45760 97856 15840
2.9.6 Integration and Installation $220,000 10120 0 0 0 0 0 35200

2.10 SP Cryo Inst and Slow Control (SP-CISC) $2,307,068 1731 0 6356 0 22896 23968 19013

2.11.4 Production Setup $6,706 661 0 1321 0 2917 7868 6542
2.11.5 Production $2,126,482 589 0 3042 0 10608 4490 6460
2.11.6 Integration and Installation $173,880 480 0 1993 0 9370 11610 6011

2.11 SP Calibration Systems (SP-Cal) $4,203,654 23868 0 7072 0 31824 49504 35006.4
2.11.4 Production Setup
2.11.5 Production $4,203,654 23,868          -                7,072            -                31,824          49,504          35,006          
2.11.6 Integration and Installation
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CORE Cost
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WBS WBS Element Name M&S Engineer Designer Tech Student GS Post-Doc Scientist

2 DUNE SP Far Detector $105,000,670        170,631            4,474        442,180        120,838        268,130        252,677        151,290 
# of modules 2

2.2 SP APA System (SP-APA) $29,417,102 69,571 0 205,918 0 129,040 3,772 1,840

2.2.4 Production Setup $4,219,422 7,042            -                1,992            -                4,240            -                -                
2.2.5 Production $25,197,680 61,908          -                203,044        -                112,640        -                -                
2.2.6 Integration and Installation $0 621               -                882               -                12,160          3,772            1,840            

2.3 SP TPC Electronics System (SP-CE) $26,283,696            17,915              1,020            34,032            44,992            24,064            49,339            19,040 

2.3.4 Production Setup $2,001,371 6095 1020 1374 2284 620 2981 2540
2.3.5 Production $24,237,801 3320 0 8658 42708 900 11758 0
2.3.6 Integration and Installation $44,524 8500 0 24000 0 22544 34600 16500

2.4 SP Photon Detection System (SP-PD) $17,373,840 15,720          2,080            131,525        34,780          1,120            15,710          11,158          

2.4.4 Production Setup $498,117 640               -                800               880               -                -                160               
2.4.5 Production $16,775,723 13,380          480               93,475          32,550          1,120            2,560            4,718            
2.4.6 Integration and Installation $100,000 1,700            1,600            37,250          1,350            -                13,150          6,280            

2.8 SP HV System (SP-HV) $10,643,310 2,842 1,374 31,849 41,066 13,427 12,528 14,193

2.8.4 Production Setup $163,000 432 250 2463 457 180 200 808
2.8.5 Production $10,468,310 2410 660 29386 28305 13247 11800 7753
2.8.6 Integration and Installation $12,000 0 464 0 12304 0 528 5632

2.9 SP DAQ System (SP-DAQ) $14,772,000 38,984 0 25,427 0 45,760 97,856 51,040

2.9.4 Production Setup $0 -                -                -                -                -                -                -                
2.9.5 Production $14,552,696 28864 0 25427 0 45760 97856 15840
2.9.6 Integration and Installation $220,000 10120 0 0 0 0 0 35200

2.10 SP Cryo Inst and Slow Control (SP-CISC) $2,307,068 1731 0 6356 0 22896 23968 19013

2.11.4 Production Setup $6,706 661 0 1321 0 2917 7868 6542
2.11.5 Production $2,126,482 589 0 3042 0 10608 4490 6460
2.11.6 Integration and Installation $173,880 480 0 1993 0 9370 11610 6011

2.11 SP Calibration Systems (SP-Cal) $4,203,654 23868 0 7072 0 31824 49504 35006.4
2.11.4 Production Setup
2.11.5 Production $4,203,654 23,868          -                7,072            -                31,824          49,504          35,006          
2.11.6 Integration and Installation
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Responsibility Matrix
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Snapshot – 10/01/19

Preliminary and Confidential – for example only
We can discuss the one with real numbers when we have the presentation

2 Single Phase Modules
Responsibility Matrix Total US DOE US NSF UK Brazil Italy CERN Canada Spain Portugal Opportunity
SP TPC Electronics System (SP-CE) 100% 100% 0%
SP APA System (SP-APA) 100% 50% 50% 0%
SP Photon Detection System (SP-PD) 100% 10% 91%
SP HV System (SP-HV) 100% 40% 61%
SP DAQ System (SP-DAQ) 100% 18% 32% 51%
SP Cryo Inst and Slow Control (SP-CISC) 100% 10% 90%
SP Calibration Systems (SP-CAL) 100% 10% 90%

Money Matrix
Total - 
CORE US DOE US NSF UK Brazil Italy CERN Canada Spain Portugal Opportunity

SP TPC Electronics System (SP-CE) 26.3$       26.3$       -$         -$         -$         -$         -$         -$         -$         -$         -$            
SP APA System (SP-APA) 29.4$       -$         14.7$       14.7$       -$         -$         -$         -$         -$         -$         -$            
SP Photon Detection System (SP-PD) 17.4$       1.7$         -$         -$         -$         -$         -$         -$         -$         -$         15.7$          
SP HV System (SP-HV) 10.6$       4.2$         -$         -$         -$         -$         -$         -$         -$         -$         6.4$            
SP DAQ System (SP-DAQ) 14.8$       -$         2.6$         4.7$         -$         -$         -$         -$         -$         -$         7.5$            
SP Cryo Inst and Slow Control (SP-CISC) 2.3$         0.2$         -$         -$         -$         -$         -$         -$         -$         -$         2.1$            
SP Calibration Systems (SP-CAL) 4.2$         0.4$         -$         -$         -$         -$         -$         -$         -$         -$         3.8$            

Total contibution to M&S 105.0$         32.8$       17.3$       19.4$       -$         -$         -$         -$         -$         -$         35.5$          
% of Total M&S 31% 16% 18% 0% 0% 0% 0.0% 0.0% 0.0% 34%

Common Fund for CORE Contribution 20% 6.6$         3.5$         3.9$         -$           -$           -$           -$           -$           -$           7.1$            
From DOE 10.0$       covers DOE and NSF contribution

From International Partners 11.0$       includes contribution from "Opportunity"

LBNF Infrastructure + I&I
Responsibility Matrix US - DOE CERN Switzerland DUNE CF Opportunity
Cryostat 100% 50% 50%
Cryogenics Procurement 100% 59% 4% 38%
Installation & Integration M&S 100% 73% 27% 0%
Liquid Argon 100% 50% 50% 0%

Money Matrix CORE $K US - DOE CERN Switzerland DUNE CF Opportunity
Cryostat 62.8$       -$           31.4$       -$           -$           31.4$       
Cryogenics Procurement 77.0$       45.0$       -$           2.7$         -$           29.3$       
Installation & Integration M&S 41.0$       29.9$       -$           -$           11.1$       -$           
Liquid Argon 42.2$       21.1$       -$           -$           21.1$       -$           
Total Contribution to required M&S 223.0$     96.1$       31.4$       32.2$       60.7$       

Color code Detectors Infrastructure
Agreements in place or funding secured 43%
Proposals under review 22%
Proposals in preparation 0%
Aspirational/beginning discussions 1%
Opportunity or Scope Reduction 34%

Total CORE M&S 100%

2 Single Phase Modules
Responsibility Matrix Total US DOE US NSF UK Brazil Italy CERN Canada Spain Portugal Opportunity
SP TPC Electronics System (SP-CE) 100% 100% 0%
SP APA System (SP-APA) 100% 50% 50% 0%
SP Photon Detection System (SP-PD) 100% 10% 40% 17% 10% 24%
SP HV System (SP-HV) 100% 40% 16% 45%
SP DAQ System (SP-DAQ) 100% 18% 32% 15% 3% 34%
SP Cryo Inst and Slow Control (SP-CISC) 100% 10% 8% 82%
SP Calibration Systems (SP-CAL) 100% 10% 10% 80%

Money Matrix
Total - 
CORE US DOE US NSF UK Brazil Italy CERN Canada Spain Portugal Opportunity

SP TPC Electronics System (SP-CE) 26.28$     26.28$     -$         -$         -$         -$         -$         -$         -$         -$         -$            
SP APA System (SP-APA) 29.42$     -$         14.71$     14.71$     -$         -$         -$         -$         -$         -$         -$            
SP Photon Detection System (SP-PD) 17.37$     1.65$       -$         -$         6.95$       2.95$       -$         -$         1.74$       -$         4.08$          
SP HV System (SP-HV) 10.64$     4.20$       -$         -$         -$         -$         1.70$       -$         -$         -$         4.74$          
SP DAQ System (SP-DAQ) 14.77$     -$         2.59$       4.67$       -$         -$         2.16$       0.38$       -$         -$         4.98$          
SP Cryo Inst and Slow Control (SP-CISC) 2.31$       0.23$       -$         -$         -$         -$         -$         -$         0.18$       -$         1.90$          
SP Calibration Systems (SP-CAL) 4.20$       0.42$       -$         -$         -$         -$         -$         -$         -$         0.42$       3.36$          

Total contibution to M&S 105.00$      32.79$     17.29$     19.38$     6.95$       2.95$       3.87$       0.38$       1.92$       0.42$       19.06$        
% of Total M&S 31% 16% 18% 7% 3% 4% 0.4% 1.8% 0.4% 18% 35.86$       

Common Fund for CORE Contribution 20% 6.6$         3.5$         3.9$         1.4$         0.6$         0.8$         0.1$         0.4$         0.1$         3.8$            
From DOE 10.0$       covers DOE and NSF contribution

From International Partners 11.0$       includes contribution from "Opportunity"

LBNF Infrastructure + I&I
Responsibility Matrix US - DOE CERN Switzerland DUNE CF Opportunity
Cryostat 100% 50% 50%
Cryogenics Procurement 100% 59% 4% 38%
Installation & Integration M&S 100% 73% 27% 0%
Liquid Argon 100% 50% 50% 0%

Money Matrix CORE $K US - DOE CERN Switzerland DUNE CF Opportunity
Cryostat 62.8$       -$           31.4$       -$           -$           31.4$       
Cryogenics Procurement 77.0$       45.0$       -$           2.7$         -$           29.3$       
Installation & Integration M&S 41.0$       29.9$       -$           -$           11.1$       -$           
Liquid Argon 42.2$       21.1$       -$           -$           21.1$       -$           
Total Contribution to required M&S 223.0$     96.1$       31.4$       32.2$       60.7$       

Color code Detectors Infrastructure
Agreements in place or funding secured 43%
Proposals under review 29%
Proposals in preparation 9%
Aspirational/beginning discussions 1%
Opportunity or Scope Reduction 18%

Total CORE M&S 100%



Funding 
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Next Steps
• Near Term (6 months)
- Validate Cost Books and update summary tables as necessary
- DOE IPR : October 30 – Nov 1, 2019
- DOE DUNE Operations Review : January 6-7, 2020

• Costs for Technical Coordination and I&I
- Formalize responsibility for deliverables via Consortia Annexes for 

Multi-institutional MOU which is in draft status
- Present Common Fund Plan at April RRB Meeting
- Update Single Phase Cost Books in advance of DOE CD2/3 review in 

Spring 2020
• Longer Term
- Form consortia and develop cost estimates and funding model for Near 

Detector systems
- Develop bottoms up cost estimate and funding model for a Dual Phase 

module
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