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Chapter 1

Introduction

DUNE collaborators have prepared this detailed design document which describes the reference
design for the DUNE Near Detector Systems (NDS) and serves as an annex to the more abbreviated
discussion in the DUNE CDR. The NDS design pulls heavily from both the LBNE near detector
design of March 2012, before the LBNE reconfiguration effort eliminated this detector from the
project scope, and from the design proposed by Indian collaborators in their DPR of late 2013.

The role of the DUNE Near Detector Systems (NDS) is to minimize the systematic uncertainties of
the long-baseline oscillation program and to thus maximize the oscillation-physics potential of the
Far Detector. It is important that the Near Detectors improve the sensitivity of the DUNE long-
baseline neutrino-oscillation measurements. The enhanced sensitivity they provide will aid in both
the analysis of electron-neutrino appearance, the primary oscillation channel, and muon-neutrino
disappearance.

The NDS is made up of the following components:

e Fine-Grained Tracker (FGT) near neutrino detector

e Beamline Measurement System

e Near Detector System Data Acquisition system

e External Measurements
The DUNE Fine-Grained Tracker (FGT) near detector consists of a straw-tube tracking detector
(STT) and electromagnetic calorimeter (ECAL) inside of a 0.4-T dipole magnet. In addition, Muon
Identifiers (MulDs) are located in the steel of the magnet, as well as upstream and downstream
of the STT. The FGT is designed to make precision measurements of the neutrino fluxes, cross

sections, signal rates and background rates.

The Beamline Measurement System (BLM) will be located in the region of the Absorber Complex
at the downstream end of the decay region to measure the muon fluxes from hadron decay. The

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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absorber itself is part of the LBNF Beamline. The BLM is intended to determine the neutrino
fluxes and spectra and to monitor the beam profile on a spill-by-spill basis, and will operate for
the life of the experiment.

The Near Detector System Data Acquisition system (NDS-DAQ) collects raw data from each NDS
detector’s individual DAQ), issues triggers, adds precision timing data from a global positioning
system (GPS), and builds events. The NDS-DAQ is made up of three parts: NDS Master DAQ
(NDS-MDAQ), the Beamline Measurements DAQ (BLM-DAQ) and the Near Neutrino Detector
DAQ (NND-DAQ).

In addition, external pion producion measurements will improve the simulation of neutrino fluxes.

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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Chapter 2

The Near Neutrino Detector: A
Fine-Grained Tracker

2.1 Introduction

The DUNE Fine-Grained Tracker (FGT) near neutrino detector consists of a straw-tube tracking
detector (STT) and electromagnetic calorimeter (ECAL) inside of a 0.4 T dipole magnet. In
addition, Muon Identifiers (MulDs) are located in the steel of the magnet, as well as upstream and
downstream of the STT. The FGT is designed to make precision measurements of the neutrino
fluxes, cross sections, signal rates and background rates. This document presents the FGT design,
which will meet the physics goals and sensitivities of the DUNE experiment.

2.2 Motivation

In order for DUNE to achieve the desired neutrino-oscillation sensitivity, the charged-current signal
events and neutral-current background events in the DUNE far detector (FD) must be precisely
predicted as a function of the parameters and variables that affect oscillations. These include
energy, leading lepton (which tags the neutrino flavor) and the momentum and identification
of particles generated by neutrino interactions. At the FD, the first and the second oscillation
maxima signals occur at about 2.4 GeV and 0.8 GeV, respectively — an energy regime where
neutrino cross sections and fluxes have large uncertainties. It is therefore crucial to measure the
unoscillated neutrino fluxes and their interactions at the near site.

In addition to the oscillation signal, it is critical to identify and measure processes such as neutral
current 7° production, that can mimic oscillation signals at the FD. Thus, the principal focus of
the near neutrino detector will be on the neutrino-oscillation energy range of F, < 8 GeV, as well
as higher neutrino energies that produce background to the oscillation signal. Furthermore, the
8 < F, < 20 GeV energy range can be used as a “control region”, i.e. a region in which to search

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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for physics beyond the PMNS matrix. Clearly, the measurements must be comparable to those
made in the FD, for which the target material is liquid argon (LAr).

Finally, the near neutrino detector must measure nuclear effects, including short-range correlations,
two-body currents, pion absorption, initial-state interactions, and final-state interactions. These
nuclear effects have an impact on neutrino cross sections and energy determinations, and differences
between neutrinos and antineutrinos must be fully understood when searching for CP violation.

The proposed detector will constrain the systematic uncertainties in the DUNE oscillation mea-
surements. Regardless of the process under study, the goal is to have the systematic error less than
the corresponding statistical error. The design presented here is the subject of study within the
DUNE Science Collaboration. As these studies progress, the design of the DUNE near neutrino
detector, referred to as the Fine Grained Tracker (FGT) in this document, may evolve from what
is described here.

2.3 Overview of FGT Design

A schematic drawing of the FGT design is shown in Figure 2.1. The fine-grained tracker will
measure the neutrino event rates and cross sections on argon, water, and other nuclear targets for
both v, and v,, charged current (CC) and neutral current (NC) scattering events. The FGT design
consists of a straw-tube tracker (STT), consisting of straw tubes, water targets, argon targets,
and radiator targets, and an electromagnetic calorimeter (ECAL), both inside a dipole magnet. In
addition, muon detectors (MulD) consisting of resistive plate chambers (RPCs) will be embedded
in the steel of the magnet.

The FGT has excellent position and angular resolutions due to its low-density (~ 0.1 g/cm?) and
high-precision STT. This high resolution is important for determining the neutrino vertex and
determining whether the neutrino interaction occurs in the water or argon target. The proposed
3.5 x 3.5 x 6.4 m3® STT position inside the dipole magnet with magnetic field B = 0.4 T will
enable particle tracking. The nominal active volume of the STT corresponds to 8 tonnes (metric
tons, t) of mass, which is mostly due to the STT targets and radiators. Table 2.1 summarizes the
performance for the FGT configuration, and Table 2.2 lists the specifications for the FGT.

For a 120-GeV proton beam, the neutrino event rates in the detector will be ~ 0.35 x 10~
events/tonne/proton on target. Assuming 0.5 x 10 protons per beam spill, this corresponds to
~ 1.5 events per spill in the 8-t active volume of the FGT design. Overlaps between interactions
are expected to be manageable thanks to the nanosecond-level timing of the FGT relative to the
~ 10-us beam-spill length.

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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Barrel
ECAL

STT Module
Backward ECAL

Figure 2.1: A schematic drawing of the fine-grained tracker design.

Table 2.1: A summary of the performance for the FGT configuration

Performance Metric FGT
Straw Tube Detector Volume 3.5m x 3.5m x 6.4m
Straw Tube Detector Mass 8t
Vertex Resolution 0.1 mm
Angular Resolution 2 mrad
E, Resolution 5%

E,, Resolution 5%
v,/v, 1D Yes

Ve Ve ID Yes
NCr®/CCe Rejection 0.1%
NC~/CCe Rejection 0.2%
CCu/CCe Rejection 0.01%

Annex 4G: Near Detector Reference Design
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Table 2.2: Specifications for the FGT

Item Requirement

Inner Magnetic Volume 4.5m x 4.5m x 8.0m

Tracking Detector 3.5m x 3.5m x 6.4m; 80 modules; 107,520
straws

Targets 5.08-cm thick argon, and other nuclear targets

Transition Radiation Radiators 9-mm thick radiators

ECAL Xy = 10 barrel, 10 backward, & 20 forward;
26,112 scintillator bars

Dipole Magnet 0.4T; 2.4 MW; 60 cm thick steel

Magnetic Field Uniformity < 2% magpnetic field variation over inner vol-
ume

MulD 432 RPC modules interspersed between 20-cm

thick layers of steel

2.4 Straw-Tube Tracking Detector

2.4.1 Straw Tubes

The Straw-Tube Tracking Detector (STT) at the center of the FGT is composed of straw tubes
with an outer diameter of 1 cm, as well as radiators and targets that reside next to the straw tubes
as shown in Figure 2.2.

The straw walls are made by winding together a film of carbon loaded Kapton XC (inner) and a
film of aluminum coated Kapton HN (outer), for a total thickness of about 70 ym. The anode wire
is gold-plated tungsten with 20 um diameter. Two consecutive layers of straws are staggered by a
half-diameter, glued, and inserted into a carbon-fiber composite mechanical frame to form a single
module. One vertical (YY) and one horizontal (XX) module are then assembled together to form
a double-module (XXYY) equipped with frontend electronic readout boards. Figure 2.2 shows a
schematic drawing of the STT module with four straw-tube planes and radiators. Each XXYY
module equipped with radiators is equivalent to 1.45 x 1072X, (0.2x1072X,, without radiators),
with a radiation length Xy ~5.5 m. The momentum measurement requires that tracks are detected
in at least six straw layers. The staggered double layer design, high number of straw planes and
double-end readout will contribute to resolving short track disambiguation.

The straw tubes will be filled with a gas mixture of either 70% Ar plus 30% CO; (for modules
with nuclear targets) or 70% Xe plus 30% COg (for modules with radiators). The dimensions
of each double module in the reference design will be approximately 350 ¢cmx350 cmx8.0 cm,
including a nuclear target or four radiator planes and four straw planes. For ease of construction
and transportation, each double module is made up of two modules, with two straw layers and
dimensions of appproximately 350 cmx 175 cmx4.0 cm. Each module will have a carbon composite
frame around the perimeter for support and will have an attached target or radiator.

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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The modularity of the STT provides for successive measurements using thin nuclear targets (thick-
ness < 0.1Xj), while the excellent angular and spatial resolution allows a clean separation of events
originating in different target materials.

STT double module
FE electronics XX YY assembly
with radiator foils

10O boards

Radiator foils
60 x 4 =240

76 mm

Figure 2.2: A schematic drawing of a STT module with four straw-tube planes and radiators (dark blue
shading).

The STT will have a total of 107,520 straws — corresponding to 336 straws per plane, 1344 straws
per module — and 80 modules. Both ends of the straw tubes will be read out, leading to a total
number of electronics channels of 215,040. The total mass of the STT, including targets and
radiators, is approximately 8 t, corresponding to an average density of 0.1 g/cm?3. The thickness
of the entire 6.4-m-long STT is 0.3X, without radiators and nuclear targets and ~ 1.3.X, with all
radiators and targets included. Specifications for the Straw Tube Detector are shown in Table 2.3.

In addition to tracking charged particles and measuring Transition Radiation (TR), the STT

provides dE/dx measurement to identify particles. Figure 77 provides a sample of pions, kaons
and protons identified via dE/dx in the STT.

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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Table 2.3: Straw Tube Detector specifications

Item

Specification

Straw Tube Geometry

1 cm Diameter x 3.5 m Long

Number of Straw Tubes 107,520
Number of Straw Tubes per Plane 336
Number of Straw Tube Planes per Module 4
Number of Straw Tube Sub-Modules per Module 4
Number of Straw Tube Modules 80
Number of Straw Tube Sub-Modules 320
Length of Straw Tube Wire 376.3 km
Number of Electronics Channels 215,040
Number of Modules with Radiators 75
Radiator Thickness per Module 3.6 cm
Radiator Mass per Module 69.1 kg
Number of Modules with Nuclear Targets 10

C Mass per Target Plane 192 kg
Number of Modules with C Target Planes 2

Ca Mass per Target Plane 132 kg
Number of Modules with Ca Target Planes 1

Ar Target Geometry

5.08 cm Diameter x 3.5 m long

Number of Ar Targets per Plane

68

Ar Mass per Target Plane 112 kg
Number of Modules with Ar Target Planes 1
Fe Mass per Target Plane 96.5 kg
Number of Modules with Fe Target Planes 1

Annex 4G: Near Detector Reference Design
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Figure 2.3: Simulated distributions of dE/dx for different particles in FGT.

2.4.2 Radiator Targets

Radiators will be placed in the downstream STT modules and will serve as targets for both neutrino
interactions and Transition Radiation (TR) production. Each STT module contains four radiators,
where each radiator consists of 60 layers of 25-um polypropylene (C3Hg),, foils alternating with 60
sheets of 125-pum tulle fabric spacers. The mass of each radiator is ~ 27 kg and the thickness is
~ 9 mm. The use of thin plastic foils regularly spaced allows the emission of transition radiation
for electron/positron identification, which is detected by the Xe gas in the straws. The plastic
radiators account for about 83% of the mass of each STT module and also provide the main
(anti)neutrino target.

2.4.3 Nuclear targets

A set of different nuclear targets will be installed in front of the most upstream STT modules,
which will not be equipped with radiators. The most important nuclear target is the argon target
that matches the DUNE far detector.

This target will consist of planes of cylindrical tubes filled with argon gas pressurized to 140 atm
(p = 0.233), with sufficient Ar mass to provide ~10 times the unoscillated statistics expected in a
40 kt far detector. The proof of concept design consisted of 0.5-inch diameter, 3.5-m-long stainless
steel tubes, with wall thickness 0.065-inch, as shown in Figure 2.3. In order to minimize the mass
of the tube walls, we are investigating the use of a single plane of C-composite tubes with 2-inch
diameter and a wall thickness of 0.04-inch.

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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Relevant to argon, a crucial target is calcium which has the same atomic weight (A = 40) as argon
but is isoscalar. Since most nuclear effects depend on the atomic weight A, inclusive properties
of (anti)neutrino interactions are expected to be the same for these two targets. This fact will
allow the use of both targets to model signal and backgrounds in the DUNE far detector (argon
target), as well as to compare DUNE results for nuclear effects on argon with the extensive data
on calcium from charged lepton scattering.

An equally important nuclear target is carbon (graphite), which is essential in order to get
(anti)neutrino interactions on free proton, through a statistical subtraction procedure from the
main polypropylene target (C3Hg),. The availability of such a free-proton target will allow accu-
rate flux determinations and cross section measurements, and, for the first time, a direct model-
independent measurement of nuclear effects — including both the primary and final-state interac-
tions — on the argon target relevant for the far detector oscillation analysis. The required carbon
target mass is about 0.5 t (in addition to the carbon in the STT frames). The corresponding
expected number of events on H target are 5.0(1.5) x 10° 4 13(6.6) x 10® v(v) CC, where the
uncertainty is dominated by the subtraction procedure.

A stainless steel target in the form of a single thin slab will provide service measurements of
(anti)neutrino cross-sections for the INO experiment in India.

Finally, cylindrical tubes similar to those used for the pressurized Ar gas can be filled with standard
and heavy water (HoO and D20). The statistical subtraction of HoO from DyO will result in a
quasi-free neutron.

Table 2.3 gives a reference configuration of the radiators and nuclear targets, listed according to

their location from downstream to upstream. The final configuartion of the nuclear targets will
require detailed Geant4 simulations of FGT and corresonding physics sensitivity studies.

Water Targets Manifold

Figure 2.4: Schematic drawing of the water or pressurized-argon targets, made from 0.5-in diameter
aluminum tubes.

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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2.5 Electromagnetic Calorimeter

An electromagnetic calorimeter (ECAL) will surround the tracking volume on all sides and consist
of three separate pieces: Forward ECAL, Barrel ECAL, and Backward ECAL. The ECAL concep-
tual design consists of layers of either 1.75-mm-thick (for the forward ECAL) or 3.5-mm-thick (for
the barrel and backward ECAL) lead sheets and 2.5-cm-wide by 10-mm-thick plastic scintillator
bars, as shown in Figure 2.4. The scintillator layers for the Forward and Backward ECAL alternate
as XYXYXY..., while the scintillator layers for the Barrel ECAL are all horizontal along the axis
of the magnet. The Forward ECAL will consist of 60 layers of scintillator bars, where each bar has
dimensions 3.2 m x 2.5 cm x 1 cm. The Backward ECAL will consist of 16 layers of scintillator
bars, where each bar has the same dimensions, 3.2 m x 2.5 cm x 1 cm. The Barrel ECAL will also
consist of 16 layers of scintillator bars, where each bar has the same dimensions, 3.2 m x 2.5 cm
x 1 cm.

The lead sheets and scintillator bars will be assembled and glued together into complete modules
of dimension 3.2 m x 3.2 cm X 81 c¢m for the Forward ECAL and 3.2 m x 3.2 cm x 27.5 cm for
the Backward ECAL. For the Barrel ECAL, the module dimensions will also be 3.2 m x 3.2 cm
x 27.5 cm. Two Barrel modules are placed end-to-end along the sides of the inner surface of
the magnet (eight Barrel modules total) to provide full coverage of the barrel region. The total
numbers of scintillator bars in the Forward, Backward, and Barrel ECAL are 7,680, 2,048, and
16,384, respectively, for a total of 26,112 bars.

The scintillator bars will be extruded with holes in the middle of each bar. The holes will then be
fitted with ~ 1-mm-diameter Kuraray wavelength-shifting (WLS) fibers. The fibers will be read
out by SiPM (silicon photomultiplier) photosensors at each end, making the number of readout
channels twice the number of scintillator bars for a total of 52,224. The total mass of scintillator
is 20.9 t, the total mass of Pb is 70.8 t, and the total length of fiber is 83.6 km. Specifications
for the ECAL are shown in Table 2.4. Figure 2.5 shows a side view of the ECAL (red) inside the
dipole magnet, where there is very little gap between the Barrel ECAL and the Forward ECAL.

2.6 Dipole Magnet

The STT and ECAL modules will reside inside a 0.4-T dipole magnet for the measurement of
particle momentum and charge. The magnet will have inner dimensions (inside the coils) 4.5-m
wide x 4.5-m high x 8.0-m long. The magnet has four vertical copper coils, stacked horizontally,
producing a horizontal magnetic field. The return yoke will be divided into two halves along
the longitudinal center line to allow the magnet to be opened to service the detector inside, as
shown in Figure 2.1. Each half yoke will be built from eight “C” (C-shaped) sections, and the
thickness of the magnet steel will be 60 c¢m, consisting of 6 x 10-cm-thick plates. The magnet
power requirement with Cu coils is ~ 2.4 MW, corresponding to 6 kA at 400 V. The water flow
required for cooling is 20 1/s. The Dipole Magnet specifications are shown in Table 2.5.

The momentum resolution is dominated by multiple scattering in the STT. The momentum reso-

Annex 4G: Near Detector Reference Design LBNF/DUNE Conceptual Design Report
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Forward ECAL
Figure 2.5: Schematic drawing of the forward ECAL equipped with the front-end and back-end readout

boards (left), and a cross-section of one barrel ECAL module (right), showing the details of the assembly
of alternating planes of plastic scintillator and Pb sheets.

Table 2.4: ECAL specifications

Iltem

Specification

Scintillator Bar Geometry

3.2m x 2.5cm x lcm

Number of Forward ECAL Scintillator Bars 7680

Forward ECAL Pb thickness 1.75mm

Number of Forward ECAL Layers 60

Number of Forward ECAL Radiation Lengths 20

Dimensions of Forward ECAL Module 3.2m x 3.2m x 8lcm
Number of Barrel ECAL Scintillator Bars 16,384

Barrel ECAL Pb thickness 3.5mm

Number of Barrel ECAL Layers 16

Number of Barrel ECAL Radiation Lengths 10

Number of Barrel ECAL Modules 8

Dimensions of Barrel ECAL Modules 3.2m x 3.2m x 27.5cm
Number of Backward ECAL Scintillator Bars 2048

Backward ECAL Pb thickness 3.5mm

Number of Backward ECAL Layers 16

Number of Backward ECAL Radiation Lengths 10

Dimensions of Backward ECAL Module 3.2m x 3.2m x 27.5cm
Total Length of 0.7mm Diameter WLS Fiber 83.6km

Total Number of Scintillator Bars 26,112

Total Number of Electronics Channels 52,224

Total Mass of Scintillator 20,890 kg

Total Mass of Pb 70,800kg
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Figure 2.6: A side view of the ECAL (red) inside the dipole magnet, where there is very little gap

between the Barrel ECAL and the Forward ECAL.

lution is, therefore, given by dp/p = 0.053/\/ZLX0)B. For B = 0.4T, L = 3m, and Xy = 4m, the

expected momentum resolution is ~ 3.8%.

Table 2.5: Dipole Magnet specifications

Iltem

Specification

Inner Dimensions

4.5m x 4.5m x 8.0m

Magnetic Field 04T
Number of “C" Sections 16
Thickness of Steel in the “C" Sections 60cm
Mass per “C” Section 60 t
Number of Coils 4

Mass per Coll 40 t
Magnet Current 6 kA
Magnet Voltage 400 V
Magnet Power Requirements 2.4 MW
Water Flow for Cooling 20 1/s

2.7 Muon ldentifier

The sides and ends of the dipole magnet will be instrumented with a muon identifier detector
(MulD) that will distinguish muons from hadrons by the ability of muons to penetrate the iron
without showering or interacting. The MulD will consist of 432 resistive plate chamber (RPC)
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modules interspersed between two 10-cm-thick steel plates of the dipole magnet and between 20-
cm-thick steel plates at the upstream and downstream ends of the magnet. The MulD is only
meant to provide identification of the muon; the muon momentum will be measured by the STT
inside the magnetic field. A schematic drawing of the MulD interspersed in the magnet steel is
shown in Figure 2.6.

The nominal dimensions of all RPC modules will be 1 m x 2 m with active areas of 96 cm x
196 cm. Each module has 256 X strips at 7.65-mm pitch and 128 Y strips at 7.5-mm pitch. The
modules will be grouped into trays, each containing six modules, and the trays will be sufficiently
wide to allow overlapping modules. The end RPC trays have dimensions of 2 m x 6 m, and there
are three trays per plane. The downstream end has five planes, corresponding to 15 trays and
90 RPC modules. The upstream end has three planes, corresponding to nine trays and 54 RPC
modules. The vertical barrel-RPC trays have dimensions of 2.5 m x 4 m, 2.8 m x 4 m, and 3.1 m
x 4 m for the inner, middle, and, outer planes, respectively, corresponding to 24 trays and 144
RPC modules. The horizontal barrel-RPC trays have dimensions of 2.2 m x 4 m, 2.5 m X 4 m,
and 2.8 m x 4 m for the inner, middle and outer planes, respectively, corresponding to 24 trays
and 144 RPC modules. Overall, there are a total of 72 trays, 432 RPC modules, and 165,888 strips
and electronic channels.

The downstream MulD will contain five steel planes of overall dimensions 6 x 6 x 0.2 m* (283.5 t)
and five RPC planes, while the upstream MulD will contain three steel planes (170.1 t) of di-
mensions 6 x 6 x 0.2 m? and three RPC planes. The barrel MulD will contain 24 planes (three
layers x eight sides) of RPCs. The RPCs will have a total thickness of 15 mm and a gap width
of 2 mm. One possible gas mixture could be of Ar (75%), tetraflouroethane (20%), isobutane
(4%), and sulphurhexaflouride (1%). Figure 2.7 shows a schematic drawing of an end RPC tray,
while Figure 2.8 shows a schematic drawing of an RPC module. MulD specifications are shown in

Table 2.6.

Table 2.6: MulD specifications

Item Specification
Number of Barrel RPC Trays of Dimension 2.2m x 4m 8

Number of Barrel RPC Trays of Dimension 2.5m x 4m 16

Number of Barrel RPC Trays of Dimension 2.8m x 4m 16

Number of Barrel RPC Trays of Dimension 3.1m x 4m 8

Number of END RPC Trays of Dimension 2m x 6m 24

Total Number of RPC Trays 72

Total Number of RPC Modules 432

Mass of Downstream Steel Planes 283,500 kg
Mass of Upstream Steel Planes 170,100 kg
RPC Thickness 1.5cm
Number of 7.65mm Pitch X Strips per Module 256
Number of 7.5mm Pitch Y Strips per Module 128

Total Number of RPC Strips and Electronics 165,888
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Figure 2.7: Schematic drawing of a magnet half-assembly, showing the the MulD interspersed in the
magnet steel.

Figure 2.8: Schematic drawing of an end-RPC tray, consisting of six RPC modules of dimension 1m X
2m.
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RPC active area: 1960mm x 960mm

Edge Spacer/ Gas Seal

Placeholder Preamp/logic

card — 12 total \
!
\
|

Y strip plane, 128
strips at 7.5mm pitch

Bakelite 2m x 1m with HV electrode coating

X strip plane 256 strips
at 7.65mm pitch HV connector block Button spacer 164mm H x 160mm V spacing

Figure 2.9: Schematic drawing of an RPC.
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2.8 FGT Instrumentation

The instrumentation includes both fast readout electronics for the subdetectors and the slow control
(O seconds) of the subdetectors, involving monitoring the humidity, temperature, gas pressure,
etc. There is considerable synergy in the information gathered in the STT, ECAL and MulD. Both
the STT and ECAL are required to measure the total charge and the time associated with a given
hit. The MulD RPCs are required to provide the position and time associated with a traversing
track. Similarly, the slow control of the subdetectors share many features. A brief description
of the subdetector instrumentation is presented here, while Table 2.7 summarizes the number of
electronics channels for each of the subdetectors.

Table 2.7: The number of electronics channels for each of the three detector systems

Detector Number of Electronics Channels

STT 215,040
ECAL 52,224
MulD 165,888

2.8.1 Readout Electronics

The electronics for the three subsystems, STT, MulD, and ECAL, are all “fast” systems, i.e., all of
the signals are in the few-to-10 nanosecond range. The STT output has a roughly 10-nanosecond
rise time with a total integrated charge of about 100 electrons per centimeter. The gain of the STT
drift tubes are typically 10* to 10°, so over a collection time interval of ~ 100 ns the integrated
charge is 10° to 10® electrons. The MulD system contains RPCs that can operate in either streamer
mode or avalanche mode; the difference being that streamer mode is not proportional to the
deposited charge, whereas the avalanche mode is. The rise time of the RPC signal is a few
nanoseconds and charge is collected immediately; the collected charge can be large, up to 100
pC. The ECAL signals come from a SiPM that converts the light from the scintillator strips to an
electronic signal. The deposited charge in the scintillator will give rise to 10® to 10° photoelectrons.
The gain of a SiPM is ~ 10° and has a rise time of a few nanoseconds, so the total charge can be
> 100 pC. As these three systems all have gain and are fast, it is hoped that a common electronics
system may be possible.

The requirements for each system are very similar: a fast output and both an ADC and a TDC
on each channel. Additionally, for the STT straw tubes it is desirable to wave-form digitize the
analog signal in order to enhance the ability to separate the ionization signal from the transition
radiation signal. The total channel count is 433,152 channels; this is broken out into 215,000 for
the STT, 165,000 for the MulD, and 52,224 for the ECAL. Most available electronic systems from
existing experiments don’t quite meet these requirements or are too expensive to implement for this
channel count ($50/channel has been allocated). Recently, an interesting new ASIC development
for an upgrade to the ATLAS muon system at the LHC has come out of BNL (see talk given by
Gianluigi De Geronimo at the ACES 2014 meeting at CERN in March 2014). A schematic of the
newly developed chip (VMM2) is shown in Figure 2.9. It handles 64 channels and produces both
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fast ADC and TDC outputs. It has been fabricated and tested and should be ready by 2017, long
before it will be needed for DUNE. The VMM2 features are the following:

e front-end electronics (ASIC)

e more than 2.3 million channels total

e operation with both charge polarities

e sensing element capacitance of 10-200 pF

e charge measurement up to 2 pC at < 1 f{C RMS
e time measurement ~ 100 ns at < 1 ns RMS

e trigger primitives, neighbor logic

e low power, programmable

The VMM2 chip will be explored as the first option for the NND readout.

2.8.2 Humidity and Temperature Monitoring

Humidity is detrimental to all the FGT subdetectors. To maintain a low level of humidity and
to maintain a desired temperature, both STT and ECAL subdetectors will have dry nitrogen
circulating within their outer layers. A similar arrangement might be made for the RPCs, as
well. Regarding the magnets, magnet coils are cooled by water, while the magnet yokes are
instrumented with RPCs that must remain dry. Thus, a continuous control of humidity in all
these detectors is needed. Just as for humidity, temperature must be continuously monitored in
all of the subdetectors in order for the electronics to not overheat.

2.8.3 Gas Leak Monitoring in the STT and MulD

Gas leaks need to be monitored in the STT and MulD. The STT will employ Xe gas, which helps
with the measurement of transition radiation. Xe gas is expensive and, hence, will be recirculated;
leak-monitoring is particularly important here. The requirement on leaks is less stringent for the
RPCs, which have less expensive gas.
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VMM2 Architecture - Complete Channel

-

R coc)
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* 64 independent channels
* neighbor communication

* 4-8 mW / channel depending on configuration

AD%)
TGC clock

Figure 2.10: A schematic drawing of the VMM2 circuit.
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2.8.4 Magnet Monitoring

The water flow (pressure gradient) will be continuously monitored in order to ensure that the
magnet does not overheat. Also, all power sources instrumenting the FGT and its readout need
to be monitored for appropriate voltage and current.
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Chapter 3

Near Detector Beamline Measurements

3.1 Introduction

This chapter outlines the DUNE strategy for measurements of secondary beam particles in the
region behind the beam absorber. Those measurements are designed to provide constraints on
the neutrino flux at the near and far detectors, and data on the pulse-to-pulse variation of the
beam for beam diagnostic purposes. A description of equipment for monitoring the proton beam’s
interaction with the proton target can be found in Volume 2: The Beamline at the Near Site.

The measurements and apparatus described in this chapter fall into the category of equipment
designed specifically for DUNE to detect muons exiting the decay tunnel.

3.2 Design Considerations

3.2.1 General

The requirements for the beamline measurements, as discussed in the NDC requirements docu-
mentation [1],

[old LBNE reference ]

are intimately related to how well the neutrino flux must be known. Given that DUNE does
not have the luxury to construct identical Near and Far Detectors, a near-far comparison is more
complicated than it was in the MINOS experiment [2], for example. While external hadron-
production measurements can place strong constraints on the pion and kaon production in the
target, they do not provide any confirmation of the simulation of other key features, such as the
horn focusing, secondary interactions, and the pion scattering and absorption in the air-filled decay
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volume.

In addition to the external measurements, covered in Section ??, that confirm the simulation of
the thick target, horn material, decay tunnel and absorber, it is desirable to constrain the flux by
making independent measurements at the 4-5% level of the muons that penetrate the absorber.
It would not be practical to do this for all penetrating muons, but sufficient measurements at a
few positions can be done in a cost-effective way.

3.2.2 Muon Measurements

The dominant, two-body decays of pions and kaons that produce neutrinos also result in the cre-
ation of daughter muons. Monitoring the muons exiting the decay volume can provide information
about the direction, size, shape and flux of the neutrino beam. The daughter muon and neutrino
energies in those two-body decays are completely anti-correlated. For example, a 7t — pfv,
decay will result in a v, with an energy, E,, between zero and 0.43E; plus a p* with an energy of
E, = E, — E, between 0.57E; and E,. This has the effect that the muon takes 79% of the pion
energy on average, leaving the neutrino with only 21%. Thus, on average, the muon energy is 3.75
times that of the neutrino.

The primary physics goal of DUNE is to measure the transmutation of v,s to v,s over the 1300km
between Fermilab and the far detector site. Therefore it is essential for DUNE to cross-check the
estimate of background v,s present in the beam by using several methods to measure their rates
at the Fermilab site. There are two dominant sources of v,s present in the neutrino beam, muon
decays and kaon decays. The muon systems are designed to directly measure the muons that
penetrate absorber with an energy threshold as low as possible, i.e. directly measure those muons
whose decays are a major source of background v.s, . A measurement of the spectrum of those
muons will translate directly into constraints on the spectrum of background v.s. That constraint
has the enormous advantage of being independent of poorly understood neutrino-nucleus cross
sections.

Because muons and neutrinos come from the same parent pion and kaon decays, a measurement
of the absolute muon flux in conjunction with the energy spectrum seen in the muon monitors
can constrain the absolute neutrino flux. The goal for the DUNE muon monitors is to determine
the absolute muon flux to an accuracy of 5% above a muon energy of 6 GeV (which corresponds
to a neutrino energy of 1.6 GeV) in the central part of the absorber. Figure 3.1 shows the total
simulated neutrino flux at the Far Detector overlaid with the flux from only neutrinos having pion
or kaon parents that contribute to the signal seen in the muon monitor. The simulation shows
that between 3 GeV and 10 GeV, more than 90% of the neutrinos in the Far Detector come from
this subset.

It is essential to monitor the stability of the beam direction over time. Figure 3.2 shows the effect
on the muon-neutrino flux in the Far Detectors when the beam is misaligned by 0.4 mrad. For
example, above 6 GeV, the ratio of the Far Detector flux over the Near Detector flux changes by
2%. To keep the change in the neutrino beam less than 1% in all energy bins, the beam direction
must be known to a precision of approximately 0.2 mrad. Because the muon monitors will be
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Figure 3.1: The total simulated neutrino flux at the Far Detector (black solid) overlaid with the neutrino
flux, also at the Far Detector, coming from neutrinos with pion or kaon parents that contribute to the
muon-monitor signal (red dashed), averaged over the back of the absorber. As shown in Figure 3.6,
the muon systems will probe down to 1.5 GeV in neutrino energy on the beam axis.
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Figure 3.2: Ratio of the neutrino flux on-axis to the flux 0.4 mrad off-axis at the Far Detector position.
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located approximately 275 m from the beam target, this requires a measurement of the muons to
an accuracy of approximately 5 cm.

The rate of muons crossing the monitors will be quite high, with preliminary LBNF beam simula-
tions suggesting approximately 50 million muons per cm? for a pulse of 10! protons-on-target. The
muon monitors must also be capable of operating in a high-radiation environment. For example,
the expected dose in the area downstream of the NuMI absorber is as high as 100 MRad per year

13].

3.3 Muon-Measurement Facilities

The muon measurements are carried out in the region immediately following the hadron absorber
at the end of the decay tunnel, below the Absorber Service Building (LBNF 30). A view of the
absorber area and the muon alcove is shown in Figure 3.3. The axis of the decay pipe cuts across
the muon alcove at an angle, and the size of the alcove is largely determined by the requirement
that it contain the shadow of the four-meter-diameter decay pipe, projected through the alcove,
as shown in the elevation view of Figure 3.5.

Figure 3.4 shows the downstream side of the absorber and a conceptual layout of the muon systems
described in various sections of this chapter. The absorber itself is encased in concrete. The first set
of muon-measurement devices, from left to right, is a set of three variable-pressure gas Cherenkov
counters, which are mounted directly to the rear wall of the absorber. Following that is an array
of diamond ionization detectors and finally a set of stopped-muon counters which are interspersed
between walls of steel “blue blocks”. The blue blocks are there to provide several depths at which
to monitor the stopped muons as they range out in the material. A second array of ionization
devices will also be placed farther downstream within the blue blocks.

A perspective view of LBNF 30 is shown in Figure 3.4, and a detail of the lower level of Absorber
Hall is given in Figure 3.5. The HV, water systems and gas systems for the muon monitors will
be located nearby on the lower level. The readout electronics will be located in racks close to the
surface.

It is important to have precise knowledge of the amount of material muons pass through before
they are registered in the muon systems. The absorber itself is a complex, heterogeneous assembly
of various materials. Figure 3.5 show the absorber conceptual design (more detail is available in
Volume 2 of this CDR). A hole in the front side of the absorber, at left, is both surrounded and
followed by the aluminum core of the absorber. The core is then surrounded by steel and standard
steel “blue blocks”, which are in turn surrounded by concrete. This complex geometry must be
carefully understood and simulated in order to make the muon measurements effective.

Figure 3.6 shows the energy lost by a horizontal muon as it traverses the absorber, as a function
of the distance from the beam axis along a 45° line perpendicular to the beam axis. In the central
region, roughly to a distance of 105 cm, the muons lose between 5.0 to 6.4 GeV, so that the
lowest-energy muons leaving the absorber at that point correspond to neutrino energies of ~ 1.5
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Figure 3.3: The Absorber Hall overview. The Absorber Service Building (LBNF 30) is on the surface
and allows for crane access to the Absorber Hall. The muon alcove is directly behind the absorber.

Figure 3.4: A perspective view of the Absorber Hall area.
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Figure 3.5: Absorber conceptual design. The figure shows the elevation view of the absorber at the end
of the decay tunnel. The beam axis is shown by the blue line. The absorber is constructed of several
different materials as shown: aluminum core in blue and grey, concrete (grey and tan), and steel (in

brown and green). fig:Absc
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to 2.0 GeV. At a radius of roughly 105 c¢m, the full thickness of steel causes the muons 10 GeV or
more, corresponding to neutrino energies of ~ 2.6 GeV. From the perspective of the muon systems
it will be desirable to lower these thresholds if possible. This might be accomplished by using more
aluminum in the front part of the absorber or by judiciously locating detectors inside the absorber
material.

10f— | | " ]
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Figure 3.6: The energy loss a muon, parallel to the beam axis, experiences as it traverses the material
in the absorber. The muon's energy loss is plotted versus the distance from the beam axis, along a 45
° line perpendicular to the beam axis. Muons suffer between 4.7 and 9.3 GeV of energy loss depending
upon where they cross the absorber.

3.4 Muon Cherenkov Detectors

3.4.1 Introduction

A Cherenkov variable-pressure, gas Cherenkov counter, operated in differential mode will be de-
ployed downstream of the absorber. The counter will be mounted on a movable stand that will
allow the system to scan in a plane transverse to the beam axis. The Cherenkov counter deployed
by DUNE will not image individual Cherenkov rings, but rather will see the integrated signal from
many muons due to the very large instantaneous flux. In addition, by varying the radiator gas
pressure, and hence the Cherenkov threshold, the system’s index of refraction will vary, allowing
it to map out the muon momentum distribution.

Figure 3.7 shows the expected distribution of velocities, 5 (v/c), for muons and electrons after

exiting the absorber. Figure 3.8 shows the expected angle with respect to the beam for electrons
and muons with similar velocities (implying that both are visible above the same Cherenkov
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threshold). Despite the similar velocities, the muons are much more likely than the electrons to
be directed parallel to the beam.

Therefore, a detector that takes advantage of the directional nature of Cherenkov light will have
less background contributions from electrons and other isotropic background particles such as
neutrons, than will an ionization system, for example.
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Figure 3.7: Simulated electron and muon velocities exiting the absorber. This plot is based on a
simulation gnumi[4] of the LBNF beamline.

3.4.2 Reference Design

The simple Cherenkov counter design employs a gas radiator contained in a pressurized tube. The
very forward Cherenkov light in a narrow cone of + 1 mrad is collected at the end of the tube
by a mirror that reflects the light 90 degrees towards a photosensor located outside the high-
radiation field of the muon beam. The gas pressure, varied from vacuum to twenty atmospheres,
will determine the index of refraction, and hence the Cherenkov angle versus muon-momentum.
Several such tubes will be constructed in an array transverse to the beam direction. The resulting
pressure scan will give the momentum distribution of the muons at an array of points across the
end of the absorber.

Figure 3.9 shows how the Cherenkov system will be constructed. Safety considerations suggest
that the diameter of the radiator tube and light-guide tube be six inches or less. A photosensor,
located outside the direct radiation field of the muons, will view the primary mirror through a
telescopic optical system.

The preferred option is to use a gas Cherenkov system containing a noble gas with a high index

of refraction, where the density of the gas can be varied to change the Cherenkov threshold. The
noble gas will reduce potential degradation due to reactivity in the high radiation field of the post-
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Figure 3.8: ISimulated plot of angle with respect to the beam for electrons and muons exiting the
absorber. This plot is based on a gnumi simulation of the LBNF beamline.

Collimator Alcove Test Cherenkov
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Figure 3.9: The Cherenkov counter prototype design. Muons at threshold momentum emit forward
Cherenkov light which is reflected via one flat mirror 45 degrees) to a PMT located outside of the muon
radiation field.
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absorber environment. Varying the pressure will provide more information about the momentum
spectrum of the muons.

The combination of a flat mirror and a 90° mirror will reflect light out to a PMT. The UV-sensitive
PMT will collect light from normal incidence on the primary mirror with a 2 mrad acceptance, the
light yield per particle will be approximately one photon near threshold. That is more than ample
light for the system where the particle flux is of order 10" per cm? through the radiator section.

3.4.3 Prototype Development and Testing

A prototype Cherenkov counter, along with associated fully automated gas systems, HV systems,
and data acquisition system has been constructed and is undergoing testing in the NuMI neutrino
beam’s muon alcove 2. In addition, three diamond detectors [5] for ionization measurements have
also been installed into the alcove. Figure 3.10 shows the prototype detectors in NuMI alcove 2.

The counter has an automated gas system with a settable pressure that ranges from vacuum to 20
atm, corresponding to muon Cherenkov thresholds of 200 GeV /c and 1 GeV /c respectively. When
operated at vacuum, the PMT registers all background light unrelated to the gas, e.g. transition
radiation, light from particles hitting the window and PMT glass. Those contributions are observed
to be very small relative to the coherent, directional Cherenkov light.

The counter is constructed with a 1 meter long radiator section as shown in Figure 3.9 . A 20 foot
extension allows the reflected Cherenkov light to travel to a sapphire pressure window viewed by
a photo multiplier tube.

The prototype is now fully integrated into NuMI operations and real-time waveforms can be viewed
online as shown in Figure 3.11. The top panel shows the waveform from the Cherenkov counter
at 2 atm gas pressure, that corresponds to a muon momentum threshold of 3 GeV/c. The second
panel shows the waveform from a 9mm x 9mm diamond detector mounted to the front flange of
the Cherenkov radiator section as shown in the inset of Figure 3.10.

The extracted NuMI proton beam, Resistive Wall Monitor (RWM) signal is also recorded with an
identical digitizer. That allows a direct, bucket-by-bucket (individual proton pulses) comparison
of the proton current onto the NuMI primary proton target, and the muons measured after the
absorber with a 400ps time resolution.

A second set of muon detectors, the final DUNE design, are being constructed at this time (2015).
They are being installed directly behind the NuMI proton beam dump (muon alcove 1). They will
be mounted on a movable stand, and the entire setup will be eventually transferred the DUNE
absorber hall. The higher radiation environment of alcove 1 will be more similar to the eventual
DUNE installation. It will allow the DUNE muon detectors to be calibrated in the NuMI beam
and ready for use in the DUNE beam.
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Figure 3.10: A prototype muon gas Cherenkov detector for DUNE. Muons travel through an L-shaped
4" Conflat pipe filled with a pressurized gas. A flat mirror mirrors directs the optical photons to a photo
multiplier. The lower right inset shows the 20 bar MKS pressure reading achieved by the Cherenkov
gas system, and the inset on the upper right shows the CERN/Cividec diamond detectors mounted to
the Cherenkov housing.
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Figure 3.11: The realtime display of the muon detector prototypes in operation on the NuMI beam
line. The top two panels are the Cherenkov counter and CERN diamond detector [5], The signals are
transmitted through low-loss heliax cable, and then the waveform is digitized at 2.5 GHz with a 12 bit
dynamic range, and the recorded onto disk storage for analysis. The signal from the muons is contained
in the short beam pulse "buckets" created by the accelerator RF structure. The fast timing allows the
prompt muon signal to be easily separated from potential backgrounds such as stopped muon decays,

beta decays, and neutrons.
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3.4.4 Installation

Installation will begin following the absorber installation and the installation of the stopped muon
systems systems. The counters will be removed from the NuMI Alcove 1 area after calibration in
the NuMI beam, and then stored until they are needed for DUNE. The gas handling system will
be located nearby, also on the lower level of the Absorber Hall.

3.4.5 Operation

Because the system will be located in a radiation-controlled environment that will not be accessible
during beam operation, it is essential that the electronics and gas handling system be both robust
and remotely operable. The prototype system in use at the NuMI area can be relocated for that
purpose, or if desired a new system may be constructed. Periodic access will be required to the
utilities area to replace gas bottles.

3.5 Muon-lonization Measurements

3.5.1 Introduction

Post-absorber muon measurements in most of the recent neutrino-beam experiments have typically
employed a planar array of ionization counters to measure the muon profile and intensity. The
NuMI beamline [3] and the K2K [6] [7] and T2K [8] [9] experiments have all utilized parallel-plate
ionization detectors. These counters have been shown to work in the high-radiation environment.

K2K and T2K have also deployed solid-state silicon detectors [7] [10]. The advantage of silicon is
that it is less sensitive to changes in the air temperature and pressure. However, these sensors are
not as radiation-tolerant as the parallel-plate ionization chambers and will only be used in T2K
for the initial beam operation.

DUNE is however in the process of evaluating CVD diamond detectors as ionization measurement
devices. Their advantage is two-fold, they are much more radiation resistant than silicon, and
they provide a much faster signal than ion chambers which allows them to distinguish between
background and the prompt muon signal. They are also very stable and require no gas system.

The DUNE NDC plans to use the ionization devices, e.g. CVD diamond, to monitor the beam
stability, direction and shape, and also potentially to determine the absolute flux of muons or to
determine the muon-energy spectrum. Instead, the stopped-muon counters and gas Cherenkov
detector will be used, respectively, to determine the flux and energy spectrum of the muons.
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3.5.2 Reference Design

The reference conceptual design is to use CVD diamond ionization detectors arranged in two
arrays. Each array will measure the centroid of the muon beam to insure a stable neutrino flux at
the near and far detectors. The detectors are arranged in a diamond shaped arrays as shown in
Figure 3.4 and Figure 3.12.

Diamond Detector Array

Figure 3.12: A model of the ionization detector layout behind the Cherenkov detector stand showing
the 13 detectors in a grid configuration.

The reference design for DUNE includes two layers of ionization counters, one behind the absorber
and a second one behind steel shielding blocks. DUNE wants to achieve a precision in the beam
center of 0.2 milliradians (5 cm for a 250 m decay pipe). A quick study has determined the
sensitivity for various arrangements of the ionization counters for each layer and Figure 3.14 shows
the typical precision such a system can achieve. DUNE design was motivated by a desire to use
a grid array with some of the counters removed, and still achieve the desired sensitivity, thus
reducing the total number of needed counters.

Several different designs for the counter arrangement were studied and the area covered by the
detectors was varied. A toy Monte Carlo model was developed to estimate the precision of each
design. The muon profile was assumed to be a Gaussian with a spread of 130 c¢m in the z and y
dimensions and a center at the origin. The standard deviation on the beam center was studied as
a function of array coverage for several designs and for 2%, 5% and 10% random systematic error
offsets. Figure 3.14 shows the precision of the detector array as a function of the width of the
detector cross arrangement of the detectors.

The results show that the width of the detector array affects the precision more than the layout
of the detectors. Increasing the array size improves the precision greatly.
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Figure 3.13: A model of one the two ionization detector arrays that measure the muon flux and muon

beam centroid. fig:Diar
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Figure 3.14: Precision as a function of detector width for a cross-shaped detector with assumed 5%
random calibration offsets. fig:cros
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The DUNE muon ionization detector design consists of two arrays of ionization counters, which is
motivated by the NuMI target experience. Over a period of several months, the number of events
per proton on target gradually decreased over time, especially in the energy range from 2-4 GeV.
This reduction in neutrino flux is attributed to target radiation damage. Figure ?? shows the ratio
of the signal seen in the first muon alcove to the signal seen in the second muon alcove versus
time. This ratio decreased in a similar manner over time. The first alcove was immediately after
the absorber, while the second alcove was behind approximately 12 m of rock, and therefore saw
only higher energy muons, since the lower energy ones would range out before reaching the second
alcove. This gradual decrease in the ratio of the signals seen in these arrays was an indication of
the target degradation and the relative reduction in the low-energy part of the neutrino and muon
fluxes. 1

It will be necessary to be able to monitor this ratio in DUNE on a spill-by-spill basis to look for
signs of target degradation or horn failure. Therefore, a second ionization array, placed behind
several layers of shielding blocks, will be necessary. In Figure 3.4 the second array is placed behind
4 m of steel shielding. Since the density of steel is roughly 3 times larger than that of rock, this is
comparable to the depth of the NuMI second muon alcove, which sits behind 12 m of rock. More
detailed studies will need to be performed to determine if this is the optimal location for sensitivity
to changes in the target density.

3.5.3 Prototype Design and Testing

The prototype testing of the diamond detectors is described above in the Cherenkov counter
section, Section 3.4.3. For the DUNE ionization detectors, a small array of prototype counters will
be built and operated in the existing NuMI alcove 1 to determine the optimal design and operating
conditions for the DUNE monitors. This will be done in 2016 and 2017. It will provide a good
field test in roughly the same environment as expected during DUNE operations. It will also be
cross-checked against the existing NuMI muon-monitoring system. The goals of these tests are to
understand the linearity of the response of these counters (by comparing the observed signal to
variations in the beam intensity), their long-term stability and operational reliability.

3.5.4 Installation

The system installation will begin following completion of the Absorber Hall and LBNF 30 and
the installation of the stopped-muon counter system (described in Section 3.6).

1Similar trends were seen in the ratios of the other muon alcove signals, but the first/second ratio saw the largest
effect.
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3.5.5 Operation

The muon-monitor-system data will be displayed in the control room at the Absorber Hall upper
level on a spill-by-spill basis to monitor the beam stability and look for potential signs of target
or horn degradation. This control room will be accessible during the beam operation. The data
will also be displayed at central run control.

3.6 Stopped-Muon Detector

3.6.1 Introduction

The second system under development is stopped-muon counters, also called Michel-electron de-
tectors. This method will measure the muon flux without suffering from some of the disadvantages
intrinsic to systems that detect through-going muons. The strategy employed here is to stop muons
in a material with significant carbon content and, via muon capture, to produce 2B that will in
turn undergo [ decay. The high-carbon material, in this case graphite, surrounds a Cherenkov
radiator material which is sensitive to electrons from muon decay or high-energy beta decays.
Figure 3.15 shows the conceptual design of a single stopped-muon counter.

Figure 3.15: Conceptual design of a single Michel-electron detector (stopped-muon counter)

The detectors will only operate in the lower-rate environment that is present many microseconds
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after the beam pulse is over. There are two possible modes for this type of system. The first is an
integrating mode where the characteristic decay time of 2.2 us for muon decay and corresponding
beta-decay lifetimes is used to unfold the total number of decays. The other mode under inves-
tigation uses the ability to record individual decays rather than an analog current measurement.
This mode may allow a more precise absolute normalization of the flux and fit the muon lifetime in
the Michel-electron detector. This will provide a more robust cross-check on the muon signal than
will ionization detectors, which are sensitive to delta rays, photon conversions and other charged
particles.

Although this technique has never been tried on a large scale, a small demonstration project in
K2K was able to see Michel decays with a 10 signal /background ratio and to measure the absolute
rate with 30% precision[11].

3.6.2 Reference Design

The stopped-muon detector reference design is modular and based on a Cherenkov radiator of
minimum size to contain a 52.8-MeV electron and distinguish it cleanly from lower-energy ra-
dioactivity. This conceptual design employs a liquid mineral oil radiator. The radiator will be
coupled to four photomultiplier tubes (PMT) or other photon counter. The entire module will be
surrounded by a liquid scintillator veto layer, and the entire module then encased in a material
that provides both a uniform-density stopping target for muons and some shielding from incoming
neutrons. One or two signal channels will be associated with each module, and the full waveform
from each channel over approximately 100 ms will be recorded on each beam pulse.

Nine modules will be placed just behind the absorber in a cross pattern. An additional 12 will be
placed at multiple depths in the shielding in order to sample the muon flux from different energies,
as shown in Figures 3.16. The shielding will simultaneously act to range out the muons and shield
the detectors from neutrons. The Cherenkov light from Michel-decay electrons will exit the counter
and be collected by either nearby PMTs or by a light guide which will guide the light to a remote
optical sensor.

To probe the muon flux at lower energies, it may also be feasible and/or desirable to place some
additional modules within the downstream part of the absorber or in the outermost radii of the
decay-pipe shielding. The ability to do this may be limited, however, by the presence of muons
from stopped, positively charged pion decays due to nearby hadron showers.

Besides the Michel decays of stopped muons, the system will independently measure both the p*
and p~ stopped rates as a function of depth. While the 2.2 us decay time of the u™ is a reliable
signature, in mineral oil roughly 8.5% of the u~ undergo capture on the ?C nucleus, and 15%
of those leave behind a 2B ground state nucleus. That 2B nucleus will undergo 3 decay with a
half-life of 20.20 ms and an electron spectrum with an endpoint of 13 MeV. This signal is expected
to yield a reliable measurement of the rate of stopped u~.
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Downstream Concrete

Stopped Muon
Detector — oil version

Figure 3.16: Stopped muon counter conceptual design. The figure shows the elevation view of the
absorber at the end of the decay tunnel along with the locations of a subset of the stopped muon
counters, and showing a possible arrangement of “blue blocks” and stopped muon detectors. In this
case there is roughly 2 GeV of energy loss per wall of blue blocks. The final arrangement is under
investigation and will depend on the final absorber design. fig:Absc
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3.6.3 Prototype Development and Testing

Prototype development activity for the Michel-electron detectors will be divided into studies of
the rate and radiation environment where the detectors will be located and development of the
counters themselves.

The radiation environment will be studied both with Monte Carlo simulations and by measure-
ments from initial prototype detectors in the NuMI muon alcoves [3]. The prototypes will be
installed into the alcoves in 2016 and 2017. Studies will be performed to determine if the photon
sensors can survive the radiation environment at the location of the Michel detector. If the sen-
sors can survive, they can be attached directly to the Cherenkov medium; if not, optical guides
will have to bring the light to a lower-radiation area to the side of the beam. Potential radiation
damage to the Cherenkov radiator itself will also be studied.

The detector design will focus on selecting radiator and shielding material, photon-detection tech-
nology and control/readout hardware. Possible radiators include aerogel, which may be designed
to be replaced periodically, and flowing liquids such as HyO or mineral oil. Long-timescale sat-
uration from the very high-rate environment of the beam spill could affect the photon-counting
devices [12]. Thus, it will likely be necessary to design fast-switching, high-voltage circuits that
turn on the photon counters in the first few microseconds after the spill is over. A similar system
was developed in the 1990s for the Brookhaven Muon (g-2) Experiment [13] .

3.6.4 Installation

The stopped-muon counters will be installed after completion of the Absorber Hall and LBNF 30
and installation of the absorber. They will be placed into the spaces between the blue-block walls
on support frames. There will be access to the areas between the shield blocks from the side,
and the stopped-muon counters will be designed so that they can be wheeled in from the side. If
needed, they could then be moved around to measure the stopped-muon rates across the muon
beam.

3.6.5 Operation

The muon-monitor-system data will be displayed in the control room on a spill-by-spill basis to
monitor the beam stability. Because the system will be located in a radiation-controlled environ-
ment that will not be accessible during the beam operation, it is essential that the electronics be
designed for remote operation.
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Chapter 4

Data Acquisition and Computing for the
Near Detector System

4.1 NDS DAQ

The Near Detector System (NDS) Data Acquisition system (NDS-DAQ) collects raw data from
each NDS detector’s individual DAQ), issues triggers, adds precision timing data from a global
positioning system (GPS), and builds events. The NDS-DAQ is made up of three parts, as shown
in the block diagram of Figure 4.1, a master DAQ and one each for the near neutrino detector
(NND, which is the FGT) and the BLM systems. The names for these are, respectively, NDS-
MDAQ, NND-DAQ and BLM-DAQ.

4.1.1 NDS Master DAQ

The NDS Master DAQ (NDS-MDAQ) is designed to provide a high-level user interface for local
run control and data taking, as well as for secure remote control and monitoring. It will serve as
the primary interface to the NND-DAQ and BLM-DAQ and will include the following:

e slow-control system

online data and DAQ performance monitoring

raw data collection

building of events

data storage.
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Figure 4.1: Near Detector System DAQ block diagram: The NDS-DAQ consists of the NDS Master
DAQ (green blocks), the Beamline Measurement DAQ (yellow summary block) and the Near Neutrino
Detectors DAQ (orange summary block). The NDS-DAQ connects to other portions of DUNE and
LBNF, shown here in other colors (blue, light red, tan).

The NDS-MDAQ includes hardware two-way triggering for both the NND-DAQ and BLM-DAQ),
and GPS hardware for precision time-stamping and global clock synchronization. The design is
currently based on a channel count estimate of approximately 433,000 from the near neutrino
detector, plus < 1,000 from the beamline detectors. Custom electronic components for the NDS-
DAQ are based on existing custom designs from other experiments, e.g., T2K and ATLAS, and
implement commercial components for the trigger modules, clock and timing synchronization, GPS
and environmental monitoring.

4.1.2 Near Neutrino Detector DAQ (NND-DAQ)

The Near Neutrino Detector Data Acquisition system (NND-DAQ) collects raw data from the DAQ
in each NND subdetector and connects to the NDS Master DAQ via Gigabit Ethernet. A block
diagram of the NND-DAQ) is shown in Figure 4.2. The NND-DAQ will mainly consist of a scalable
back-end computer array, interconnected to the individual subdetector DAQs via Gigabit Ethernet,
and specialized electronics modules for trigger processing and clock synchronization. It interfaces
to the NDS-MDAQ for run control and data collection. The NND-DAQ will also have its own
local run-control setup, consisting of a number of desktop workstations to allow independent local
runs that include NND subdetectors only; this is useful during detector commissioning, calibration
runs, stand-alone cosmic runs, or other runs where the beam is stopped or not needed.
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The quantity of computers required for the NND-DAQ back-end system is highly dependent on the
number of channels and expected data rates of the individual neutrino detectors. One back-end
computer should be able to handle approximately 3,000 channels for sustainable and continuous
runs. Assuming a total of 433,000 channels for all NND subdetectors combined, about 150 back-end
computers would be needed.

Trigger signals from each subdetector will be collected and pre-processed by a trigger electronics
module, similar in design to the NDS trigger or master-clock modules of the NDS-MDAQ design.
Depending on the run mode, this module could feed local trigger decisions to the detector DAQs
for data collection, or it could forward NDS triggers from the NDS-MDAQ or higher levels to the
NND subdetector DAQs. A slave-clock electronics module, similar to the master-clock module in
the NDS-MDAQ), distributes clock- and time-synchronization signals from the NDS-MDAQ to all
NND subdetectors.

1
—\ )
€ : > Trigger € Triggers : Neutrino
1 e_Neutrino(Triggers Module : —9 Detector
1 ——> Global Trigger(s) S | > #1
: PR . (S
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Figure 4.2: A block diagram of the Near Neutrino Detector DAQ (NND-DAQ).

4.1.3 Beamline Measurements DAQ (BLM-DAQ)

The BLM-DAQ will mainly consist of a scalable back-end computer array, inter-connected to the
individual beamline measurement detector DAQs via Gigabit Ethernet and specialized electronics
modules for trigger processing and clock synchronization. It interfaces to the NDS-MDAQ for run
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control and data collection. It will also have its own local run-control setup, consisting of a num-
ber of desktop workstations to allow independent local runs that include beamline measurement
detectors only; this is useful during detector commissioning, calibration runs, stand-alone cosmic
runs or other runs where the beam is stopped or not needed.

4.2 NDS Computing

The computing system encompasses two major activities: online computing with required slow-
control systems, and offline computing for data analysis and event simulation. The computing
components are based on currently available commercial computing and gigabit networking tech-
nology, which is likely to improve over the next years without driving costs up for the final design.
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Chapter 5

Measurements at External Facilities

5.1 Introduction

The technical components that would be needed to implement the strategies described in this
chapter are outside the scope of the DUNE NDS conceptual design. This information is included
in this document because it complements the conceptual design and expands the NDS capabilities
to more closely meet the mission need without increasing the project cost.

5.2 External Neutrino-Beam Measurements

As discussed in Section 5.3.2, DUNE’s strategy for neutrino-beam measurements includes making
measurements of the Far Detector response to a known flux of neutrinos, and NuMI is the only
appropriate beam line to use for the neutrino source.

To implement this strategy, appropriate detectors will need to be built. A plausible scenario would
be a liquid argon TPC detector of 20-30 tons in the current location of the Minerva experiment,
in front of the MINOS near detector. In that way, the MINOS near detector could be used
to measure the charge of muons exiting the TPC. The TPC would be designed using the same
readout technology that is used in the DUNE Far Detector. Once an optimal detector arrangement
is determined, DUNE would use the same beam simulation and same muon measurements to apply
that knowledge to the LBNF beam and Far Detector.

5.3 External Hadron-Production Measurements

Uncertainties on hadron production will translate into uncertainties in the neutrino fluxes in the
DUNE Far Detector, since the neutrinos are produced by hadrons decaying in the decay pipe.
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Precise calculations of neutrino fluxes in high-energy accelerator beams are limited at present by
our knowledge of hadron production cross-sections in hadron-nucleus collisions. The modeling of
strong-interaction cascades and hadronic yields from “thick” targets (up to a couple of interaction
lengths) relies on detailed knowledge of underlying physics and cross-sections, which must be
provided as a starting point to simulations. The resulting prediction of the flux of neutrinos,
produced from decays of pions, kaons, and muons emerging from a hadronic shower and beam line
re-interactions, is an essential part of simulations of most neutrino experiments.

Two-detector neutrino oscillation experiments predict the neutrino flux at the far detector by
using neutrino fluxes “calibrated” (or appropriately scaled) by event energy spectra measured in
the near detector. However, even these experiments must rely on the beam simulations since the
decay pipe (where most beam neutrinos are created) provides different angular acceptance for the
two detectors. In addition, experiments using near and far detectors based on different detection
technologies further complicate the extrapolation. This chapter outlines the DUNE strategy for
augmenting the capabilities of the BLM with external measurements of secondary-beam particles.

5.3.1 Background

A complete knowledge of the momenta and decay points of the kaons, pions and muons would be
sufficient to completely predict the un-oscillated flux of neutrinos at the Near and Far Detector
locations. This would require knowledge of:

e the phase-space distribution of the initial proton beam
e details of all materials present in the target, horn and decay pipe areas
e the electromagnetic focusing characteristics of the magnetic horn

e the detailed development of the hadron cascade, spawned by the initial proton, that passes
through the target/horn/decay pipe

e the meson-to-neutrino decay rates

With careful engineering design and careful control of the materials in the target area, all of these
items can be simulated accurately except hadronic cascades in the target, horn and decay pipe.
The simulation of the hadronic cascade requires accurate knowledge of the hadron scattering cross
sections, for which there are no first-principle calculations. These cross sections must therefore
rely on models, which in turn require hadron-production measurements that span particle type,
particle energy and the various materials found in the target, horn and decay pipe.

At the present time, a sufficient body of hadron-production measurements does not exist to achieve
DUNE’s desired accuracy of 4-5%, as determined by the irreducible error on the statistical un-
certainty for the appearance-measurement back-ground, although this is expected to improve over
time. As the BLM system described in Chapter 3 cannot meet this requirement alone, a near-far
comparison will be more complicated than in certain other neutrino-oscillation experiments, e.g.,
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MINOS experiment [2].

5.3.2 Strategy

The current approach is to rely on measurements made externally (outside the scope of DUNE) to
calibrate detector response and flux simulations, and to relate these measurements to DUNE. This
would be done through the use of a common simulation code and through measurements of tertiary
muons in both DUNE and the external facility, using nearly identical tertiary muon-measurement
systems.

In order to keep the uncertainty in the near/far event-rate ratio from being limited by systematic
uncertainties in the flux, the DUNE flux simulation must be accurate at the 4-5% level. Efforts at
this stage are intended to understand the effect of the uncertainties in hadron-production in the
beamline on overall DUNE sensitivities, to determine what further measurements may be needed
by DUNE and to estimate their potential cost to the Project.

The measurements that DUNE would require from an external facility begin with the primary
hadron-production cross sections in the proton-target material, followed by similar studies in thick
targets, and finally hadron yields after passage through the complete target and focusing-horn
system. In addition, hadron-interaction cross sections on materials in the decay pipe and absorber
can be important in flux calculations.

External hadron-production measurements are expected to play a critical role once the Far Detector
has accumulated sufficient statistics toward the end of the running period to make systematic errors
on the flux a dominant source of error in the oscillation measurement.

5.3.3 Use of External Facilities for Measurements

Historically, a number of hadron-production experiments have contributed directly to the outcome
of neutrino experiments by measuring meson production from the proton targets used by those
experiments, and hence providing a constraint on their neutrino fluxes. For example, the HARP
data[14] contributed directly to MiniBooNE and the SPY[15] experiment contributed directly to
NOMAD. Since their contributions were crucial to those neutrino experiments, it is also expected
that DUNE will require some dedicated hadron-production measurements. In the future, the MIPP
experiment at Fermilab is planning to contribute its measurements to the NOvA experiment, and
the NAG61 experiment [16, 17] is contributing to the T2K experiment [18].

A suitable apparatus for DUNE’s hadron-production measurements is the collection of equipment
and detectors used by the MIPP experiment at Fermilab [19]. A full suite of DUNE-related hadron-
production measurements would require the installation of the DUNE horn-focusing elements and
associated power supplies in front of a future incarnation of MIPP in the meson area at Fermilab.
This kind of effort could be within the scope of the DUNE Project and could be postponed until
after DUNE construction or even after DUNE operations have stopped.
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5.4 The US-NA61/SHINE Program

A proposal to make measurements for the Fermilab neutron program with the NA61/SHINE
experiment has been funded by DOE/HEP [20, 21] , US-NAG61, and recommended by the CERN
SPSC. NA61/SHINE is situated in the North Area of CERN on the H2 beam line.

The detector, schematically shown in Figure 5.1 is comprised of two large air gap, Helmholtz-coil
superconducting magnets with a total bending power of 9 T-m. The detector is instrumented
with gas TPC tracking, time-of-flight counters, and a hadron calorimeter (at very forward angles).
The US-NA61 measurements will provide hadron-production data sufficient for predicting neutrino
fluxes at DUNE. A pilot run of 120 GeV/c protons interacting on a thin 4% graphite target was
taken by NA61 during July, 2012. A 4-week dedicated physics run is scheduled for October, 2015.

The run plan for the 2015 data is shown in the table in Figure 5.2. The initial run will focus on
proton and pion data at 120 GeV /c and 60 GeV /c energies. This will constrain well extrapolations
from higher and lower energies that are currently under use in neutrino beam simulations.

A
\

DAQ / readout

DCS E MTPC-L
Vertex magnets E !
VIPC-1 | GAP 5
Target TPC '
e HHH | e
s4 '
i MTPC HUT
: WALL
X ToF-R

Figure 5.1: A schematic drawing of the CERN NAG61 detector, a hadron production and heavy ion
experiment designed to measure hadrons over a large part of the relevant phase for neutrino experiments.
The TPCs, shown in blue, can separate pions from protons and kaons.
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proton+pion event totals

Incident proton/pion beam momentum

Target 120GeV /c | 60 GeV/c 30GeV/c
NuMI (spare) replica (future)
LBNE replica (future)
thin graphite (< 0.05A;) 3M 3M (T2K data)
thin aluminum (< 0.05A) 3M (future)
thin steel (< 0.05A1) (future) (future) (future)
thin beryllium (< 0.05A;) 3M 3M (future)

Figure 5.2: A table that shows the proposed run plan for the US-NA61 data run in the fall of 2015.
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