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A roadmap of the DUNE technical
design report

The Deep Underground Neutrino Experiment (DUNE) far detector (FD) technical design report
(TDR) describes the proposed physics program, detector designs, and management structures and
procedures at the technical design stage.

The TDR is composed of five volumes, as follows:

* Volume I (Introduction to DUNE) provides an overview of all of DUNE for science policy
professionals.

* Volume II (DUNE physics) describes the DUNE physics program.

* Volume III (DUNE far detector technical coordination) outlines DUNE management struc-
tures, methodologies, procedures, requirements, and risks.

* Volume IV (The DUNE far detector single-phase technology) and Volume V (The DUNE Far
Detector Dual-Phase Technology) describe the two FD liquid argon time-projection chamber
(LArTPC) technologies.

The text includes terms that hyperlink to definitions in a volume-specific glossary. These terms
appear underlined in some online browsers, if enabled in the browser’s settings.



Chapter 1

Executive summary

1.1 Introduction

The overriding physics goals of the DUNE are the search for leptonic charge parity (CP) violation,

the search for nucleon decay as a signature of a Grand Unified Theory underlying the Standard
Model, and the observation of supernova neutrino bursts (SNBs) from supernovae. Central to

achieving this physics program is the construction of a detector that combines the many-kiloton
fiducial mass necessary for rare event searches with sub-centimeter spatial resolution in its ability to
image those events, allowing us to identify the signatures of the physics processes we seek among
the numerous backgrounds. The single-phase (SP) LArTPC [1] allows us to achieve these dual

goals, providing a way to read out with sub-centimeter granularity the patterns of ionization in
10kt volumes of liquid argon (LAr) resulting from the MeV-scale interactions of solar and SNB
neutrinos up to the GeV-scale interactions of neutrinos from the Long-Baseline Neutrino Facility

(LBNF) beam.

To search for leptonic CP violation, we must study v, appearance in the LBNF v, beam. This

requires the ability to separate electromagnetic activity induced by charged current (CC) v, inter-

actions from similar activity arising from photons, such as photons from 7% decay. Two signatures
allow this: photon showers are typically preceded by a gap prior to conversion, characterized by the
18 cm conversion length in LAr; and the initial part of a photon shower, where an electron-positron
pair is produced, has twice the dE/dx of the initial part of an electron-induced shower. To search
for nucleon decay, where the primary channel of interest is p — K™V, we must identify kaon tracks
as short as a few centimeters. It is also vital to accurately fiducialize these nucleon-decay events to
suppress cosmic-muon-induced backgrounds, and here the detection of argon-scintillation photons
is important for determining the time of the event. Detecting a SNB poses different challenges:
those of dealing with a high data-rate and maintaining the high detector up-time required to ensure
we do not miss one of these rare events. The signature of a SNB is a collection of MeV-energy
electron tracks a few centimeters in length from CC v, interactions, spread over the entire detector
volume. To fully reconstruct a SNB, the entire detector must be read out, a data-rate of up to 2 TB/s,
for 30s to 100, including a ~4 s pre-trigger window.

In this Executive Summary, we give an overview of the basic operating principles of a SP
LArTPC, followed by a description of the DUNE implementation. We then discuss each of the
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subsystems separately, connecting the high-level design requirements and decisions to the overriding
physics goals of DUNE.

1.2 The single-phase liquid argon time-projection chamber

Sense Wires
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Figure 1.1. The general operating principle of the single-phase liquid argon time-projection chamber.

Figure 1.1 shows a schematic of the general operating principle of a SP LArTPC, as has
been previously demonstrated by ICARUS [2], ArgoNeuT [3], MicroBooNE [4], LArIAT [5], and
ProtoDUNE [6]. A large volume of LAr is subjected to a strong electric field of a few hundred
volts per centimeter. Charged particles passing through the detector ionize the argon atoms, and
the ionization electrons drift in the E field to the anode wall on a timescale of milliseconds. This

anode consists of layers of active wires forming a grid. The relative voltage between the layers is
chosen to ensure all but the final layer are transparent to the drifting electrons, and these first layers
produce bipolar induction signals as the electrons pass through them. The final layer collects the
drifting electrons, resulting in a monopolar signal.

LAr is also an excellent scintillator, emitting VUV light at a wavelength of 127 nm. This
prompt scintillation light, which crosses the detector on a timescale of nanoseconds, is shifted into
the visible and collected by photon detector (PD) devices. The PDs can provide a #, determination
for events, telling us when the ionization electrons begin to drift. Relative to this #y, the time at
which the ionization electrons reach the anode allows reconstruction of the event topology along the
drift direction, which is crucial to fiducialize nucleon-decay events and to apply drift corrections to
the ionization charge.

The pattern of current observed on the grid of anode wires provides the information for
reconstruction in the two coordinates perpendicular to the drift direction. A closer spacing of the
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wires, therefore, results in better spatial resolution, but, in addition to increasing the cost of the
readout electronics due to the additional wire channels, a closer spacing worsens the signal-to-noise
(S/N) of the ionization measurement because the same amount of ionization charge is now divided
over more channels. S/N is an important consideration because the measurement of the ionization
collected is a direct measurement of the dE /dx of the charged particles, which is what allows us to
perform both calorimetry and particle identification.

1.3 The DUNE single-phase far detector module

top and endwall
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Figure 1.2. A 10kt DUNE FD SP module, showing the alternating 58.2 m long (into the page), 12.0m high
anode (A) and cathode (C) planes, as well as the FC that surrounds the drift regions between the anode and

cathode planes. On the right-hand cathode plane, the foremost portion of the FC is shown in its undeployed
(folded) state.

The DUNE SP LArTPC consists of four modules of 10kt fiducial mass (17.5 kt total mass),
contributing to the full 40kt FD fiducial mass. Figure 1.2 shows a 10kt module, and the key
parameters of a SP module are listed in table 1.1. Inside a cryostat of outer dimensions 65.8 m X
17.8 m x 18.9 m (shown in figure 1.3), four 3.5 m drift volumes are created between five alternating
anode and cathode walls, each wall having dimensions of 58 m X 12 m.

The FD is located underground, at the 4850 ft level of the Sanford Underground Research
Facility (SURF) in South Dakota. The detector is 1300 km from the source of the LBNF neutrino
beam at Fermi National Accelerator Laboratory (Fermilab); this baseline provides the matter effects
necessary for DUNE to determine the neutrino mass hierarchy. The SURF underground campus
is shown in figure 1.4. The four 10kt FD modules will be located in the two main caverns, which
are each 144.5 m long, 19.8 m wide and 28.0 mhigh. Each cavern houses two 10 kt modules, one
either side of the central access drift. Between the two caverns is the central utility cavern (CUC),
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Table 1.1. Key parameters for a 10 kt FD SP module.

| TPC size 12.0mx14.0mx58.2m |
Nominal fiducial mass 10kt
APA size 6m x2.3m
CPA size 1.2mx4m
Number of APAs 150
Number of CPAs 300
Number of X-ARAPUCA PD bars 1500
X-ARAPUCA PD bar size 209cm X 12cm X 2 cm
Design voltage -180kV
Design drift field 500 V/em
Drift length 3.5m
Drift speed 1.6 mm/ps

Figure 1.3. A 65.8m (L) by 18.9m (W) by 17.8 m (H) outer-dimension cryostat that houses a 10kt FD
module. A mezzanine (light blue) installed 2.3 m above the cryostat supports both detector and cryogenics
instrumentation. At lower left, between the LAr recirculation pumps (green) installed on the cavern floor,
the figure of a person indicates the scale.
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a 190 m long, 19.3 m wide, 11.0 m high cavern in which many of the utilities and the upstream data
acquisition (DAQ) reside.
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Figure 1.4. The underground layout of the SURF laboratory. The two main caverns each hold two 10kt
modules, one either side of the central access drift. The CUC houses utilities and the upstream DAQ.

Each cathode wall in a module is called a cathode plane assembly (CPA) array. The CPA is
the 1.2 m x 4 m panel from which the CPA arrays are formed; each CPA array contains 150 CPAs.
The CPA arrays are held at —180kV. With the anode walls held close to ground, this results in
a uniform 500 V/cm E field across the drift volume. A FC surrounds the remaining open sides of

the time projection chamber (TPC), ensuring the field is uniform to better than 1% throughout the

active volume. A typical minimum ionizing particle passing through the argon produces around
60k ionization electrons per centimeter, which drift towards the anodes at around 1.6 mm/us; the
time taken to drift the full distance from cathode to anode would therefore be around 2.2 ms.

The anode walls are each made up of 50 anode plane assembly (APA) units that are 6mx 2.3 m
in dimension. As shown in figure 1.5, the APAs hang vertically; each anode wall is two APAs
high and 25 APAs wide. The APAs are two-sided, with three active wire layers and an additional
shielding layer, also called a grid layer, wrapped around them. The wire spacing on the layers is

~5mm. The collection layer is called the X-layer; the induction layer immediately next to that is
called the V-layer; the next induction layer is the U-layer; and the shielding layer is the G-layer.
X-layer and G-layer wires are vertical; the U- and V-layer wires are at £35.7° to the vertical.

Readout electronics, called cold electronics (CE), are attached to the top end of the top APA
and the bottom end of the bottom APA. These front-end (FE) electronics benefit from the low LAr
temperature through the reduction of thermal noise. The front-end electronics shape, amplify, and
digitize the signals from the induction and collection wires thanks to a series of three different types
of ASIC through which all signals pass. Cables from the CE pass through feedthroughs on the roof
of the cryostat; cables from the motherboards on the bottom APA pass through the inside of the
hollow APA frames up to the top.

Once signals from APAs leave the cryostat through feedthroughs, they are passed to warm
interface boards that put the signals onto 10 Gbps optical fibers, ten fibers per APA, which carry the
signals to the upstream DAQ system located in the CUC. Each 10 kt module has its own, independent
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Figure 1.5. Left: two APAs linked together to form one unit of an APA wall. PD bars can be seen installed
across the width of the APAs. Right: a zoom into the top and bottom ends of the APA stack showing the
readout electronics, and the center of the stack where the APAs are connected together.

DAQ system, built around the Front-End Link eXchange (FELIX) system, developed by European
Organization for Nuclear Research (CERN), which is responsible for triggering, buffering, and
shipping data out to permanent storage above ground; when triggered, each 10kt module will
provide data at a rate of up to 2 TB/s. This separation of DAQ systems allows each module to run as
an independent detector to minimize any chance of a complete FD outage. Modules can, however,

provide the others with a supernova trigger signal. The DAQ system also provides the detector
clock. A Global Positioning System (GPS) one-pulse-per-second signal (1PPS signal) is used to

time-stamp events, both to allow matching to the beam window and to allow time-stamping of
supernova triggers. Within a 10 kt module a 62.5 MHz master clock keeps all detector components
synchronized to within 1 ns.

In addition to the ionization, charged particles passing through the argon produce approximately
24,000 scintillation photons per MeV. These photons are collected by devices called X-Arapucas,
which are mounted in the APAs, in between the two sets of wire layers, as shown in figure 1.5.
There are ten X-Arapucas on each APA, which are bars running the full 2.3 m width of the APA.
The X-Arapuca bars consist of layers of dichroic filter and wavelength-shifter that shift the VUV
scintillation light into the visible and trap these visible photons, transporting them to silicon
photomultiplier (SiPM) devices. The signals from these SiPMs are sent along cables that pass

through the hollow APA frames, up to feedthroughs in the cryostat roof. The signals are then sent
along 10 Gbps optical fibers, one fiber per APA (ten X-Arapuca bars), to the DAQ system where the
PD and APA-wire data-streams are merged.

1.4 The liquid argon

The primary requirement of the LAr is its purity. Electronegative contaminants such as oxygen or
water absorb ionization electrons as they drift. Nitrogen contaminants quench scintillation photons.
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The target purity from electronegative contaminants in the argon is <100 ppt (parts per trillion)
O, equivalent, which is enough to ensure a >3 ms ionization-electron lifetime at the nominal
500 V/cm drift voltage. This target electron lifetime means that, for a charged particle traveling
near a CPA array, there is 48% attenuation of the ionization by the time it reaches the anode, which
ensures that we achieve S/N ratios of S/N > 5 for the induction planes and S/N > 10 for the
collection planes, which are necessary to perform pattern recognition and two-track separation. We
have an additional requirement for electronegative impurities released into the argon by detector
components of < 30 ppt, to ensure such sources of contamination are negligible compared to the
contamination inherent in the argon. Data from ProtoDUNE has shown that we can exceed our
target argon purity, with electron lifetimes in excess of 6 ms achieved.

Nitrogen contamination must be <25 ppm (parts per million). This is necessary to ensure we
achieve our requirement of at least 0.5 photoelectrons per MeV detected for events in all parts of
the detector, which in turn ensures, through the timing requirements discussed in section 1.5, that
we can fiducialize nucleon decay events throughout the detector.

Fundamental to maintaining argon purity is the constant flow of argon through the purification
system. It is, therefore, important to understand the fluid dynamics of the argon flow within the
detector to ensure there are no dead regions where argon can become trapped. This fluid dynamics
also informs the placement of purity, temperature, and level monitors.

1.5 Photon detection system

Compared to the ionization electrons, which can take milliseconds to drift across the drift volume,
the scintillation photons are fast, arriving at the PDs nanoseconds after production. This scintillation
light provides a ¢y for each event. By comparing the arrival time of ionization at the anode with
this 7y, reconstruction in the drift direction becomes possible. A 1 s requirement on the timing
resolution of the PD system enables ~1 mm position resolution for 10 MeV SNB events. The PD #,
is also vital in fiducializing nucleon-decay events, which allows us to reject cosmic-muon-induced
background events that will occur near the edges of the detector modules. We must be able to do
this throughout the entire active volume with > 99% efficiency, leading to a requirement of at least
0.5 photoelectrons per MeV detected for events in all parts of the detector. These requirements are
discussed later in chapter 3.

PD modules, shown in figure 1.6, are 209 cm X 12 cm X 2 cm bars, ten of which are mounted
in each APA between the wire layers. Each bar contains 24 X-Arapuca! cells, grouped into four
supercells. An X-Arapuca cell is shown in figure 1.7. The outer layers are dichroic filters transparent
to the 127 nm scintillation light. Between these filters is a wavelength-shifting (WLS) plate, which

converts the UV photons into the visible spectrum (430 nm); one WLS plate runs the full length
of each supercell. Visible photons emitted inside the WLS plate at an angle to the surface greater
than the critical angle reach SiPMs at the edges of the plates. Visible photons that escape the WLS
plates are reflected off the dichroic filters, which have an optical cutoff, reflecting photons with
wavelengths more than 400 nm back into the WLS plates.

!An arapuca is a South American bird trap, the name used here in analogy to the way the X-Arapuca devices trap
photons.
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PD
Modules

Figure 1.6. Left: an X-ARAPUCA PD module. The 48 SiPMs that detect the light from the 24 cells are
along the long edges of the module. Right: X-ARAPUCA PD modules mounted inside an APA.

Figure 1.7. 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 supercell are ganged together and the signals are collected by
front-end electronics, mounted on the supercell. The design of the front-end electronics is inspired
by the system used for the MuZ2e cosmic-ray tagger [7], which uses commercial ultrasound ASICs.
The front-end electronics define the 1 ps timing resolution of the PD system.

1.6 High voltage, cathode planes and field cage

The design voltage at which the DUNE TPC will operate is —180kV, corresponding to 500 V/cm
across each drift volume. This voltage is a trade off. A higher voltage results in more charge
collected, and hence better S/N ratio, better calorimetry, and lower detection thresholds, as well as
less saturation of free charge at the point of ionization. A higher voltage, however, also reduces the
amount of scintillation light produced and requires more space between the CPAs and the cryostat
walls to prevent discharges, reducing the fiducial volume. The ProtoDUNE experience shows that
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we can achieve this design voltage; nevertheless, from MicroBooNE, we also know that a drift
voltage of 250 V/cm achieves an adequate S/N ratio.

The high voltage (HV) is supplied to the CPA arrays. Each CPA array (two per 10kt module)
has its own independent high voltage supply. These commercial high voltage devices will supply

a current of 0.16 mA at —180kV. The voltage is delivered, via ~30 m length commercial cables,
through a series of few-MQ filtering resistors that act as low-pass filters to reduce noise and thereby
satisfy the ripple-voltage requirement of < 0.9mV on the CPA array, which corresponds to a
requirement of < 100 e— of noise injected into the TPC by the high-voltage system. The supply unit
monitors the voltage and current every 300 ms; toroids mounted on the cables are sensitive to much
faster changes in current and enable responses to current changes on a timescale of 0.1 us to 10 us.

The high voltage passes into the cryostat through a feedthrough based on the ICARUS design [2],
the stainless steel conductor of which mates with the CPA array via a spring-loaded feedthrough.
When at —180kV, each CPA array stores 400 J of energy, so the CPAs must have at least 1 MQ/ cm?
resistance to prevent damage if the field is quenched. The CPA, an example of which from
ProtoDUNE is shown in figure 1.8, is a 1.2m X 4 m planar unit, each side of which is a 3 mm
thick FR-4 sheet, onto which is laminated a thin layer of carbon-impregnated Kapton that forms the
resistive cathode plane.

Figure 1.8. A ProtoDUNE-SP cathode plane assembly. The black surface is the carbon-impregnated Kapton
resistive cathode plane.

The field must be uniform throughout the active TPC volume to within 1%, and this is achieved

by a FC that surrounds the drift volumes. The FC is built from field-shaping aluminum profiles,
terminated with 6 mm thick ultra-high molecular-weight polyethylene caps (see figure 1.9). All
surfaces on these profiles must be smooth to keep local fields below 30kV/cm, a requirement
that reduces the possibility of voltage breakdowns in the argon; the shape of the profiles leads to a
maximum local field near the surface of the FC of ~12kV/cm. The aluminum profiles are connected
together via a resistive divider chain; between each profile, two 5 GQ resistors, arranged in parallel,
provide a 2.5 GQ resistance to create a nominal 3 kV drop.

—-10 -
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Figure 1.9. A section of the field cage, showing the extruded aluminum field-shaping profiles, with white
polyethylene caps on the ends to prevent discharges.

1.7 Anode planes

The APAs are 6 m X 2.3 m planes that form the three anode walls of the TPC. An APA is shown in
figure 1.10. In the FD, the APAs are mounted in pairs, in portrait orientation, one above another,
with the head end of the top APA at the top of the detector and the head end of the bottom APA at
the bottom of the detector.

2.316 m

Figure 1.10. Top: a schematic of an anode plane assembly. In black is the steel APA frame. The green
and pink areas indicate the directions of the induction wire layers. The blue area indicates the directions of
the induction and shielding (grid) wire layers. The blue boxes at the right-hand end are the CE. Bottom: a
ProtoDUNE APA in a wire-winding machine. The right-hand end of the APA as shown in this picture is the
head end, onto which the CE are mounted.

—11 -



Chapter 1. Executive summary

The basic building block of the APA is the steel frame that can be seen outlined in figure 1.10,
consisting of three long steel bars, a head shaft onto which the CE are mounted, a foot shaft, and

four thinner cross-braces. The two outer long sections are 4 inch X 4 inch square-profile steel tubes
through which run the PD cables and the CE cables from the bottom APA of a pair. The PDs are
mounted into the APAs, after production, through slots in these long sections.

Mounted directly onto both sides of the APA frame is a grounding mesh, which ensures any
ionization produced inside the APA cannot cause signals on the active wire layers. The four wire
layers, consisting of 152 um diameter copper-beryllium wire, are wound around the grounding
mesh. The inside layer is the collection layer, called the X-layer, the 960 wires of which run parallel
to the long axis of the APA. Next are the two induction layers, the U- and V-layers, each with 800
wires at +35.7° to the long axis. Finally, the uninstrumented shielding layer, the G-layer, has 960
wires running parallel to the X-layer wires; this layer shields the three active layers from long-range
induction effects. The wire spacing on each layer is 4.79 mm for the X and G layers and 4.67 mm
for the U and V layers; the inter-plane spacing is 4.75 mm. The wire spacing on each plane defines
the spatial resolution of the APA; it is wide enough to keep readout costs low and S/N high, but
small enough to enable reconstruction of short tracks such as few-cm kaon tracks from proton-decay
events. The tolerance both on the wire spacing in the plane and on the plane-to-plane spacing is
0.5 mm; this is most important in the plane-to-plane direction where the spacing ensures that the
induction planes remain transparent to the drifting charge.

The wires are soldered to printed circuit boards located around the four sides of the APA.
These boards, shown in figure 1.11, are called geometry boards since they define the wire spacing
in all dimensions; they consist only of pads and traces: no active components. At the head end,
these boards lie flat in the plane of the APA, and the wires are terminated onto these boards for
readout. On the remaining three sides, the boards sit on the sides of the APA, perpendicular to
the wire planes, and control the wrapping of the wires around the APA. These wrap boards have
insulating pins on their edges, around which the wires are wrapped, to set the wire spacing. At the
head end, additional active boards are installed after all wires are wound: G-bias boards provide the
necessary capacitance to the G-layer and a resistor to provide the bias voltage; C R-boards provide
the interface between the X and U layers and the CE, resistors providing the bias voltages and
capacitors providing DC blocking. Relative to the ground, the four wire layers are biased to 820 V
(X-layer), OV (V-layer), =370V (U-layer), and —665 V (G-layer). To maintain the wire spacing
across the APA, wire-support combs, also shown in figure 1.11, run along the four cross-braces
across the short dimension of the APA.

1.8 Electronics

The job of the readout electronics is to send out of the cryostat digitized waveforms from the APA
wires. To enable us to look at low-energy particles, we aim to keep noise to below 1000 e~ per
channel, which should be compared to the 20k—30k ¢~ per channel collected from a minimum-
ionizing particle traveling parallel to the wire plane and perpendicular to the wire orientation. For
large signals, we require a linear response up to 500k e™, which ensures that fewer than 10% of beam
events experience saturation. This can be achieved using 12 analog-to-digital converter (ADC) bits.

In addition, the electronics are designed with a front-end peaking time of 1 ps, which matches the
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Figure 1.11. Left: V-layer geometry boards, showing the head-end boards face-on and the wrap boards
along the bottom. Back plastic insulating pins are visible on the edges of the wrap boards. The V-layer wires
can be seen running diagonally, and the X-layer wires, horizontal in this picture, are visible behind those.
Right: wire-support combs, showing all four layers of wires.

time for the electrons to drift between wires planes on the APA; this then leads to a design sampling
frequency of 2 MHz to satisfy the Nyquist criterion.

The digitization electronics are mounted on the head ends of the APAs in the LAr and are
therefore referred to as CE. The low, 87 K temperatures reduce thermal noise. Figure 1.12 shows
a block diagram of the front-end mother board (FEMB)s mounted on the APAs. Each APA is
instrumented with 20 FEMBs, each of which takes the signals from 40 U-layer wires, 40 V-layer
wires, and 48 X-layer wires. The signals pass through a series of three ASICs. The first ASIC,
the front-end ASIC, shapes and amplifies the signals. The next ASIC, the ADC ASIC, performs
the analogue-to-digital conversion. Finally, a COLDATA ASIC merges the data streams from the
preceding ASICs for transmission to the outside world; this COLDATA ASIC also controls the
front-end motherboard and facilitates communications between the motherboard and the outside

world.

The data passes out of the cryostat through feedthroughs in the roof. Mounted directly to each
feedthrough is a warm interface electronics crate (WIEC). Each WIEC contains five warm interface
board (WIB)s, each of which processes the signals from five FEMBs. A WIEC also contains a
power and timing card (PTC) that provides the fiber interface to the timing system, fanning out
timing and control systems, as well as the low-voltage power, to the WIBs via a power and timing
backplane (PTB).

1.9 Data acquisition

The DAQ is divided between an upstream section, located underground in the CUC, and a down-
stream DAQ back-end subsystem (DAQ BE) above ground at SURF. All trigger decisions are made
underground, and the data buffered underground until the DAQ BE indicates it is ready to receive
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Figure 1.12. Left: an APA with 20 FEMBs installed on the head end. Right: a block diagram of the readout
electronics mounted on the APAs.

data, in order to minimize the rate of data flowing to the surface. An end-goal of the DAQ is to
achieve a data-rate to tape of no more than 30 PB/year.

The DAQ architecture is based on the FELIX system designed at CERN and used for the
LHC experiments. The 150 APAs from each 10kt module are processed by 75 DAQ readout unit
(DAQ RU); each DAQ RU contains one FELIX board. The PDs from the module will have a lower
data-rate since the PD electronics, unlike that of the TPC, perform zero-suppression; therefore
the PDs of a module will be processed by six to eight additional DAQ RUs. The DAQ will be
partitionable: it will be possible to run multiple instances of the DAQ simultaneously so that the

majority of the detector can be taking physics data whilst other DAQ instances are running test runs

for development or special runs such as calibration runs. A key philosophy is that all the primary
DUNE physics goals can be achieved using only the TPC as the trigger; information from the PDs
can then further enhance the trigger.

There will be two basic triggers operating. Beam, cosmic and nucleon decay events will be
triggered using the localized high-energy trigger. This will trigger on localized regions of visible
activity, for example in a single APA, with a > 99% trigger efficiency at 100 MeV and a trigger
threshold as low as 10 MeV. A localized high-energy trigger will open a readout window of 5.4 ms,
enough to read out the full TPC drift around an event. For SNBs, we will use an extended low-
energy trigger. This will look for coincident regions of low-energy deposits, below 10 MeV, across
an entire module and in a 10 s period. An extended high-energy trigger will open a readout window
of 100s to capture a full SNB. The upstream DAQ identifies per-channel regions of interest and
forms them into trigger primitives. These are then formed into trigger candidates that contain
information from an entire module; on these trigger candidates, trigger decisions are made. Once
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a trigger decision has been made, this will be communicated to the surface, and the data buffered
underground until the DAQ BE indicates it is ready to receive data.

The DAQ must also provide the system clock that keeps the detector components synchronized
and provides the timestamp for all data. The timestamp derives from a GPS 1PPS signal that

is fed into the DAQ with 1 s precision, adequate to timestamp beam and supernova events. To
provide the finer synchronization between detector components, a 10 MHz reference clock drives
the module’s 62.5 MHz master clock, which is fanned out to all detector components, providing an
overall synchronization to a precision of 1 ns.

1.10 Calibration

The challenge of calibrating the DUNE FD is to control the response of a huge cryogenic detector
over a period of decades, a challenge amplified by the detector’s location deep underground and
therefore shielded from the cosmic muons that were typically used as standard candles by previous
LAICTPCs.

To achieve our O(GeV) oscillation and nucleon decay physics goals, we must know our fiducial
volume to 1-2% and have a similar understanding of the vertex position resolution; understand the
ve event rate to 2%; and control our lepton and hadron energy scales to 1% and 3%, respectively.
At the O(MeV) scale our physics requirements are driven by our goal of identifying, and measuring
the spectral structure of, a SNB; here, we must achieve a 20-30% energy resolution, understand our
event timing to the 1 ps level, and measure our trigger efficiency and levels of radiological back-
ground. These are all high-level calibration requirements, but the underlying detector parameters
that we are characterizing are parameters such as the energy deposited per unit length (dE /dx), ion-
ization electron drift-lifetimes, scintillation light yield and detection efficiency, E field maps, timing
precision, TPC alignment, and the behavior (noise, gain, cross-talk, linearity, etc.) of electronics
channels.

The tools available to us for calibration include the LBNF beam, atmospheric neutrinos, atmo-
spheric muons, radiological backgrounds, and dedicated calibration devices that will be installed in
the detector. At the lowest energies, we have deployable neutron sources and intrinsic radioactive
sources; in particular the natural *° Ar component of the LAr with its 565 keV end-point can, given its
pervasive nature across the detector, be used to measure the spatial and temporal variations in elec-
tron lifetime. The possibility of deploying radioactive sources is also being explored. In the 10 MeV
to 100 MeV energy range we will use Michel electrons, photons from ¥ decay, stopping protons
and both stopping and through-going muons. We will also have built-in lasers, purity monitors and
thermometers, and the ability to inject charge into the readout electronics. Finally, data from the
ProtoDUNE detectors will be invaluable in understanding the response and particle-identification
capabilities of the FD.

Once the first 10 kt module is switched on, there will be a period of years before LBNF beam
sources are available for calibration — and even then the statistics will be limited. In this time,
cosmic muons will be available, but the low rate of these means that it will take months to years
to build up the necessary statistics for calibration. The inclusive cosmic muon rate for each 10kt
module is 1.3 x 10° per year. However, for calibrations such as APA alignment, the typical rate
of useful muons is 3000-4000 per APA per year. For energy-scale calibrations, stopping cosmic
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muons are the most relevant and here the rate is 11000 per 10 kt module per year. Therefore the
earliest calibrations will come from dedicated calibration hardware systems and intrinsic radiological
sources.

A 266 nm laser will be used to ionize the argon, and this can be used to map the E field and to
make early measurements of APA alignment. The laser system will be used throughout the lifetime
of the detector to measure the gradual changes in the E field map as positive ions accumulate and
flow around the detector. An externally deployed pulsed neutron source provides a triggered, well
defined energy deposition from neutron capture in argon which is an important component of signal
processes for SNB and long-baseline (LBL) physics. A radioactive source deployment system,

which is complementary to the pulsed neutron system, can provide at known locations inside the
detector a source of gamma rays in the same energy range as SNB and solar neutrino physics

Over time, the FD calibration program will evolve as statistics from the cosmic rays and the
LBNF beam amass and add to the information gained from the calibration hardware systems. These
numerous calibration tools will work alongside the detector monitoring system, the computational
fluid dynamics models of the argon flow, and ProtoDUNE data to give us a detailed understanding
of the FD response across the DUNE physics program.

1.11 Installation

A major challenge in building the DUNE SP modules is transporting all the detector and infras-
tructure components down the 1500 m Ross shaft, to the detector caverns. To aid the planning
of the installation phase, installation tests will be performed at the NOvA FD site in Ash River,
Minnesota, USA. These tests will allow us to develop our procedures, train the installation workers,
and develop our labor planning through time and motion studies.

Once the module’s cryostat has been installed, a temporary construction opening (TCO) is

left open at one end through which the detector components are installed. A cleanroom is built
around the TCO to prevent any contamination entering the cryostat during installation. The detector
support system (DSS) is then installed into the cryostat, ready to receive the TPC components.

Inside the cryostat, the various monitor devices (temperature, purity, argon level) are installed
at the end furthest from the TCO. The far end of the FC is then installed. Rows of APAs and CPAs,
along with the top and bottom FC sections, are then installed and cabled, working from the far end
of the detector towards the TCO. The integration of the PDs and CE with the APA happens in the
cleanroom immediately outside the TCO. Finally, the second FC end-wall is installed across the
TCO, along with the monitoring devices at the TCO end. The TCO can then be closed up and the
cryostat is ready to purge and fill with LAr. The warm electronics and DAQ are installed in parallel
with the TPC installation.

Throughout the installation process, safety is the paramount consideration: safety both of
personnel and of the detector components. Once the detectors are taking data, safety is still the
priority with the DUNE detector safety system (DDSS) monitoring for argon level drops, water

leaks and smoke. A detailed detector and cavern grounding scheme has been developed that not
only guards against ground loops, but also ensures that any power faults are safely shunted to the
facility ground.
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Throughout the project, quality assurance (QA) and quality control (QC) are written into all
processes. Most detector components are constructed off-site at collaborating institutions; strict QC

procedures will be followed at all production sites to ensure that components are working within
specifications before delivery to SURF. Underground at SURF integrated detector components are
tested in the cleanroom to ensure functionality, before passing them through the TCO for installation.
Finally, QC is performed on all integrated components inside the cryostat, in particular to ensure
that all connections have been made through to the CUC.

1.12 Schedule and milestones

A set of key milestones and dates have been defined for planning purposes in the development of the
TDR. The dates will be finalized once the international project baseline has been defined. Table 1.2
shows the key dates and milestones (colored rows) and indicates the way that detector consortia will
add subsystem-specific milestones based on these dates (no background color). A more detailed
schedule for the detector installation is discussed in chapter 9.

Table 1.2. (Sample subsystem) construction schedule milestones leading to commissioning of the first two
FD modules. Key DUNE dates and milestones, defined for planning purposes in this TDR, are shown in
orange. Dates will be finalized following establishment of the international project baseline.

OT080L ST AISN IC 020c

Technology Decision Dates April 2020
Final Design Review Dates June 2020
Start of module 0 component production for ProtoDUNE-2 August 2020
End of module 0 component production for ProtoDUNE-2 January 2021

production readiness review dates September 2022

Start procurement of (subsystem) hardware December 2022

| Full (subsystem) commissioned and integrated into remote operations July 2026
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1.13 Conclusion

This executive summary has provided an overview of the design of the 10kt SP LArTPC modules
of the DUNE FD, explaining how key design choices have been made to ensure we can achieve our
primary physics goals of searching for leptonic CP violation, nucleon decay and neutrinos from
supernova bursts. The chapters that follow go into significantly more detail about the design of
the SP FD modules. In addition to describing the design and requirements, these chapters include
details on the construction, integration and installation procedures, the QA and QC processes that
have been developed to ensure that the detector will function for a period of decades, and the overall
project management structure. The chapters also describe how the design has been validated and
informed by ProtoDUNE.
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Anode plane assemblies

2.1 Anode plane assembly (APA) overview

The anode plane assemblies, or wire planes, are the DUNE SP module elements used to sense,

through both signal induction and direct collection, the ionization electrons created when charged
particles traverse the LAr volume inside the SP module. All elements of the DUNE physics program
depend on a high performing system of APAs and their associated readout CE.

Volume II of this TDR, DUNE physics, describes the simulations that rigorously establish
the requirements for achieving the needed performance. Here we summarize some of the APA
capabilities required for the key elements of neutrino charge-parity symmetry violation (CPV)

and associated long-baseline oscillation physics, nucleon decay (NDK), and intra-galactic SNB

searches. As a multipurpose detector accessing physics from MeV to multi-GeV scales, the DUNE
LArTPC cannot be optimized for a narrow range of interaction signatures in the manner of noble
liquid TPCs dedicated to direct dark matter (DM) or neutrino-less double beta decay searches.
The APAs must collect ionization charge in a way that preserves the spatial and energy profiles

of ionization events that range from few hundred keV point-like depositions (from low energy
electrons and neutrons created in SNB neutrino interactions) to the double-kinked K — y — e
decay chain with its combination of highly- and minimum-ionizing particles (HIPs and MIPs) that
is a key signature in proton decay searches. The APAs must record enough hits on tracks within
a few cm of a neutrino interaction vertex to differentiate the 1 minimum ionizing particle (MIP)

dE /dx signature of a v.-induced electron from the 2 MIP signature of a v neutral current photon
conversion to enable the v, — v, separation demanded for CPV physics; and they must provide the
pattern recognition and calorimetry for multi-GeV neutrino interaction products spread over cubic
meters of the detector needed for the precision neutrino energy estimates that allow separation of
CPV effects from those related to matter effects.

Anode planes in the APA must be well-shielded from possible high voltage breakdown events
in the detector module. The APA wire spacing and orientations must maximize pattern recognition

capabilities and S/N in a cost-effective manner. The APA wires must maintain their positions to
a level that is small compared to the wire spacing so that energy estimators based on range and
multiple Coulomb scattering remain reliable over two decades of operation. The wires must hold
their tension, lest microphonic oscillations develop that degrade S/N or anode plane field distortions
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arise that inhibit the transmission of drifting electrons through the induction planes to the collection
plane. Any wire break would destroy fiducial volumes (FVs), so the APA design must both minimize
the possibility of this occurrence and contain the extent of any damage that would ensue should
it happen. An APA implementation that meets all these goals follows in the remainder of this
chapter, along with a summary of significant validations achieved through dedicated simulations
and ProtoDUNE-SP construction and operations.

top and endwall
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Figure 2.1. A 10kt DUNE FD SP module, showing the alternating 58.2 m long (into the page), 12.0 m high
anode (A) and cathode (C) planes, as well as the field cage (FC) that surrounds the drift regions between the

anode and cathode planes. On the right-hand cathode plane, the foremost portion of the FC is shown in its
undeployed (folded) state.

To facilitate fabrication and installation underground, the anode design is modular, with APAs
tiled together to form the readout system for a 10kt detector module. A single APA is 6m
high by 2.3 m wide, but two of them are connected vertically, and twenty-five of these vertical
stacks are linked together to define a 12.0 m tall by 58.2 m long mostly-active readout plane. As
described below, the planes are active on both sides, so three such wire readout arrays (each one
12.0m x 58.2m) are interleaved with two HV surfaces to define four 3.5 m wide drift regions
inside each SP module, as figure 2.1 shows in the detector schematic views. Each SP 10kt module,
therefore, will contain 150 APAs.

Each APA frame is covered by more than 2500 sense wires laid in three planes oriented at
angles to each other: a vertical collection plane, X, and two induction planes at £35.7° to the
vertical, U and V. Having three planes allows multi-dimensional reconstruction of particle tracks
even when the particle propagates parallel to one of the wire plane directions. An additional 960
wires that are not read out make up an outer shielding plane, G, to improve signal shapes on the
U induction channels. The angled wires are wrapped around the frame from one side to the other,
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allowing all channels to be read out from one end of the APA only (the top or bottom), thereby
minimizing the dead regions between neighboring APAs. Signals induced or collected on the wires
are transferred through soldered connections to wire termination boards mounted at the end of the
APA frame that in turn connect to FE readout CE sitting in the LAr. Figures 2.2 and 2.3 illustrate
the layout of the wires on an APA, showing how they wrap around the frame and terminate on wire
boards at the head end where readout CE are mounted.

The APAs are a critical interface point between the various detector subsystems within the SP
module. As already mentioned, the TPC readout CE mount directly to the APA frames. The PDs
for detecting scintillation light produced in the LAr are also housed inside the frames, sandwiched
between the wires on the two sides, requiring careful coordination in frame design as well as
requiring transparency for the APA structures. In addition, the electric field cage (FC) panels
connect directly to the edges of the APA frames. Finally, the APAs must support routing cables for
both the TPC electronics and the PD systems. All these considerations are important to the design,
fabrication, and installation planning of the APAs.

, 6.324 m
I !

2.316 m

o e

Figure 2.2. Illustration of the DUNE APA wire wrapping scheme showing small portions of the wires from
the three signal planes (U, V, X). The fourth wire plane (G) above these three, and parallel to X, is present
to improve the pulse shape on the U plane signals. The TPC electronics boxes, shown in blue on the right,
mount directly to the frame and process signals from both the collection and induction channels. The APA
is shown turned on its side in a horizontal orientation.

The APA consortium oversees the design, construction, testing, and installation of the APAs.
Several APA production sites will be set up in both the US and the UK with each nation producing
half of the APAs needed for the SP modules. Production site setup is anticipated to begin in 2020,
with APA fabrication for the first 10 kt SP module running from 2021-2023.

The Physical Sciences Laboratory (PSL) at the University of Wisconsin and the Daresbury
Laboratory in the UK have recently produced full-scale APAs for the ProtoDUNE-SP project at
CERN. Figure 2.4 shows a completed APA produced at PSL just before shipment to CERN. This
effort has greatly informed the design and production planning for the DUNE detector modules,

and ProtoDUNE-SP running has provided valuable validation for many fundamental aspects of the
APA design.
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Figure 2.3. Cross section view of an APA frame near the head end showing the layers of wires (G, U, V, X)
on both sides of the frame that terminate on wire boards, which connect to TPC readout CE through a
capacitor-resistor chain on the CR boards and a connector adapter board.

The remainder of this chapter is laid out as follows. In section 2.2, we present an overview
of the design of the APAs, focusing on the key design parameters and their connection to the
physics requirements of DUNE. In section 2.3, we discuss quality assurance for the design with an
emphasis on lessons learned from ProtoDUNE-SP construction and operations and a summary of
remaining prototyping efforts being planned before the start of production next year. Section 2.4
summarizes three important interfaces to the APAs: TPC cold electronics (CE), photon detectors
(PD), and the cable routing for both systems. In section 2.5, we detail the production plan for
fabricating the large number of APAs needed for the experiment including a description of the
main construction sites being developed in the US and UK by the APA consortium. Section 2.6
describes some requirements for handling the large and delicate APAs throughout construction and
presents the design for a custom transport system for delivery to the far detector site for installation.
Section 2.7 reviews the safety considerations for APA construction and handling. Finally, section 2.8
summarizes the organization of the APA consortium that is responsible for building the APAs and
provides the high-level cost, schedule, and risk summary tables for the project.

2.2 Design

The physics performance of the SP module is a function of many intertwined detector parameters
including argon purity, drift distance, E field, wire pitch, wire length, and noise levels in the readout
CE. Energy deposits from MIPs originating anywhere inside the active volume of the detector
should be identifiable with near 100% efficiency. This requirement constrains aspects of the APA
design, specifically, the limits on wire pitch, wire length, and choice of wire material. This section
details the design of an individual APA. We begin with an overview of the key fundamental
parameters of the APAs and their connection to the physics requirements of the DUNE experiment.
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Figure 2.4. Completed ProtoDUNE-SP APA ready for shipment to CERN.

2.2.1 APA design parameters

Each APA is 6m high, 2.3m wide, and 15cm thick. The underlying support frame is made
from stainless steel hollow tube sections that are precisely machined and bolted together. A fine,
conducting mesh covers the rectangular openings in the frame on both sides to define a uniform
electrical ground plane (GP) behind the wires. The four layers of sense and shielding wires at
varying angles relative to each other completely cover the frame. The wires terminate on boards

that anchor them as well as provide the electrical connection to the TPC readout CE. Starting from
the outermost wire layer, there is first an uninstrumented shielding (grid) plane (strung vertically, G),
followed by two induction planes (strung at +35.7 © to the vertical, U, V), and finally the collection
plane (vertical, X). All wire layers span the full height of the APA frame. The two planes of
induction wires wrap in a helical fashion around the long edges and over both sides of the APA.
Figures 2.2 and 2.3 illustrate the layout of the wire layers. Below, we summarize the key design
parameters and the considerations driving the main design choices for the APAs. A tabulated
summary of APA specific requirements is also provided in table 2.1.
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Table 2.1: APA specifications.

Label Description Specification Rationale Validation
(Goal)
SP-FD-6 Gaps between APAs < 15 mm between Maintains fiducial volume. ProtoDUNE
APAs on same Simplified contruction.
support beam;
< 30 mm between
APAs on different
support beams
SP-FD-7 Drift field uniformity < 1 % throughout Maintains APA, CPA, FC ProtoDUNE
due to component volume orientation and shape.
alignment
SP-FD-8 APA wire angles 0° for collection Minimize inter-APA dead Engineering
wires, + 35.7° for space. calculation
induction wires
SP-FD-9 APA wire spacing 4.669 mm for U,V; Enables 100% efficient MIP Simulation
4.790 mm for X,G detection, 1.5 cm yz vertex
resolution.
SP-FD-10  APA wire position +0.5mm Interplane electron ProtoDUNE and
tolerance transparency; dE /dx, range, simulation
and MCS calibration.
SP-APA-1  APA unit size 6.0mtall X 2.3 m Maximum size allowed for ProtoDUNE-SP
wide fabrication, transportation,
and installation.
SP-APA-2  Active area Maximize total Maximize area for data ProtoDUNE-SP
active area. collection
SP-APA-3  Wire tension 6N+IN Prevent contact beween wires ~ ProtoDUNE-SP
and minimize break risk
SP-APA-4  Wire plane bias The setup, Headroom in case E-field simulation
voltages including boards, adjustments needed sets wire bias
must hold 150% of voltages.
max operating ProtoDUNE-SP
voltage. confirms
performance.
SP-APA-5  Frame planarity <5mm APA transparency. Ensures ProtoDUNE-SP
(twist limit) wire plane spacing change of
<0.5 mm.
SP-APA-6  Missing/unreadable <1%, with a goal of =~ Reconstruction efficiency ProtoDUNE-SP
channels <0.5%

* APA size: the size of the APAs is chosen for fabrication purposes, compatibility with over-
the-road shipping, and for eventual transport to the 4,850L at SURF and installation into a
cryostat. The dimensions are also chosen so that an integral number of electronic readout
channels and boards instrument the full area of the APA.

* Detector active area: APAs should be sensitive over most of the full area of an APA frame,
with any dead regions between APAs due to frame elements, wire boards, electronics, or
cabling kept to a minimum. The wrapped style shown in figure 2.2 allows all channels to be
read out at the top of the APA, eliminating the dead space between APAs that would otherwise
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be created by electronics and associated cabling. In addition, in the design of the SP module,
a central row of APAs is flanked by drift-field regions on either side (figure 2.1), and the
wrapped design allows the induction plane wires to sense drifted ionization that originates
from either side of the APA. This double-sided feature is also effective for the APAs located
against the cryostat walls where the drift field is on only one side; the grid layer facing the
wall effectively blocks any ionization generated outside the TPC from drifting in to the wires
on that side of the APA.

* Wire angles: the X wires run vertically to provide optimal reconstruction of beam-induced
particle tracks, which are predominantly forward (in the beam direction). The angle of the
induction planes on the APA, +£35.7°, was chosen to ensure that each induction wire only
crosses a given collection wire once, reducing the ambiguities that the reconstruction must
address. Simulation studies (see next item) show that this configuration performs similarly to
an optimal 45° wire angle for the primary DUNE physics channels. The design angle of the
induction wires, coupled with their pitch, also satisfies the requirement of using an integer
multiple of electronics boards to read out one APA.

* Wire pitch: the wire spacing, 4.8 mm for (X,G) and 4.7 mm for (U, V), combined with
key parameters for other TPC systems can achieve the required performance for energy
deposits by MIPs while providing good tracking resolution and good granularity for particle
identification. The SP requirement that it be possible to determine the fiducial volume to
1% implies a vertex resolution of 1.5 cm along each coordinate direction. The ~4.7 mm wire
pitch achieves this for the y and z coordinates. The resolution on x, the drift coordinate, will
be better than in the y—z plane because of the combination of drift velocity and electronics
sampling rate. Finally, as already mentioned, the total number of wires on an APA will match
the granularity of the electronics boards (each FEMB can read out 128 wires, mixed between
the U,V, X planes). This determines the exact wire spacings of 4.8 mm on the collection
plane and 4.7 mm on the induction planes. To achieve the reconstruction precision required
(e.g., for dE /dx reconstruction accuracy and multiple Coulomb scattering determination),
the tolerance on the wire pitch is £0.5 mm.

In 2017, the DUNE FD task force, using a full FD simulation and reconstruction chain,
performed detector optimization studies to quantify the impact of design choices, including
wire pitch and wire angle, on DUNE physics performance. The results indicated that reducing
wire spacing (to 3 mm) or changing wire angle (to 45°) would not significantly affect the
performance for the main physics goals of DUNE, including v, to v, oscillations and CPV

sensitivity. A key low-level metric for oscillation physics is the ability to distinguish electrons
versus photons in the detector because photon induced showers can fake electron showers
and create neutral current (NC) generated backgrounds in the v, CC event sample. Two
important handles for reducing this contamination are (1) the visible gap between the vertex

of the neutrino interaction and the start of a photon shower, and (2) the accordance of the
energy density at the start of the shower with one MIP instead of two.

A detector spatial resolution much smaller than the radiation length for photons (0.47 cm vs.
14 cm) allows the gap between the neutrino interaction vertex and a photon conversion point
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Figure 2.5. Summary of electron-photon separation performance studies from the DUNE FD task force. (a)
e—y separation by dE /dx for the nominal wire spacing and angle (4.7 mm/37.5°) compared to 3 mm spacing
or 45° induction wire angles. (b) Electron signal selection efficiency versus photon (background) rejection
for the different detector configurations. The 3 mm wire pitch and 45° wire angle have similar effects, so the
45° curve is partly obscured by the 3 mm curve.

to be easily visible, and figure 2.5(a) shows the reconstructed ionization energy loss density
(dE /dx) in the first centimeters of electron and photon showers, illustrating the separation
between the single MIP signal from electrons and the double MIP signal when photons pair-
produce an e*e”. In the figure, the (dE /dx) separation for electrons and photons is compared
for finer wire pitch (3 mm) and optimal wire angle (45°). The final electron signal selection
efficiency is also shown as a function of the background rejection rate for different wire
configurations in figure 2.5(b). At a signal efficiency of 90 %, for example, the background
rejection can be improved by about 1 % using either 3 mm spacing or 45° wire angles for
the induction planes. This slight improvement in background rejection with more dense
hit information or more optimal wire angles is not surprising, but the effect on high-level
physics sensitivities from these changes is very small. The conclusions of the FD task force,
therefore, were that the introduction of ambiguities into the reconstruction by increasing the
wire angles is not a good trade off, and the increase in cost incurred by decreasing the wire
pitch (and, therefore, increasing the number of readout channels) is not justified.

Wire plane transparency and signal shapes: the ordering of the layers, starting from the
active detector region, is G-U-V-X, followed by the grounding mesh. The operating voltages
of the APA layers are listed in table 2.2. These were calculated by COMSOL software in
order to maintain a 100% ionization electron transparency as they travel through the grid and
induction wire planes. Figure 2.6 shows the field simulation and expected signal shapes for
the bias voltages listed in the table. When operated at these voltages, the drifting ionization
follows trajectories around the grid and induction wires, terminating on a collection plane
wire. The grid and induction layers are completely transparent to drifting ionization, and
the collection plane is completely opaque. The grid layer is present for pulse-shaping and
not connected to the electronics readout; it effectively shields the first induction plane from
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the drifting charge and removes a long leading edge from the signals on that layer. These
operating conditions were confirmed by a set of dedicated runs in ProtoDUNE-SP taken with
various bias voltage settings during spring 2019 (see section 2.3.2 for a detailed discussion).

Table 2.2. Baseline bias voltages for APA wire layers for a 100% ionization electron transparency as they
travel through the grid and induction wire planes. These values were calculated by COMSOL software and
confirmed by analytical calculations based on the conformal representation theory as well as dedicated data

from ProtoDUNE-SP.

Anode Plane Bias Voltage
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U - Induction =370V
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Figure 2.6. Field lines (a) and resulting signal shapes on the APA induction and collection wires (b) according
to a 2D electric field simulation. The bi-polar nature of the induced signals on the U and V wires together
with the uni-polar collection signals on Y are clearly illustrated.

* Wire type and tension: the wire selected for the APAs is 152 um beryllium (1.9%) copper
wire, chosen for its mechanical and electrical properties, ease of soldering, and cost. The
tension on the wires, combined with intermediate support combs on the APA frame cross
beams (described in section 2.2.5.4), ensure that the wires are held taut in place with minimal
sag. Wire sag can affect the precision of reconstruction, as well as the transparency of the
TPC wire planes. The tension must be low enough that when the wires are cooled, which
increases their tension due to thermal contraction, they stay safely below the break load of
the beryllium copper wire. A tension of 61N is the baseline for DUNE, to be confirmed
after ProtoDUNE-SP analysis is completed. See section 2.2.4 for more details about the
APA wires.
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Table 2.3 summarizes some of the principal design parameters for the SP module anode plane

assemblies.

Table 2.3. APA design parameters.

‘ Parameter Value
| Active height 5.984m
| Active width 2.300m
‘ Wire pitch (U, V) 4.7 mm
‘ Wire pitch (X, G) 4.8 mm
‘ Wire pitch tolerance +0.5 mm
‘ Wire plane spacing 4.8 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 152 um

2.2.2 Support frames

The APA frames are built of rectangular hollow section (RHS) stainless steel tubes. Figure 2.7
shows three long tubes, a foot tube, a head tube, and eight cross-piece ribs that bolt together to
create the 6.0 m tall by 2.3 m wide frame. All hollow sections are 10.2 cm (4 in) deep with varying
widths depending on their role.

The head and foot tubes are bolted to the side and center pieces via abutment flanges welded to
the tubes. In production, the pieces can be individually machined to help achieve the flatness and
shape tolerances. During final assembly, shims are used to create a flat, rectangular frame of the
specified dimensions. The central cross pieces are similarly attached to the side pieces. Figure 2.8
shows models of the different joints.

The APA frames also house the photon detection system (PD system) (chapter 5). Rectangular

slots are machined in the outer frame tubes and guide rails are used to slide in PD elements from
the edges. (See section 2.4 for more details on interfacing with the PD system.)

In a FD SP module, pairs of APA frames will be mechanically connected to form a 12.0 m tall
structure with electronics for TPC readout at both the top and bottom of this two-frame assembly
and PDs installed throughout. The APA frame design, therefore, must support cable routing to the
top of the detector from both the bottom APA readout electronics and the PDs mounted throughout
both APAs. Section 2.4 discusses the interfaces.
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Figure 2.7. A DUNE APA frame showing the 13 separate stainless steel tube sections that bolt together to
form a complete frame. The long tubes and foot tube are a 10.2 X 10.2 cm (4 X 4 inch) cross section, the head
tube is 10.2 X 15.2 cm (4 X 6 inch), and the ribs are 10.2 X 5.1 cm (4 X 2 inch).

2.2.3 Grounding mesh

Beneath the layers of sense wires, the conducting surface should be uniform to evenly terminate the
E field and improve the uniformity of field lines around the wire planes. A fine woven mesh that is
85% optically transparent is used to allow scintillation photons to pass through to the PDs mounted
inside the frame. The mesh also shields the APA wires from spurious electrical signals from other
parts of the APA or the PD system.
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Figure 2.8. APA frame construction details. Top: the corner joint between the foot tube and the side tube.
Middle: the joint between the side tube and a rib. Bottom: the joint between the head tube and the side tube.
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In the ProtoDUNE-SP APAs, the mesh was installed in four long sheets, along the length of the
left- and right-hand halves of each side of the APA and epoxied directly to the frame. This approach

to mesh installation was found to be slow and cumbersome. For the DUNE mass production, a
modular window-frame design is being developed, where mesh is pre-stretched over smaller sub-
frames that can be clipped into each gap between cross beams in the full APA frame. This improves
the reliability of the installed mesh (more uniform tension across the mesh) and allows much easier
installation on the APA frame. The mesh will be woven of conducting 304 stainless steel 89 um
wire. It will be mounted on 304 stainless steel 20 mm X 10 mm box section frames, stretched over
the frame with jigs and pneumatic actuators built for the purpose, and TIG welded around the top
surface and again around the side surfaces. Five different panel designs are needed to match the
openings in the APA frames: two for the foot end, two for the head end, and one for the central
panels that are all the same. There are 20 panels per APA. Stainless steel brackets will be fixed
to the inner window sections of the APA frame and the panels will be secured into position using
steel fasteners. The design ensures good electrical contact between the mesh and the frame. A
full-scale APA (APA-07) has been built at Daresbury Lab for CE testing at CERN using the mesh
panel design. Figure 2.9 shows images of the mesh design and the prototypes built for APA 7.

2.2.4 Wires

The 152 um (0.006 in) diameter beryllium copper (CuBe) wire chosen for use in the APAs is known
for its high durability and yield strength. It is composed of 98 % copper, 1.9 % beryllium, and a
negligible amount of other elements. Each APA contains a total of 23.4 km of wire.

The key properties for its use in the APAs are low resistivity, high tensile or yield strength, and
a coeflicient of thermal expansion suitable for use with the APA’s stainless steel frame (see table 2.4
for a summary of properties). Tensile strength of the wire describes the wire-breaking stress. The
yield strength is the stress at which the wire starts to take a permanent (inelastic) deformation and
is the important limit for this case. The wire spools purchased from Little Falls Alloys! for use on
ProtoDUNE-SP were measured to have tensile strength higher than 1380 MPa and yield strength
more than 1100 MPa (19.4 N for 152 um diameter wire). The stress while in use is approximately
336 MPa (6 N), leaving a comfortable margin.

The CTE describes how a material expands or contracts with changes in temperature. The
CTEs of CuBe alloy and 304 stainless steel are very similar. Integrated down to 87K, they are
2.7 mm/m for stainless steel and 2.9 mm/m for CuBe. The wire contracts slightly more than the
frame, so for a wire starting at 6 N at room temperature the tension increases to around 6.5 N when
everything reaches LAr temperature.

The rate of change in wire tension during cool-down is also important. In the worst case, the
wire cools quickly to 87 K before any significant cooling of the much larger frame. In the limiting
case with complete contraction of the wire and none in the frame, the tension would peak around
11.7N, which is still well under the 19 N yield tension. In practice, however, the cooling will be
done gradually to avoid this tension spike as well as other thermal shocks to the detectors.

!Little Falls Alloys™, http://www.lfa-wire.com/.
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(©) (d

Figure 2.9. APA grounding mesh construction and installation. a) The mesh panel stretching jig, b) mesh
being welded to the support frame, c) model showing the mesh sub-frame (in dark gray) fitting into the APA
frame (green), and d) photo of an installed mesh panel in APA 7.

Table 2.4. Summary of properties of the beryllium copper wire used on the APAs.

Resistivity 7.68 uQ-cm @ 20° C
Resistance 4.4 Q/m @ 20° C
Tensile strength (from property sheets) 1436 MPa / 25.8 N for 152 um wire
CTE of beryllium copper integrated to 87 K 2.9 x 1073 m/m
CTE of stainless steel integrated to 87 K 2.7 x 1073 m/m
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2.2.5 Wire boards and anchoring elements

To guide and secure the 3520 wires on an APA, stacks of custom FR-4 circuit boards attach all
along the outside edges of the frame, as shown in the engineering drawings in figure 2.10. There are
337 total circuit boards on each APA (50,550 in an SP module with 150 APAs), where this number
includes 204 wire boards (X/V/U/G = 30/72/72/30), 72 cover boards to protect the wire solder
pads and traces on the top layer of wire boards, 20 capacitive-resistance (CR) boards, 20 adapter
boards to connect the CRs to the CE, 20 G-layer bias boards, and one safe high voltage (SHV) board
to distribute bias voltages to the planes. Figure 2.3 shows the positions of the boards at the head of
the APA and the path connecting TPC wires to the CE.

V BOARDS AND COMBS

777 HEADEND

FOOT END

Figure 2.10. Engineering drawings that illustrate the layering of the wire carrier boards that are secured
along the perimeter of the APA steel frames. Left: the full set of V-layer boards. Right: detail showing the
stack of four boards at the head end of the APA (bottom to top: X,V,U,G).

2.2.5.1 Head wire boards

All APA wires terminate on wire boards stacked along the electronics end of the APA frame. The
board stack at the head end is shown in an engineering drawing in the right panel of figure 2.10. A
photograph showing the head boards and G-bias boards on one of the completed ProtoDUNE-SP
APAs is shown in figure 2.11. Attaching the wire boards begins with the X-plane (innermost).
Once the X-plane wires are strung on both sides of the APA frame, they are soldered and epoxied
to their wire boards and trimmed. Next, the V-plane boards are epoxied in place and the V wires
installed, followed by the U-plane boards and wires, and finally the G-plane boards and wires. The
wire plane spacing of 4.8 mm is set by the thickness of these wire boards.

Mill-Max?2 pins and sockets provide electrical connections between circuit boards within a
stack. They are pressed into the circuit boards and are not repairable if damaged. To minimize
the possibility of damaged pins, the boards are designed so that the first wire board attached to the
frame has only sockets. All boards attached subsequently contain pins that plug into previously
mounted boards. This process eliminates exposure of any pins to possible damage during winding,
soldering, or trimming.

The X, U and V layers of wires are connected to the CE (housed in boxes mounted on the
APA) either directly (V) or through DC-blocking capacitors (U, X). Ten stacks of wire boards are

2Mill-Max™, https://www.mill-max.com/.
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Figure 2.11. The wire board stack at the head end of an APA. The four wire boards within a stack can be
seen on both the top and bottom sides of the APA. Also visible are the T-shaped brackets that will hold the
CE boxes when electronics are installed.

installed across the width of each side along the head of the APA. The X-layer board in each stack
has room for 48 wires, the V-layer has 40 wires, the U-layer 40 wires, and the G-layer 48 wires.
Each board stack, therefore, has 176 wires but only 128 signal channels since the G wires are not
read out. With a total of 20 stacks per APA, this results in 2560 signal channels per APA and a
total of 3520 wires starting at the top of the APA and ending at the bottom. Many of the capacitors
and resistors that in principle could be on these wire boards are instead placed on the attached CR
(capacitive-resistance) boards (section 2.2.5.3) to improve their accessibility in case of component
failure.

2.2.5.2 Side and foot wire boards

The boards along the sides and foot of the APA have notches, pins, and other location features to
hold wires in the correct position as they wrap around the edge from one side of the APA to the
other.

The edge boards need a number of hole or slot features to provide access to the underlying
frame (see figure 2.12 for examples). In order that these openings not be covered by wires, the
sections of wire that would go over the openings are replaced by traces on the boards. After the
wires are wrapped, the wires over the opening are soldered to pads at the ends of the traces, and the
section of wire between the pads is snipped out. These traces can be easily and economically added
to the boards by the many commercial fabricators who make circuit boards.

The placement of the angled wires are fixed by teeth that are part of an injected molded strip
glued to the edge of the FR-4 boards. The polymer used for the strips is Vectra e130i (a trade name
for 30% glass filled liquid crystal polymer, or LCP). It retains its strength at cryogenic temperature
and has a CTE similar enough to FR-4 that differential contraction is not a problem. The wires
make a partial wrap around the pin as they change direction from the face of the APA to the edge.
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Figure 2.12. Side boards with traces that connect wires around openings. The wires are wound straight over
the openings, then soldered to pads at the ends of the traces. The wire sections between the pads are then
trimmed away.

2.2.5.3 Capacitive-resistive (CR) boards

The CR boards carry a bias resistor and a DC-blocking capacitor for each wire in the X and U-
planes. These boards are attached to the board stacks after fabrication of all wire planes. Electrical
connections to the board stack are made through Mill-Max pins that plug into the wire boards.
Connections from the CR boards to the CE are made through a pair of 96-pin Samtec? connectors.

Surface-mount bias resistors on the CR boards have resistance of 50 MQ and are constructed
with a thick film on a ceramic substrate. Rated for 2.0kV operation, the resistors measure
3.0mm X 6.1 mm (0.12in X 0.241in). The selected DC-blocking capacitors have capacitance of
3.9nF and are rated for 2.0kV operation. Measuring 5.6 mm X 6.4 mm (0.22 in x 0.25 in) across
and 2.5 mm (0.101n) high, the capacitors feature flexible terminals to comply with PCB expansion
and contraction. They are designed to withstand 1000 thermal cycles between the extremes of the
operating temperature range. Tolerance is also 5 Y.

In addition to the bias and DC-blocking capacitors for all X and U-plane wires, the CR boards
include two R-C filters for the bias voltages.# The resistors are of the same type used for wire biasing
except with a resistance of 5 MQ, consisting of two 10 MQ resistors connected in parallel. Wire
plane bias filter capacitors are 39 nF, consisting of ten 3.9 nF surface-mount capacitors connected
in parallel. They are the same capacitors as those used for DC blocking.

The selected capacitors were designed by the manufacturer to withstand repeated temperature
excursions over a wide range. Their mechanically compliant terminal structure accommodates
CTE mismatches. The resistors use a thick-film technology that is also tolerant of wide temperature
excursions. Capacitors and resistors were qualified for ProtoDUNE-SP by testing samples repeatedly
at room temperature and at —190 °C. Performance criteria were measured across five thermal cycles,
and no measurable changes were observed. During the production of 140 CR boards, more than

3Samtec™https://www.samtec.com/.
4The V-plane does not carry a bias voltage, so does not require these components.
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10,000 units of each component were tested at room temperature, at LAr temperature, and again at
room temperature. No failures or measurable changes in performance were observed.

2.2.5.4 Support combs

Support combs are glued at four points along each side of the APA, along the four cross beams.
These combs maintain the wire and plane spacing along the length of the APA. A dedicated jig
is used to install the combs and also provides the alignment and pressure as the glue dries. The
glue used is the Gray epoxy 2216 described below. Before the jig can be removed and production
can continue, an eight-hour cure time is required after comb installation on each side of the APA.
Figure 2.13 shows a detail of the wire support combs on a ProtoDUNE-SP APA.
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Figure 2.13. Left: APA corner where end boards meet side boards. The injection molded teeth that guide
the U and V wires around the edge are visible at the bottom. Right: the wire support combs.

2.2.5.5 Solder and epoxy

The ends of the wires are soldered to pads on the edges of the wire boards. Solder provides both an
electrical connection and a physical anchor to the wire pads. A 62% tin, 36% lead, and 2% silver
solder was chosen. A eutectic mix (63/37) is the best of the straight tin-lead solders, but the 2%
added silver gives better creep resistance. The solder contains a no-clean flux and does not need
to be removed after soldering. Most of it is encapsulated when subsequent boards are epoxied in
place. At room temperatures and below, the flux is not conductive or corrosive.

Once a wire layer is complete, the next layer of boards is glued on; this glue provides an
additional physical anchor. Gray epoxy 2216 by 3M5 is used for the glue. It is strong and widely
used (therefore much data is available), and it retains good properties at cryogenic temperatures.

S3M™ https://www.3m.com/.
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2.2.6 The APA pair

In an SP module, pairs of 6 m tall APA frames are mechanically connected at their ends to form a
12 m tall readout surface. Figure 2.14 shows a connected pair (turned on its side) with dimensions.
The TPC readout electronics require that the individual APA frames be electrically isolated. The
left panel of figure 2.15 shows the design for mechanically connecting APAs while maintaining
electrical isolation. The two APAs are connected through a stainless steel link that is attached to
both frames with a special shoulder screw. The steel part of the link is electrically insulated from
the frames using a G10 panel. The links connect to the side tubes with a special shoulder screw
that screws into plates welded to the frame.

1150.0 [45.28]

12887.2 [507.37] TOP OF YOKE TO BOTTOM OF CE PROTECTION 5“(5:8'?5
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Figure 2.14. Diagram of an APA pair, with connected bottom and top APA. The dimensions of the APA
pair, including the accompanying cold electronics and mechanical supports (the yoke), are indicated.

The APA yoke, shown in figure 2.16, is a bolted stainless steel structural assembly with a
central support point and a pair of pins to connect to the load. Two T-shaped brackets, referred to
as the structural tees, mount to the head tube of the top APA and provide the mating pin holes to
connect the yoke to the APA. The center support point consists of a M20 stainless steel bolt, oversize
washers, and a PEEK washer for electrical isolation. The yoke is mounted to the top APA before an
APA pair is assembled. To move into the cryostat, the pair is hung from two trolleys that connect
to the structural tees. Once in final position, the load of the APA pair can be transferred from the
trolleys to the DSS in the cryostat through the center support point of the yoke. To accomplish this,
the M20 bolt and washer assembly is inserted from the bottom of the yoke and the threaded end of
the bolt connects to the DSS.

Adjacent APA pairs are kept in plane with each other by simple insertion pins at the top and
bottom of the side tubes. The pins are made up of a screw and an insulating sleeve to ensure
electrical isolation, and each pin engages a slot in the adjacent APA pair side tubes. The right panel
of figure 2.15 shows a schematic of the side pin connectors before and after insertion.

Once installed in the detector, a physical gap of 12 mm exists along this vertical connection
between all adjacent APAs at room temperature. Since the APAs are suspended under the stainless
steel DSS beams, which contract similarly to that of the APA frames, the gaps between most adjacent
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Figure 2.15. Design for the APA-to-APA connections. Left: for the vertical connection there are two steel
links joining the upper APA to the lower APA; one link connected to one APA is shown here. The steel part
of the link is electrically insulated from the frames. Right: along adjoining vertical edges, two pins keep
neighboring APAs in plane. Two side tubes before engagement with the screw and insulating sleeve installed
are shown at the top, and the engaged side tubes are shown below.
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Figure 2.16. The yoke at the top of an APA pair that provides connection to the DSS.
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APAs stay about the same (12 mm) in the cold. The DSS beams, however, are segmented at 6.4 m
length, and each beam segment is independently supported by two DSS feedthroughs, one of which
does not allow lateral movement. As a result, the gaps between DSS beams open up in the cold by
another 17 mm, making the physical gaps 29 mm as shown in figure 2.17. The actual gap between
the APAs active width 28 mm is approximately 16 mm wider than the physical gap (45 mm) in the
two scenarios described above.

17mm 12mm|
2316mm

Y
Y
A
A

2316mm

Figure 2.17. Illustration of the gap width between APAs.

To minimize the loss of signal charge over the gaps between APAs in ProtoDUNE-SP, special

electrodes (electron diverters) were installed along the vertical gaps to nudge the incoming electrons
into the active regions of the APAs. The data from ProtoDUNE-SP are being used to study the impact
of using electron diverters and determine the need for them in DUNE. See section 2.3 for a discussion
of the ProtoDUNE-SP data analysis (ProtoDUNE-SP had some gaps with electron diverters installed
and some without, enabling comparisons of the tracking and calorimetry performance in the two
cases).

2.2.7 APA structural analysis

The APAs will be subjected to a variety of load conditions throughout construction, installation,
and operation of the experiment, so it is important to analyze carefully and confirm the design of
the mechanical components. A structural and safety analysis was performed to confirm the strength
of the APA frame, the APA yoke, and the APA-to-APA link. The full report can be found at [8]. As
noted, the way the APA frame is supported and loaded changes during the construction and transport
of the APA. Twenty different load cases were checked. These load cases cover the handling of
the bare frame, the APA during wiring, the fully integrated APA, and the APA pair. The analysis
covered the loaded APA pair in the installed warm and dry state as well as spatial and transient
thermal gradients that might be encountered during cool down.

The masses of components mounted on the frame were determined from the material densities
and the geometry defined in the 3D models. Loads from the supported masses and the APA wire
load were applied to the frame in the analysis to replicate the way loads are applied to the actual
frame. The analysis was performed in accordance with the standard building code for large steel
structures, the ASICs Specification for Structural Steel Buildings (AISC document 360-10). For
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stainless steel structures, the ASIC publication Design Guide 27: Structural Stainless Steel was
also applied. The analysis was performed using the Load and Resistance Factor Design method
(LRFD).

Per LRFD, a load factor of 1.4 was applied to all loads and to the self-weight of the APA
frame. The factored loads were used to calculate the required strength or stress. Strength reduction
factors were assigned to the strength or stress rating of the component or material. The strength
reduction factors determined the allowable strengths and the design was considered to meet code
as long as the allowable strength of the material or component is greater than the required strength
as determined by the factored loading.

In order to evaluate the structure, a finite element analysis (FEA) model of the APA frame was

built in SolidWorks Simulation.® For each load case, proper constraints were defined and factored
loads were applied. The stress in the frame members were directly extracted from the model. Also
extracted from the model were the forces and moments acting on the welded and bolted joints.
These forces and moments and methods from code were used to determine the required strength.
The allowable strength was also determined using methods from the code. For transportation cases,
the analysis was used to determine that the maximum shock or g-load the APA frame can tolerate
is 4g (39.2m/s?). This value has been incorporated into the requirements for the design of the
transport frame.

Two thermal cases were run. In one case, a steady state thermal gradient of 17 K/m was applied
to the frame in addition to the installed state loading. The second thermal case was a transient case.
In this case, the fastest cool down rate the APA frame can tolerate without over stressing the wires
and wire solder/epoxy joints was estimated. The wire cools faster than the frame and the cool-down
rate is limited by a 75°C allowable differential temperature between the frame and the wire. The
estimation of the differential was done using a conservative method that is described in the section
that presents the results for case 20 in the APA analysis document. The allowable cool down rate
of the ambient environment is 70°C/hr.

In addition to the frame, the yoke was also analyzed for strength. These components are not
subjected to multiple load states and see their maximum loads when in the installed state. The yoke
was analyzed using FEA to check stress and buckling of the side plates. The APA -to-APA link was
checked using methods for pinned connections defined in code.

Results for the frame analysis show the frame members are most heavily stressed in the
transportation cases. This is expected because the g-load was increased until strength limits were
reached. Here the ratio of allowable to required strength is 1.1 for both the beam structural members
and for the welds and 1.5 for the bolts. The results for the yoke analysis show that the allowable
stress over the required strength for the yoke plates is 2.2. The ratio of the load that will cause
buckling to the applied load is 33.

The structural analysis clearly shows the APA frame members, welds, and bolts are strong
enough to carry the loads.

°https://www.solidworks.com/.
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2.3 Quality assurance

The most important and complete information for assuring the quality of the APA design, com-
ponents, materials, and construction methods comes from the construction and operation of
ProtoDUNE-SP. We have learned much about the design and fabrication procedures that has
informed the detailed design and plans for the DUNE APA construction project. ProtoDUNE-SP
included six full-scale DUNE APAs instrumenting two drift regions around a central cathode. Four
of the ProtoDUNE-SP APAs were constructed in the USA at the University of Wisconsin-PSL, and
two were made at Daresbury Laboratory in the UK. All were shipped to CERN, integrated with PDs
and CE, and tested in a cold box prior to installation into the ProtoDUNE-SP cryostat. Figure 2.18
shows one of the drift regions in the fully constructed ProtoDUNE-SP detector.

Figure 2.18. One of the two drift regions in the ProtoDUNE-SP detector at CERN showing the three installed
APAs on the left.

2.3.1 Results from ProtoDUNE-SP construction

A thorough set of QC tests were performed and documented throughout the fabrication of the
ProtoDUNE-SP APAs. The positive outcomes give great confidence in the quality of the overall
APA design and construction techniques. Here we summarize some of the testing that was done for
ProtoDUNE-SP and the results.

After each wire layer was applied to an APA, electrical continuity between the head and foot

boards was checked for each wire. This test is most useful for the U and V layers, where metal

—41 -



Chapter 2. Anode plane assemblies

traces on the side boards can be damaged during construction. All boards were visually inspected
as construction proceeded.

Channels were checked for isolation. In the beginning, wire-to-wire isolation was measured
over a long period of time, and no problems arose. In the end, each wire was individually hipot
tested (a dielectric withstand test) at 1 kV. No failures were ever seen. However, leakage currents
were seen to be highly dependent on relative humidity. The surface of the epoxy has some affinity
for moisture in the air and provides a measurable leakage path when relative humidity exceeds
about 60 %. Tests have confirmed that in a dry environment, such as the LAr cryostat, these leakage
currents disappear.

Wire tension was measured for all wires at production. Figure 2.19 displays the measured
tensions for wires on the instrumented wire planes (X, U, V) for the six ProtoDUNE-SP APAs,
four constructed at PSL in the US and two at Daresbury Laboratory in the UK. In total, 4.4 %
of the 14,972 wires considered for this analysis had a tension below 4 N, and 22.5 % were above

6 N. A wire which has a tension higher than specification should not impact the physics in any
meaningful way. Wires with tension lower than specification could move slightly out of position
and impact detector function primarily through modifying the local E field. E field modification
can lead to the number of ionization electrons being incorrectly reconstructed in the deconvolution
process or alter the transparency so that less than 100 % of the ionization electrons reach the
collection plane. Because these processes change the amount of reconstructed charge, they would
alter the reconstruction of the energy deposited by charged particles near these wires. A further
complication from very low-tension wires might be an increase in noise level, introduced by wire
vibrations, which can lead to vortex shedding. Each of these impacts is expected to be quite small,
but to confirm, cosmic muon tracks in ProtoDUNE-SP data are now being used to test if differences
in response can be seen on wires with particularly low tension. The target tension for DUNE APAs
has already been increased to 6 N, and these ProtoDUNE-SP studies will quantitatively inform a
minimum tension requirement, but no challenges in meeting specifications are foreseen based on
current knowledge from ProtoDUNE-SP construction.

Wire tension measurements were also performed for a subset of wires on each APA after
arriving at CERN. Figure 2.20 shows the comparison of tension values measured at CERN versus
at the production site for the selected subset of wires from each wire plane. Based on the traveler
documents provided by the production sites, wires having outlier tension values were selected
from each APA for re-measurement at CERN. In addition, a set of randomly selected wires from
each plane was measured. In total, for six APAs, ~1500 wires had their tension re-measured at
CERN. Measurements took place in the clean room with APAs hanging vertically, the first time
the tensions were sampled in this orientation. Tension measurements were performed by using the
laser-photodiode based method, the same as at the production sites.

Finally, to test if a cold cycle had any effect on the wire tension, samples of wires were measured
again after the cold box tests at CERN. This is the only tension data we have after a cold-cycle
for ProtoDUNE-SP APAs. Figure 2.21 presents the results, showing no significant change in the

resonant frequency of the wires, indicating cold cycle does not have a significant effect on wire
tension.
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Figure 2.19. Distributions of wire tensions in the ProtoDUNE-SP APAs for wires longer than 70 cm,
as measured during production at PSL and Daresbury. For the X-plane, every wire has the same length
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Figure 2.20. Comparison of wire tensions upon arrival at CERN versus at the production sites for a sample

of wires on each of the ProtoDUNE-SP. APAs.
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Figure 2.21. Comparison of wire tensions after the cold box test versus before at CERN for a sample of

wires on each of the ProtoDUNE-SP APAs.
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2.3.2 Results from ProtoDUNE-SP operation

Several useful analyses for evaluating the APA design have been carried out including monitoring
the number of non-responsive or disconnected channels in the detector, studying the impact of
the electron diverters on reconstruction and calorimetry, and measuring the change in electron
transparency with wire bias voltage. The status of these studies is presented below.

2.3.2.1 Disconnected channels

APA channels with a “broken connection” can be identified in ProtoDUNE-SP data by comparing
channels that do not record hits during detector runs against channels that do respond to the internal
calibration pulser system on the FEMBs. If pulser signals are seen on a channel with no hits, this
most likely points to a mechanical failure in the wire path to the electronics. The failure could be,
for example, at a bad solder connection, a damaged trace on a wire board, or a faulty connection
between a wire, CR, and CE adapter boards. Studies have been done using data throughout the
ProtoDUNE-SP run, looking for channels non-responsive to ionization. Note that this analysis is
insensitive to the X-plane wires that face the cryostat walls since no ionization arrives at those
wires.

The results show a very low count of permanently disconnected channels in the ProtoDUNE-
SP APAs (28 channels out of 12,480 channels facing the drift volume). In addition, we identified
21 channels that are intermittently not responsive, most probably due to APA problems. This is
summarized in tables 2.5 and 2.6. The fractions of disconnected and intermittent channels are low,
0.22% and 0.17%, respectively.

Table 2.5. Summary of disconnected channels per plane in ProtoDUNE-SP due to mechanical failures in

the APAs.

‘ U-plane V-plane X-plane Total Channels Rate Total ‘

Disconnected 16 8 4 0.22%
12,4 .
Intermittent 7 7 7 480 0179 039%

Table 2.6. Summary of disconnected channels per APA in ProtoDUNE-SP due to mechanical failures in the
APAs.

\ APA1 APA2 APA3 APA4 APAS APA6\

Disconnected 4 5 8 3 1 7
Intermittent 10 0 1 4 3 3

So far, analysis of data throughout the ProtoDUNE-SP run shows no evidence of increasing
numbers of disconnected or intermittent channels.

2.3.2.2 Effect of electron diverters on charge collection

Active strip-electrode electron diverters were installed in ProtoDUNE-SP between APAs 1 and 2
(ED12) and between APAs 2 and 3 (ED23), which are both on the beam-right side of ProtoDUNE-
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SP for the 2018-2019 run. The two inter-APA gaps on the beam-left side did not have electron
diverters in them. ED12 developed an electrical short early in the run, and as a consequence, both
ED12 and ED23 were left unpowered for the beam run and all but a small number of test runs after
the beam run. A voltage divider on the electron diverter HV distribution board provided a path
to ground, and so the electron diverter strips were effectively grounded. Since they protrude into
the drift volume in front of the APAs, the grounded diverters collect nearby drifting charge instead
of diverting it towards the active apertures of the APAs, leading to broken tracks with charge loss
in the gaps. When powered properly, charge is primarily displaced away from the gap, and tracks
that are more isochronous provide good measurements of the charge arrival time delays due to the
longer drift paths of diverted charge. Figure 2.22 shows the collection-plane view of the readout of
APAs 3 and 2 for a test run in which ED23 was powered at its nominal voltage. Figure 2.23 shows
the collection-plane view of a track crossing the drift volumes read out by APAs 6 and 5, which do
not have an electron diverter installed between them. Timing and spatial distortions in the absence
of diverters appear minimal.

The impact of charge distortions can be seen in figure 2.24, which shows the average dQ/dx
distributions for ProtoDUNE-SP run 5924, which has ED12 at ground voltage, ED23 at nominal
voltage, and no diverters on the beam-left side of the detector between APAs 4, 5, and 6. Pronounced
drops in the charge collected near ED12 (grounded diverter) are seen, while much smaller distortions
are seen elsewhere. Run 5924 was taken while the grid plane in APA 3 was charging up, resulting
in artifacts in the dQ/dx measurements with a period of three wires. APA 2 has an artifact from
an ASIC with a slightly different gain reading out channels near the boundary with APA 1, causing

even and odd channels to be offset.

Figure 2.22. Collection-plane charge signals in ProtoDUNE-SP for a single readout window in APAs 3 (left)
and 2 (right) for a test run in which ED23 was powered at its nominal voltage. The horizontal axis is wire
number, arranged spatially along the beam direction, and the vertical axis is readout time. The event is run
5924, event 275.
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Figure 2.23. Collection-plane event display for APAs 6 (left) and 4 (right). No electron diverter was installed
between these two APAs. The event is run 5439, event 13.
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Figure 2.24. The dQ/dx distributions as a function of the collection wire number zoomed in near the gaps,
using cosmic ray muons in ProtoDUNE-SP run 5924. The electron diverters are only instrumented for the
gaps at the beam right side (x < 0). The electron diverter between APA 2 and APA 3 was running at the
nominal voltage while the electron diverter between APA1 and APA 2 was turned off.
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2.3.2.3 Effect of wire support combs on charge collection

Inclusive distributions of charge deposition on each channel can be made with ProtoDUNE-SP data
using the cosmic-ray tracks. Tracks that cross from the cathode to the anode have unambiguous
times even without association with PDs, and thus distance-dependent corrections to the lifetime
can be made. The reconstruction of tracks in three dimensions makes use of the charge deposited in
each of the three wire planes. Maps of the median dQ/dx response have been made for each plane
in each APA in the (y, z) plane, the plane in which the APA resides. The granularity of these maps
is the wire spacing, in both dimensions, and so the charge response of small segments of wires is
measured. These maps are projected onto the U, V, y, and z coordinate axes in order to visualize
more easily the impacts of localized detector inhomogeneities.

The wire-support combs are approximately evenly spaced in the y coordinate. In order to
investigate the impact of the wire combs on charge collection and induction signals, the average of
the median binned dQ/dx values as a function of y is shown for U, V, and collection-plane (Z)
wires in figure 2.25. APA 6, which is in the middle of the detector and thus is minimally affected
by features on the neighboring field cages, is chosen so the effects of the combs are most visible,
though similar effects are seen in all six APAs in ProtoDUNE-SP. Localized dips of the order of
2% in the average signals can be seen at the locations of the combs in the U and V views, while the

collection-plane channels show smaller dips and other features. Charge is expected to divert around
the dielectric combs after they charge up, and if the diversion is purely in the vertical direction,
then the impact on the collection-plane response is expected to be suppressed. The induction-plane
response may be understood as the result of the dielectric comb locally polarizing in the field of the
drifting charge, thus modifying the E field at the wires. This analysis well exhibits the uniformity
of the response of the ProtoDUNE-SP APAs as well as the level of detail that can be extracted from
TPC data for the precise calibration of the SP modules.

APA: 6 Signal plane: U Binned in Y APA: 6 Signal plane: V Binned in Y APA: 6 Signal plane: Z Binned in Y
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Figure 2.25. Average dQ/dx on the U, V, and collection-plane (Z) wires in APA 6 as a function of the
height y from the bottom of the ProtoDUNE-SP detector.

2.3.2.4 Wire bias voltage scans and electron transparency

A set of dedicated runs were taken at ProtoDUNE-SP in order to confirm the bias voltage settings
calculated by the COMSOL software and presented in section 2.2.1. In particular, the bias voltages
in the G (grid), (induction) U, and (collection) X wire plane were uniformly reduced from 5% to
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30% relative to the nominal settings. For each wire plane, the transparency condition depends on the
ratio of the E field before and after the wire plane. Therefore, in the situation of uniform reduction of
the bias voltages, some ionization electrons are expected to be collected by the grid plane, leading to
aloss of ionization electrons collected by the X wires. Figure 2.26 shows the results from each of six
APAs in ProtoDUNE-SP. The ratio “R”, ranging from 0.7 (30% reduction) to 0.95 (5% reduction),
represents the different bias voltage settings used in these runs. “T” represents the transparency

of the ionization electrons, which is proportional to the number of ionization electrons collected
by the X wire plane. As a result of the significant space charge effect in ProtoDUNE-SP, the
sources of ionization electrons (presumably dominated by cosmic muons) are different for different
APAs. To facilitate the comparison among different APAs, the transparency at each bias voltage
setting is normalized by the transparency at the highest bias voltage setting (R=0.95). Except for
APA 3, all APAs show a similar trend in the change of transparency. The spread represents the

uncertainty in calculating the transparency. The grid plane of APA 3 was found to be disconnected
since December 2018, which led to incorrect bias voltage settings in these runs. This explained the
abnormal behavior in its transparency data. Two sets of predictions (COMSOL vs. Garfield) are
compared with the ProtoDUNE-SP data. The ranges of R in these predictions are different from that
of the ProtoDUNE-SP data, since these two predictions were obtained prior to the ProtoDUNE-SP
data taking. The COMSOL prediction is clearly confirmed by the ProtoDUNE-SP data, which also
validates the nominal bias voltage settings listed in section 2.2.1. The incorrect prediction from the
Garfield simulation is attributed to inaccurate E field calculations near the boundary of the wires
(152 um diameter), which is much smaller than the wire pitch (~4.79 mm).

2.3.2.5 Abnormal behavior of G-plane on APA 3

Dedicated studies of dQ/dx, the recorded ionization charge per unit path length from cosmic muon
tracks, have been performed for each APA. For runs immediately after periods when the cathode
HV was off for an extended length of time, of the order of a few days, the average of the dQ/dx
distribution on APA 3 collection and induction planes was found to be systematically lower than for
the other APAs. The dQ/dx would then slowly increase with time. Detailed investigations showed
that this behavior is explained by the assumption that the G-plane on APA 3 is not connected
to a proper reference voltage. When the cathode HV is turned on after a long off period, the
G-plane, initially at a floating potential close to ground, slowly charges up towards a negative HV,
re-establishing transparency for the ionization electrons towards the signal planes. It takes about
100 hours for the G-plane to reach a negative potential close to the nominal value that allows full
transparency.

We are presently evaluating more accessible locations for the connection of the bias HV
cables from the cryostat feedthroughs to the APAs, to minimize connection problems with the
SHYV connectors. In addition, during installation, we will include as part of the standard checkout
procedure either a direct confirmation of the bias connection between a wire plane and its bias input
on the feedthrough flange, or an indirect measurement of the connection by recording the charging
current in the bias line when increasing the bias voltage to its nominal value. The construction and
integration tests with a pre-production APA, described below in section 2.3.3, will fully test any
changes to the SHV system.
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Figure 2.26. The transparency results from the bias voltage scan in ProtoDUNE-SP. “R”, the ratio to
the nominal bias voltages, represents different bias voltage settings. “T” represents the transparency of the
ionization electrons, which is proportional to the number of ionization electrons collected by the X wire plane.
The prediction of COMSOL (Garfield) is confirmed (refuted) by the ProtoDUNE-SP data. The abnormal
behavior of APA 3 is a result of incorrect bias voltage settings. See section 2.3.2.5 for more discussion.

2.3.3 Final design prototyping and test assemblages

To confirm modifications made to the APA design and production process since ProtoDUNE-SP
and to work through the multi-APA assembly procedures, several prototypes are planned for 2020.
A seventh ProtoDUNE-SP-like APA was completed at Daresbury Laboratory by utilizing an

upgraded winding machine with the new interface arm design (see section 2.5.1). This APA was
shipped to CERN in March 2019 for a test of the CE in the cold box,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>