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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:

o 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.

o 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 cham-
ber (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.

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report
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Chapter 1

Executive Summary

1.1 Introduction

The overriding physics goals of the Deep Underground Neutrino Experiment (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) liquid argon time-projection chamber (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 — K7, 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
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2TB/s, for 30s to 100s, including a ~4s pre-trigger window.

In this Executive Summary, we give an overview of the basic operating principles of a SP LAr'TPC,
followed by a description of the DUNE implementation. We then discuss each of the 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
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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], LArTAT [5], and Pro-
toDUNE [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
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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 t, 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 recon-
struction in the two coordinates perpendicular to the drift direction. A closer spacing of the 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 dF/dz 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
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Figure 1.2: A 10kt DUNE far detector (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 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.

N—"

The DUNE SP LArTPC consists of four modules of 10kt fiducial mass (17.5kt total mass), con-
tributing to the full 40kt FD fiducial mass. Figure 1.2 shows a 10kt module, and the key param-
eters of a SP module are listed in Table 1.1. Inside a cryostat of outer dimensions 65.8m x17.8m
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x18.9m (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.

Table 1.1: Key parameters for a 10kt FD SP module.

Item Quantity

TPC size 12.0m x14.0mx58.2m
Nominal fiducial mass 10 kt

APA size 6m x 2.3m

CPA size 1.2m x4m

Number of APAs 150

Number of CPAs 300

Number of X-ARAPUCA PD bars 1500

X-ARAPUCA PD bar size 209cm x 12cm x 2cm
Design voltage —180kV

Design drift field 500V/cm

Drift length 35m

Drift speed 1.6 mm/ps

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 F'D modules will be located in the two main caverns, which
are each 144.5m long, 19.8 m wide and 28.0 mhigh. Each cavern houses two 10kt modules, one
either side of the central access drift. Between the two caverns is the central utility cavern (CUC),
a 190m long, 19.3m wide, 11.0m high cavern in which many of the utilities and the upstream
data acquisition (DAQ) reside.

Each cathode wall in a module is called a cathode plane assembly (CPA) array. The CPA is the
1.2m x 4m 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/ps; 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 6m x 2.3m
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.
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Figure 1.3: A 65.8m (L) by 18.9m (W) by 17.8m (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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Figure 1.4: The underground layout of the SURF laboratory. The two main caverns each hold two 10 kt
modules, one either side of the central access drift. The CUC houses utilities and the upstream DAQ.
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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.

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 10kt module has its own, independent
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 DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report
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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.

The target purity from electronegative contaminants in the argon is <100 ppt (parts per trillion)
Oy equivalent, which is enough to ensure a >3 ms ionization-electron lifetime at the nominal
500V /em 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 < 25ppm (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 vol-
ume, the scintillation photons are fast, arriving at the PDs nanoseconds after production. This
scintillation light provides a ty for each event. By comparing the arrival time of ionization at
the anode with this ¢y, reconstruction in the drift direction becomes possible. A 1 ps requirement
on the timing resolution of the PD system enables ~ 1 mm position resolution for 10 MeV SNB

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report
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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 5.

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-Arapucal! 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.

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 Q modules mounted inside an APA.

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 Mu2e 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 500V /cm
across each drift volume. This voltage is a trade off. A higher voltage results in more charge

1An arapuca is a South American bird trap, the name used here in analogy to the way the X-Arapuca devices trap
photons.

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report
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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.

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 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 hi 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-M( 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 s
to 10 ps.

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 M /cm?
resistance to prevent damage if the field is quenched. The CPA, an example of which from Pro-
toDUNE is shown in Figure 1.8, is a 1.2m x 4m planar unit, each side of which is a 3mm thick
FR~4 sheet, onto which is laminated a thin layer of carbon-impregnated Kapton that forms the
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
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Figure 1.8: A ProtoDUNE-SP cathode plane assembly. The black surface is the carbon-impregnated
Kapton resistive cathode plane.

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 G2 resistors, arranged
in parallel, provide a 2.5 G{2 resistance to create a nominal 3kV drop.

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.

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report
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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.
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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 pm 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 4.67mm 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), 0V (V-layer), =370V (U-layer), and —665V (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 e~ 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 ¢~, which ensures that fewer than 10%
of beam events experience saturation. This can be achieved using 12 analog-to-digital converter
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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.

(ADC) bits. In addition, the electronics are designed with a front-end peaking time of 1 ps, which
matches the 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, 87K 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).
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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.

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 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
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will look for coincident regions of low-energy deposits, below 10 MeV, across an entire module and
in a 10s 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 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 ps 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 1ns.

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

LAYTPCs.

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 v, event rate to 2%; and control our lepton and hadron energy scales to 1% and 3%, respec-
tively. 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 s level, and measure our trigger efficiency and levels of radi-
ological background. 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/dz), ionization 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 electron lifetime. The possibility of deploying radioactive sources is also being explored. In the
10MeV to 100 MeV energy range we will use Michel electrons, photons from 7° 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. Fi-
nally, data from the ProtoDUNE detectors will be invaluable in understanding the response and
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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 10 kt module is
1.3%x10% 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 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

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report



Chapter 1: Executive Summary 1-19

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 per-
sonnel 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.

Throughout the project, quality assurance (QA) and quality control (QC) are written into all pro-
cesses. 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 instal-
lation. 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
technical design report (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.

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 C'P 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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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.

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 opera- July 2026
tions
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Chapter 2

Anode Plane Assemblies

2.1 Anode Plane Assembly (APA) Overview

The anode plane assemblies (APAs), or wire planes, are the Deep Underground Neutrino Exper-
iment (DUNE) single-phase (SP) module elements used to sense, through both signal induction
and direct collection, the ionization electrons created when charged particles traverse the liquid
argon (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 cold electronics (CE).

Volume II of this technical design report (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 supernova neutrino burst (SNB) searches. As a multipurpose detector accessing physics
from MeV to multi-GeV scales, the DUNE liquid argon time-projection chamber (LArTPC) cannot
be optimized for a narrow range of interaction signatures in the manner of noble liquid time
projection chambers (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 — p — 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) dFE /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
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the detector module. The APA wire spacing and orientations must maximize pattern recognition
capabilities and signal-to-noise (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 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
§ field cage

1

Il |

=

bottom field cage

Figure 2.1: A 10kt DUNE far detector (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 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 2.3m wide, but two of them are connected vertically, and twenty-five of these vertical
stacks are linked together to define a 12.0m tall by 58.2m 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 high voltage (HV) surfaces to define four 3.5m 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
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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, GG, to improve signal shapes on the U induction
channels. The angled wires are wrapped around the frame from one side to the other, 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 front-end (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
photon detectors (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

NS NS

= : H
———1——=——— Collection (X) and Grid (G) wires |

il

2316 m

Figure 2.2: lllustration 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 10kt SP_module running from 2021-2023.

The Physical Sciences Laboratory (PSL) at the University of Wisconsin and the Daresbury Labora-
tory in the UK have recently produced full-scale APAs for the ProtoDUNE-SP project at European
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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.

Organization for Nuclear Research (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.

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.
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Figure 2.4: Completed ProtoDUNE-SP APA ready for shipment to CERN.
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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.

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,
(), 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.

Table 2.1: APA specifications

Label Description Specification Rationale Validation
(Goal)
Gaps between APAs < 15mm between Maintains fiducial volume. ProtoDUNE
SP-FD-6 APAs on same Simplified contruction.
support beam;

< 30mm between
APAs on different
support beams
Drift field uniformity < 1% throughout Maintains APA, CPA, FC ProtoDUNE

SP-FD-7 due to component volume orientation and shape.

alignment

APA wire angles 0° for collection Minimize inter-APA dead FEngineering calcu-
SP-FD-8 wires, +35.7° for space. lation

induction wires
APA wire spacing 4.669mm for U,V; Enables 100% efficient MIP  Simulation
SP-FD-9 4.790 mm for X,G detection, 1.5cm yz vertex
resolution.
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APA wire position

+0.5mm

Interplane electron trans-

ProtoDUNE and

SP-FD-10 tolerance parency; dFE/dx, range, and simulation
MCS calibration.
APA unit size 6.0m tall x 2.3m Maximum size allowed for ProtoDUNE-SP
SP-APA-1 wide fabrication, transportation,
and installation.
Active area Maximize total ac- Maximize area for data col- ProtoDUNE-SP
SP-APA-2 tive area. lection
Wire tension 6N+ 1N Prevent contact beween ProtoDUNE-SP
SP-APA-3 wires and minimize break
risk
Wire plane bias volt- The setup, includ- Headroom in case adjust- E-field simula-
SP-APA-4 ages ing boards, must ments needed tion sets wire
hold 150% of max bias voltages.
operating voltage. ProtoDUNE-SP
confirms  perfor-
mance.
Frame planarity <5mm APA transparency. Ensures ProtoDUNE-SP
SP-APA-5 (twist limit) wire plane spacing change of
<0.5 mm.
Missing/unreadable  <1%, with a goal of Reconstruction efficiency ProtoDUNE-SP
SP-APA-6 channels <0.5%

o APA size: The size of the APAs is chosen for fabrication purposes, compatibility with

The DUNE Far Detector Single-Phase Technology

over-the-road shipping, and for eventual transport to the 4,850L at Sanford Underground
Research Facility (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 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, &) and 4.7mm for (U, V), combined with
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(a)

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 front-end mother board (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 dF/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 3mm) 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, charged current (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.
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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 3mm curve.

A detector spatial resolution much smaller than the radiation length for photons (0.47 cm
vs. 14cm) allows the gap between the neutrino interaction vertex and a photon conversion
point to be easily visible, and Figure 2.5(a) shows the reconstructed ionization energy loss
density (dE/dz) 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
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photons pair-produce an ete™. In the figure, the (dE/dz) separation for electrons and
photons is compared for finer wire pitch (3mm) 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
ED 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.

o 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
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 Sec. 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

G - Grid —665V
U - Induction —370V
V' - Induction oV
X - Collection 820V
Grounding Mesh oV

+ Wire type and tension: The wire selected for the APAs is 152 ym 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
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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.

confirmed after ProtoDUNE-SP analysis is completed. See Section 2.2.4 for more details

about the APA wires.

Table 2.3 summarizes some of the principal design parameters for the SP module anode plane

Table 2.3: APA design parameters
Parameter Value
Active height 5.984 m
Active width 2.300 m
Wire pitch (U, V) 4.7mm
Wire pitch (X, G) 4.8mm
Wire pitch tolerance +0.5mm
Wire plane spacing 4.8mm
Wire plane spacing tolerance +0.5mm
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 pym

The DUNE Far Detector Single-Phase Technology

The DUNE Technical Design Report



Chapter 2: Anode Plane Assemblies 2-31

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 10.2cm (4in) 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 12.0m 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.

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.

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 pum
wire. It will be mounted on 304 stainless steel 20 mmx10mm 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
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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 10.2x10.2cm (4 x4 inch) cross section,

the head tube is 10.2x15.2cm (4x6inch), and the ribs are 10.2x5.1cm (4x2inch).
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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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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.

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.

2.2.4 \Wires

The 152 pm (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

ILittle Falls Alloys™, http://www.lfa-wire.com/
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more than 1100 MPa (19.4N 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 87 K, 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 19N 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.

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

Parameter Value
Resistivity 7.68 puf2-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 29 %10 3m/m
CTE of stainless steel integrated to 87 K 27 x1073m/m

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.

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
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V BOARDS AND COMBS N

HEAD 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).

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.

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.

Mill-Max? 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

2Mill-Max™, https://www.mill-max.com/
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APA) either directly (V) or through DC-blocking capacitors (U, X). Ten stacks of wire boards
are 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.

I R R L L L L

LAYER 3 SIDE MIDDLE WITH SLOT

1078 HLIIM 3700I4 30IS £ 43AUT

LT Y

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.

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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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 MQ2 and are constructed
with a thick film on a ceramic substrate. Rated for 2.0kV operation, the resistors measure
3.0mm x 6.1mm (0.12in x 0.24in). The selected DC-blocking capacitors have capacitance of
3.9nF and are rated for 2.0kV operation. Measuring 5.6 mm x 6.4mm (0.22in x 0.25in) across
and 2.5mm (0.10in) 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 %.

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 M(), consisting of two 10 M(2 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 ex-
cursions 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 repeat-
edly 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 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.

3Samtec™https://www.samtec.com/
4The V-plane does not carry a bias voltage, so does not require these components.
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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 3M® is used for the glue. It is strong and widely used
(therefore much data is available), and it retains good properties at cryogenic temperatures.

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
12m 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.

53M™ https://www.3m.com/

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report


https://www.3m.com/

Chapter 2: Anode Plane Assemblies 2-40

1150.0 [45.28)
_APA
12887.2 [507.37) TOP OF YOKE TO BOTTOM OF CE PROTECTION SUCF’?g'?:TS
12762.8 [502.47) TOP OF YOKE TO BOTTOM OF CE BOX ~2300.0 [90.55]
ACTIVE AREA
12539.0 [493.66] TOP OF YOKE TO BOTTOM OF HEAD TUBE
435.7 [17.15)] 12002.5 [472.54] ACTIVE AREA - Qgi‘toEl[_gc;Ff]

335.0 [13.19] — 12204.0 [480.47] OUTSIDE DIMENSION OF HEAD TUBES
—=|=—34.0 [1.34] BETWEEN TUBES
—={=—3.4[0.13] COVER TO DIVERTER

T ' T

t

1150.0 [45.28] |-
APA |

SUPPORTS 3
cToc

FEl

AH

0.8[0.03]
ELECTRON DIVERTER
2316.6 [91.20]
COVERTO -
COVER

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.
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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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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 detector support system (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.

Pin Hole for Trolley

Mountin
Yoke &

Central Support
Point

Pins

Structural
Tee

Head Tube

>

Figure 2.16: The yoke at the top of an APA pair that provides connection 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
APAs stay about the same (12mm) 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 (45mm) in the
two scenarios described above.

To minimize the loss of signal charge over the gaps between APAs in ProtoDUNE-SP, special elec-
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Figure 2.17: lllustration of the gap width between APAs

trodes (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 elec-
tron 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
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 DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report



Chapter 2: Anode Plane Assemblies 2-43

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 transporta-
tion 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 quality control (QC) tests were performed and documented throughout the
fabrication of the ProtoDUNE-SP APAs. The positive outcomes give great confidence in the
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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
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 1kV. 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 ten-
sions 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 4N, 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 complica-
tion 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

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report



Chapter 2: Anode Plane Assemblies

2-46

500~ X Layer

77 US APA 1
400~ SN US APA 2
- it USAPA 3
== USAPA4
2 UKAPA 1
HEUKAPA 2

Number of Wires

300

200

100

e — 3 T T

I\)O

4 5 6 7 8
Wire Tension (N)

1000
- VlLayer

SOOl%USAPAl
- N\ US APA 2

| HHHUS APA 3
600 =— US APA 4
| B2 UKAPA1

Number of Wires

T
#
C
=
>
R
>
N

400

200

\i

\iEEi
\/mmm;
N

NO

4 5 6 7 8
Wire Tension (N)

700 U Layer

600~ ZUS APA 1

NN US APA 2
US APA 3
C = USAPA4
C 252 UK APA 1
E R UK APA 2

500

Number of Wires

400

300

200

100

HH e

I\Jo

4 5 6 7 8
Wire Tension (N)

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
(598.39cm), and so every wire is included. The histograms for the six APAs are stacked.
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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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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.

Frequency of wires before and after the cold-box tests
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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.

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
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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 38 4 0.22%
Intermittent 7 7 7 12,480 0.17%

0.39%

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

APA'1 APA2 APA3 APA4 APA5 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 num-
bers 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-
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. Pro-
nounced 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 d@/dx measurements with a period of three wires. APA 2 has an
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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.

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 d@/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 inves-
tigate the impact of the wire combs on charge collection and induction signals, the average of
the median binned d@/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
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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.

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.

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
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 a loss 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
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Figure 2.24: The d@/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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Figure 2.25: Average d@/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.
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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 ym diameter),
which is much smaller than the wire pitch (~4.79 mm).
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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.

2.3.2.5 Abnormal Behavior of G-plane on APA 3

Dedicated studies of d@Q)/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 d@/dx would then slowly increase with time. Detailed investigations showed
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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 SHV
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 Sec. 2.3.3, will
fully test any changes to the SHV system.

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 up-
graded 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, expected to be performed
in 2020. In addition, work is in progress to implement a new winding head on the APA winding
machines, with automatic tension feedback and control on the wires. These same upgrades will be
implemented on the winding machine at PSL in 2020.

A top and bottom version of the new supporting APA frame design were built in spring 2019 at
PSL and shipped to Ash River. A full test of the APA pair assembly procedure was successfully
completed in early October 2019 (see Figure 2.27). The procedure of routing the CE cables
along the side tubes of the APA pair was also successfully tested. In addition, a preliminary
test of the installation of PD system prototype cables inside the APA frames and the mating of
cable connections between the lower and upper APA was performed. See Section 2.4.3 for more
information on cable routing in the APA frames.

Also planned is the construction of a pre-production APA for an integration test with the CE and
PD system systems at CERN, which will fully test all interface aspects. This test will inform the
final design review of the APA system in May 2020.

In addition, three fully wound APAs with pre-installed PD system cables, will be built by the end
of 2020 for deployment in ProtoDUNE-SP-II, replacing the detectors of one of the drift volumes.
This will allow a test of all APA components, including the larger size frames and geometry
boards and a final tuning of the winding machines. The three APAs will be shipped to CERN,
integrated with CE boxes and PD system detectors, and tested in the cold box before installation
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in ProtoDUNE-SP. The pre-production APA mentioned above could serve as one of the three if no
design modifications are required. These final prototyping activities will serve to test all critical
aspects of the APA design before starting DUNE APA production in 2020.

Figure 2.27: APA pair assembly and integration tests at Ash River.

2.4 Interfaces

The interfaces between the APA consortium and other detector consortia, facilities, and working
groups covers a wide range of activities. Table 2.7 lists the interface control documents under
development. In the following sections, we elaborate slightly on the interfaces with the TPC
readout electronics and the PD system, as well as the cable routing plan for both systems. Other
important interfaces are to the TPC HV system (the FC) and the DSS inside the DUNE cryostats.

2.4.1 TPC Cold Electronics

The TPC readout electronics (CE) are directly mounted to the APA and thus immersed in LAr
to reduce the input capacitance and inherent electronic noise. With the wire-wrapped design, all
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Table 2.7: APA Interface Links.

Interfacing System Linked Reference
TPC electronics DocDB 6670 [9]

Photon detector system DocDB 6667 [10]
Drift high voltage system DocDB 6673 [11]
DAQ DocDB 6676 [12]
Slow controls and cryogenics DocDB 6679 [13]
Integration facility DocDB 7021 [14]
Facility interfaces DocDB 6967 [15]
Installation DocDB 6994 [16]
Calibration DocDB 7048 [17]
Software computing DocDB 7102 [18]
Physics DocDB 7075 [19]

2560 wires to be read out (recall 960 are G-plane wires used for charge shielding only and are
not read out) terminate on wire boards that stack along one end (the head) of the APA frame.
The 2560 channels are read out by 20 FE motherboards (128 channels per board), each of which
includes eight 16-channel FE ASICs, eight 16-channel analog-to-digital converter (ADC) ASICs,
LV regulators, and input signal protection circuits. Figure 2.28 shows a ProtoDUNE-SP APA
during integration at CERN with the TPC electronics partially installed and a cable tray mounted
above.

Figure 2.28: The head region of an APA frame during installation at ProtoDUNE-SP. On the left the
head wire boards, CR boards, and yoke are clearly visible. On the right, five of the 20 CE boxes have
been installed.

The mechanical interface includes the support of the 20 CE boxes, each housing a 128 channel
FEMB. They are the gray vertically oriented boxes on the right in Figure 2.28.

The electrical interface covers the choice of wire-bias voltages to the four wire planes so that 100%
transparency can be achieved for drifting ionization electrons, cable connection for the wire bias
voltages from the cryostat feedthroughs to the CR boards, interface boards connecting CR boards
and CE boxes, filtering of wire-bias voltages through CR boards to suppress potential electronic
noise, and an overall grounding scheme and electrical isolation scheme for each APA. The last item
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is particularly important to achieve the required low electronic noise levels. See Section 4.2 for
information on all parts of the CE system.

2.4.2 Photon Detection System

The PD system is integrated into the APA frame to form a single unit for detecting both ionization
charge and scintillation light. The APA frame design must also accommodate cables for the PDs.
Individual PD units are inserted through 10 slots machined in the side steel tubes of the frame
and supported by rails mounted in the APA. Figures 2.7 and 2.8 show examples of these features
in the frame. Figure 2.29 shows a PD module being inserted into a slot in the frame and mating
with an electrical connector mounted along the center tube in the APA.

The interface between the PD system and APAs involves the mechanical hardware design and
production, cable routing, and integration, installation, and testing procedures. The electrical
interface includes a grounding scheme and electrical insulation. The strict requirements on noise
from the CE means the electrical interface must be defined together with the SP TPC electronics
consortium.

For more information on the PD system, see Chapter 5

2.4.3 Cable Routing

Cable routing schemes for both the TPC electronics and PD system must be integrated into the
design of the APAs. The CE signal and power cables must be routed so that the head end of
the lower APA in the two-APA assembly can be reached. CE cables, therefore, will be routed
inside the two side beams of the APA frames. Figure 2.30 depicts such a cable routing scheme.
The CE cables at the lower end of the lower APA are formed into two bundles, each about 50 mm
in diameter. Installation of the cables through the side tubes of the two stacked APAs is done
by pulling them through a large, smooth conduit placed inside each of the side tubes. To fully
accommodate the cables, the APA frame hollow tube sections were enlarged relative to the PD
design from 7.6cm to 10.2cm (3in to 4in) deep. Prototyping of this solution was carried out at
PSL during summer 2018, as shown in the right photograph in Figure 2.30.

The concept being developed for the cables of the PDs is depicted in Figure 2.31. The cables
run along the outside of the central tube in the APA frame, joining together into a bundle of five
cables by the time they reach the top of the frame. Cables from the bottom APA in a stack are
fed through the foot tubes to the upper APA and ran along the outside tubes on either side. In
this way, all PD cables make it to the head of the upper APA.
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Figure 2.29: Top: A PD module in ProtoDUNE-SP being inserted into a slot in the frame. Bottom:
The PD unit mating with an electrical connector mounted along the center tube in the APA.
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Figure 2.30: Cable routing scheme. Left: Conduit for the CE cables protruding from the end of the
long side tubes of the APA frame. Right: One of the CE cable bundles being pulled through conduit of
equal length to the two stacked APAs. The cable bundle is wrapped with a protective cover of braided
PET plastic.

2.5 Production Plan

The APA consortium oversees the design, construction, and testing of the DUNE SP module APAs.
Production sites are being planned in the USA and UK. This approach allows the consortium to
produce APAs at the rate required to meet overall construction milestones and, at the same time,
reduce risk to the project if any location has problems that slow the production pace.

The starting point for the APA production plan for DUNE SP modules is the experience and lessons
learned from ProtoDUNE-SP construction. For ProtoDUNE-SP, the APAs have been constructed
on single production lines set up at PSL in the USA and at Daresbury Laboratory in the UK. The
plan now is to construct APAs for DUNE at US and UK collaborating institutions with ten total
production lines, four in the UK and six in the US.

A production line is centered around a wire winding robot, or winder, that enables continuous
wrapping of wire on a 6 m long frame (see figures 2.32 and 2.33). Two process carts are needed
to support the APA during board epoxy installation and QC checks, among other construction
processes. A means of lifting the APA in and out of the winder is also required. A gantry-style

crane was used for ProtoDUNE-SP construction.

The fabrication of an APA is a three-stage process requiring about 50 eight-hour shifts to complete,
with a mix of engineering, technical, and scientific personnel. The first stage, estimated at about
four shifts, is a preparation stage in which PD system cables and rails, wire mesh panels, comb
bases, X-plane wire boards, and tension test boards are installed on the bare APA frame. In
the second and longest stage, lasting 38-40 shifts, the APA occupies a winding machine. All the
wires are strung and attached in this stage, and tension and electrical tests of each channel are
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Figure 2.31: A concept for PD system cable routing (shown horizontal). Top: The bottom APA. The
PDs are the ten transparent pieces spanning the frame — two between each set of ribs. They connect
to their cables at the center tube. The cables run up either side of the center tube (outside the tube)
joining with others and forming two bundles of five cables by the time they reach the foot tube at the
right end of this image. Middle: The top APA. The two five-cable bundles from the lower APA continue
to the head tube of the upper APA (at the right in this image) where they go through the head tube.
The cables from the PDs in the upper APA run up the outside of the center tube and form bundles
which also go through the head tube. Bottom: Detail showing the five PD system cables gathered
together at the foot tube (the top) of the bottom APA.
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performed. The third and final stage, requiring an estimated 8 shifts, is completed in a process
cart and involves the installation of wire harnesses, G-bias boards, and cover boards. Protection
panels are then installed over the wire planes and the completed APA is transferred to a transport
frame (see Section 2.6). During ProtoDUNE-SP construction, we were able to complete an APA
in 64 shifts, on average. Several improvements to the process and tooling have been developed
since then to reduce this to the maximum allowed 50 shifts.

The approximately 40 shifts that an APA spends in the winding machine combined with the total
number of winders determines the overall pace of production since the pre- and post-winding
stages can be done in parallel with winding. The overall production model assumes that the APA
production sites run one shift per day, that all winding machines are operated in parallel, and
that two weeks per year are devoted to maintaining equipment. The work plan at production sites
further assumes a steady supply of the necessary hardware for APA wiring, such as completed
frames, grounding mesh panels, and wire boards. Detailed planning is underway within the APA
consortium for collaborating institutions to help source and test components and ensure their
on-time delivery to production sites.

Having several APA production sites in two different countries presents quality assurance and
quality control (QA/QC) challenges. A key requirement is that every APA be the same, regardless
of where it was constructed. To achieve this goal, we are building on ProtoDUNE-SP experience
where six identical APAs were built, four in the US and two in the UK. The same tooling, fabrica-
tion drawings, assembly, and test procedures were used at each location, and identical acceptance
criteria were established at both sites. This uniform approach to construction is necessary, and the
APA consortium is developing the necessary management structure to ensure that each production
line follows the agreed-upon approach to achieve APA performance requirements.

2.5.1 Assembly Procedures and Tooling

The central piece of equipment used in APA production is the custom-designed wire winder ma-
chine, shown schematically in Figure 2.32 and in use in Figure 2.33. An important centerpiece of
the winder machine is the wiring head. The head releases wire as motors move it up and down and
across the frame, controlling the tension in the wire as it is laid. The head then positions the wire
at solder connection points for soldering by hand. The fully automated motion of the winder head
is controlled by software, which is written in the widely used numerical control G programming
language. The winder also includes a built-in vision system to assist operators during winding,
which is currently used at winding start-up to find a locator pin on the wire boards.

In the scheme used for wiring the ProtoDUNE-SP APAs, an APA moved on and off the winder
machine several times for wiring, soldering, and testing. Several design changes were developed in
2018-2019 to enable the APA to remain on the winding machine throughout the wiring process.
The design concept allows the winder head to pass from one side to the other nearly continuously.
The interface frames at either end have been replaced by retractable linear guided shafts. These
can be withdrawn to allow the winding head to pass around the frame over the full height of the
frame. These shafts have conical ends and are in shafts fixed to the internal frame tube to provide
guides to location. This design change does not alter the design of the frame itself, but it does
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Figure 2.32: Schematic of the custom-designed APA wiring machine. This shows the updated version
with upper and lower supports and the spherical bearings for rotating the APA on the winder.

Figure 2.33: Left: Partly wired ProtoDUNE-SP APA on the winding machine at Daresbury Lab, UK.
Right: Partly wired ProtoDUNE-SP APA on the winding machine during wire tension measurements at
PSL.
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allow for rotation in the winding machine. It is now possible to carry out board installation, gluing,
and soldering all while on the winding machine. This eliminates any transfer of the APA to the
process cart for the entire production operation, making it an inherently safer and faster production
method.The upgraded design has been implemented on the winding machine at Daresbury, which
has been used to build a new prototype, APA 7 (Figure 2.34). All winding, board installation,
gluing, soldering and testing operations are being carried out in the winding machine. APA 7 also
incorporates the pre-built grounding mesh sub-frames, another new feature that saves significant
time in production.
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Figure 2.34: Left: Upgraded winding machine with new interface arm design being used to wire APA-07.
Fitted mesh panels are also shown installed. Right: The V-layer soldering process at the head end of
APA-07. Soldering can now be done with the APA in the winding machine.

The wiring head has also been updated. The upgraded design offers real-time tension feedback
and control, which will save time in wiring and produce better tension uniformity across wires. A
prototype of the new head has been constructed and is undergoing extensive commissioning and
qualification.

An important element in the long-term use of the winders will be maintenance. During ProtoDUNE-
SP construction winding machine problems traceable to a lack of routine maintenance occurred
from time to time, shutting the production line down until repair or maintenance was performed.
We will formulate a routine and preventive maintenance plan that minimizes winder downtime
during APA production for the SP_module.

The large process carts are important to the flow of activities during production (Figure 2.35). The
process carts are used to hold APAs during wiring preparations, for QC checks after wiring, and
to safely move APAs around within the assembly facility. Process carts are fitted with specialized
360° rotating casters that allow the cart, loaded with a fully assembled APA, to maneuver corners
while moving the large frames between preparation, assembly, and packing/shipping areas.
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Figure 2.35: A ProtoDUNE-SP APA being moved around the PSL production facility on a process cart.

2.5.2 APA Production Sites

Multiple APA production lines spread over several sites in the USA and the UK will provide some
margin on the production schedule and provide backup in the event that technical problems occur
at any particular site.

The space requirements for each production line are driven by the size of the APA frames and
the winding robot used to build them. The approximate dimensions of a class 100,000 clean space
needed to house winder operations and associated tooling is 175 m2. The estimated requirement
for inventory, work in progress, and completed APAs is about 600 m?. Each facility also needs
temporary access to shipping and crating space of about 200 m?. Floor layouts at each institution
are being developed, with current layouts shown in Figure 2.36. Adequate space is available at
each site, and the institutions have offered commitments for space for this purpose.

At Daresbury Laboratory in the UK, the existing single production line used for ProtoDUNE-SP
construction will be expanded to four. The Inner Hall on the Daresbury site has been identified as
an area that is large enough to be used for DUNE APA construction. It has good access and crane
coverage throughout. Daresbury Laboratory management has agreed that the area is available,
and a working environment that meets DUNE’s safety standards is now being prepared, starting
with clearing the current area of existing facilities, obsolete cranes, and ancillary equipment. The
renovation of a plant room is also in progress, so that it can be used for storage and as a shipping
area. The production area is designed to hold four winding machines and associated process
equipment and tooling. A production site design review of the Daresbury facility is planned for
January 2020, and a production site readiness review is anticipated for June 2020, followed by the
start of APA production for DUNE detector module #1 in August 2020.

In the USA, there will be six total production lines at three sites: two at the University of Chicago,
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Figure 2.36: Developing concepts for production site layouts at Daresbury Lab (top left), University of
Chicago (top right), and Yale University (bottom left), and the existing APA production area at PSL
(bottom right).
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two at Yale University, and two at the University of Wisconsin’s PSL, including the existing winder
where the construction for ProtoDUNE-SP was carried out.

The APA production site at the University of Chicago will be housed in the Accelerator Building
on the campus in Hyde Park. The building has hosted the assembly of large apparatuses for
numerous experiments over the course of its history and features an extensive high bay with an
overhead crane, an indoor truck bay, clean laboratory spaces, a professional machine shop, and
proximity to faculty and staff offices. Winding will be done inside a clean room installed on the
first floor-level mezzanine, where there is 234 m? of floor space above the machine shop. A 2ton
capacity bridge crane will be installed inside this clean room to move APAs between the two
winders and the process carts that will be located here. APAs will enter and exit the mezzanine
by way of a loading deck external to the cleanroom. Preparation of APA frames, including mesh
installation, will be done inside a second clean room on the basement level floor of the high bay.
Ample space, roughly 170 m?, between this clean room and the truck bay allows for simultaneous
receiving of bare frames or other larger items, hoisting of APAs to and from the mezzanine, and
packaging of completed APAs for outbound shipment. When needed, additional off-site storage
will be available for holding excess inventory and completed APAs before they are transported to
South Dakota.

Yale’s Wright Laboratory will host another of the USA-based APA production sites in a recently
renewed area named “The Vault” where the nuclear accelerator operated previously. The Vault is
approximately 720 m? of total floor space and it satisfies all the safety and space requirements for
an APA production site. Indeed, the area, which is planned to be completely transformed into a
cleanroom, can easily host two winders and four processing carts and has sufficient space for crating
the APAs for shipment and receiving and stocking all the material, e.g., bare frames, electronics
boards, and mesh panels. A large high bay door at one end offers direct road access, allowing
trucks to back inside the room where a 10ton crane operates all along the length. Moreover,
Wright laboratory has good support infrastructure, including cleanrooms and modern mechanical
and prototyping workshops that are directly connected to the Vault. Faculty, researchers and
postdoc offices are located upstairs in the same building.

The Physical Sciences Laboratory (PSL) Rowe Technology Center has up to 1850 m? (20,000 ft?)
total space available for continued DUNE activities. A clean work area that houses the existing
winding machine used for ProtoDUNE-SP is already in place and will be used for DUNE APA
construction. A second APA production line using the updated winder design will assembled in
2020, and the existing winder will be upgraded. PSL will host other major activities as well,
including the assembly of bare APA frames for wiring in the USA, production of CR boards, and
fabrication of APA pair linkage and installation hardware.

Development work relevant for local planning at each site is rapidly advancing. Figure 2.36 shows
current conceptual layouts for the future production setups at Daresbury, Chicago, and Yale and
a photograph of the existing APA production facility at PSL-Wisconsin. Production Site Design
Reviews of the Chicago and Yale facilities are planned for early in 2020.
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2.5.3 Material Supply

Ensuring the reliable supply of raw materials and parts to each APA production site is critical to
keeping APA production on schedule through the years of construction. Here the consortium insti-
tutions are pivotal in taking responsibility for delivery of APA sub-elements. Supplier institutions
will be responsible for sourcing, inspecting, cleaning, testing, quality assurance (QA), and delivery
of hardware to each production site. In particular, the critical activities to supply production sites
with the minimum needed APA components for assembly include:

o Frame construction: There will be separate sources of frames in the USA and the UK. The
institutions responsible will rely on many lessons learned from ProtoDUNE-SP. The effort
requires specialized resources and skills, including a large assembly area, certified welding
capability, large-scale metrology tools and experience, and large-scale tooling and crane sup-
port. We are considering two approaches for sourcing: one is to outsource to an industrial
supplier; the other is to procure all the major machined and welded components and then
assemble and survey in-house. Material suppliers have been identified and used with good

results on ProtoDUNE-SP.

o Grounding mesh supply: The modular grounding mesh frame design allows the mesh screens
to be produced outside of the APA production sites and supplied for APA construction.
Suitable vendors to supply the needed units (20 mesh frames per APA) will be identified in
both the USA and UK.

o Wire wrapping board assembly: Multiple consortium institutions will take on the respon-
sibility of supplying the tens of thousands of wire-wrapping boards required for each SP
detector module. The side and foot boards with electrical traces are procured from suppliers
and a separately bonded tooth strip is installed to provide wire placement support. The
institutions responsible for boards will work with several vendors to reduce risk and ensure
quality.

« Wire procurement: Approximately 24 km of wire is required for each unit. During ProtoDUNE-
SP construction, an excellent supplier worked with us to provide high-quality wire wound
onto spools that we provide. These spools are then used directly on the winder head with no
additional handling or re-spooling required. Wire samples from each spool are strength-tested
before use.

o Comb procurement: Each institution will either work with our existing comb supplier or
find other suppliers who can meet our requirements. The ProtoDUNE-SP supplier has been
very reliable.

2.5.4 Quality Control in APA Production

QC testing is a critical element of APA production. All QC procedures are being developed by
the consortium and will be implemented identically at all production sites in order to ensure a
uniform quality product as well as uniform available data from all locations. Important QC checks
are performed both at the level of components, before they can be used on an APA, as well as on
the completed APAs, to ensure quality of the final product before leaving the production sites. In
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addition, a 10% sample of the completed APAs produced at each of the production sites each year
will be cold cycled in a cryogenic test facility available at PSL.

2.5.4.1 APA Frame Acceptance Tests

Each APA support frame must meet geometrical tolerances in order to produce a final APA that
meets requirements for physics. In particular, the wire plane-to-plane spacing must be within the
specified tolerance of £0.5 mm (see Sec. 2.2.1). Flatness of the support frame, therefore, is a key
feature and is defined as the minimum distance between two parallel planes that contain all the
points on the surface of the APA. Although the frame could be distorted out of plane in several
ways, the most likely causes are: (1) a curve in the long side tubes causing the frame to bow out
of plane, (2) a twist in the frame from one end to the other, or (3) a fold down the center-line (if
the ends of the ribs are not adequately square).

As detailed in Section 2.2.2, APA frames are constructed of 13 separate rectangular hollow steel
sections. Before machining, a selection procedure is followed to choose the sections of the steel
most suited to achieving the geometrical tolerances. After assembly, a laser survey is performed
on the bare frames before they can be delivered to an APA production site. Three sets of data are
compiled into a map that shows the amount of bow, twist, and fold in the frame. A visual file is
also created for each APA from measured data.

A study was performed to determine the tolerances on the three distortions characterized above
and is documented in [20]. It was determined that a 0.5 mm change in the final wire plane spacing
could result from:

1. An 11 mm out-of-flatness caused by curved long side tubes.

2. A 6 mm out-of-flatness due to a twist in the frame. This is assumed to be evenly distributed
between each of the 5 cells of the APA with ~1.2mm out-of-flatness per cell.

3. A 1.2mm out-of-flatness due to a fold down the middle of the APA.

The bow, twist, and fold extracted from the survey data will be compared against these allowable
amounts before the support frame is used to build an APA. Later, during APA wiring at the
production sites, a final frame survey will be completed after all electrical components have been
installed, and the as-built plane-to-plane separations will be measured to verify that the distance
between adjacent wire planes meets the tolerances.

Another check performed at the APA production site before the frame is transferred to a winder
will confirm sufficient electrical contact between the mesh sub-panels and the APA support frame.
A resistance measurement is taken immediately after mesh panel installation for all 20 panels
before wiring begins.
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2.5.4.2 Material Supply Inspections

All components require inspection and QC checks before use on an APA. Most of these tests will be
performed at locations other than the APA production sites by institutions within the consortium
before the hardware is shipped for use in APA construction. This distributed model for component
production and QC is key to enabling the efficient assembly of APAs at the production sites. The
critical path components are the support frames (one per APA), grounding mesh panels (20 per
APA), and wire carrier boards (204 per APA). Section 2.8 provides details about which consortium
institutions in the US and UK will be responsible for each of these work packages.

2.56.4.3 Wire Tension Measurements and Channel Continuity and Isolation Checks

The tension of every wire will be measured during production to ensure wires have a low probability
of breaking or moving excessively in the detector. Every channel on the completed APAs will also
be tested for continuity across the APA and isolation from other channels. The plan is to perform
all tests at once, using the methods described in this section. As will be described in Section 2.5.4.4,
it is also planned that 10% of the APAs will be shipped to PSL for a cold test, where the full APA
will be brought to LN, temperature. Following the cold test, the wire tensions and continuity will
be remeasured. Finally, for this 10% sample of APAs, a measurement of the wire plane spacing
will be performed using a Faro arm that can precisely record the position of each wire plane in
space. This checks that the QC on the flatness of the support frames remains sufficient.

Wire tensions will be measured after each new plane of wires is installed on an APA. The optimal
target tension has been set at 6 N based on ProtoDUNE-SP experience. ProtoDUNE-SP data,
where the tensions did have substantial variation, is also being used to study the effects of varying
tensions and finalize the allowed range of values.

The technique used to measure tensions for the APAs of ProtoDUNE-SP was based on a laser
and a photodiode system [21]. In this method, the laser shines on an individual wire and its
reflection is captured by the photodiode. An oscillation is produced in the measured voltage when
a vibration is induced on the wire, such as by manually plucking it. This oscillation is dominated
by the fundamental mode of the wire, which is set by the wire’s tension. Since the length and
density of the wire are known, the measured fundamental frequency can be converted into a tension
value. The method works very well, but due to the necessity of aligning the laser and exciting
and measuring wires individually, this technique can take tens of seconds per wire. Given the
large number of wires per detector module, development of a faster technique represents a major
opportunity for the full DUNE construction.

A technique that can reduce the overall time required to measure the tension of every wire is
currently being developed [22]. In this method, DC and AC voltages are applied on the neighboring
wires of a wire under test. A sine wave of the same frequency as that of the applied AC voltage
is measured from the tested wire, since it is capacitively coupled to its neighbors. The amplitude
of the sine wave exhibits a resonant behavior when the frequency of the AC voltage corresponds
to the fundamental frequency of the wire. Thus, a frequency sweep of the AC voltage can be
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performed to determine at which frequency there is a resonance, from which the wire tension can
be obtained. As electrical signals can be injected and measured in several wires simultaneously,
this technique has the potential of measuring the tension of many wires at once.

A wire tension measurement device based on the electrical method is being developed within the
context of the DUNE APAs. While the underlying principle of the electrical method has been
demonstrated, its technical implementation requires consideration. The wire pitch of the APAs
requires summed input voltages on the order of 500V to reasonably discern resonances against
noise. The head boards, cf. Section 2.2.5.1, have been designed to withstand temporarily such
large differential voltages across neighboring channels. Additionally, the components of the CR
boards or of the CE would interfere with the method and need to be absent.

The exact specifications of the measurement system are being finalized. It is planned to connect
to one of the twenty head board stacks at a time. Within a given stack, the device is projected to
inject and read out signals by groups of sixteen wires simultaneously. The device could be used to
measure the tension of any wire layer at any stage of the production process, in particular after
the winding of a wire layer or after all the wires are wound. The designs of the winder machine
and of the APA protection panels have clearance provisions for the usage of such a measurement
device.

The measurement system design is a combination of a commercial field programmable gate array
(FPGA) board and a custom printed circuit board for analog signal processing. An FPGA board
is used as it can produce a square wave at any frequency that is expected to be encountered while
measuring a wire’s fundamental frequency, i.e., below 5kHz. In addition, the FPGA board can be
used for digital signal processing of the readout signal. The analog circuitry would act as a bridge
between the FPGA and the APA wires. It is needed to filter the square wave into a sine wave,
to amplify that sine wave before sending it to the wires and to digitize the readout signal before
sending it to the FPGA. The analog board is also needed to provide electrical connections to the
head boards. With such a design, it is expected that the concurrent tension measurement of eight
wires would take on the order of ten seconds.

A prototype of the measurement device has been built. The main difference between the prototype
and the planned design is that the former is restricted to three wires instead of sixteen: a single
readout wire and two stimulus wires. The prototype has been employed on a test bench in which
wires with the same physical properties as those that will be used in the APAs have been wound.
The wires were wound according to these wire parameters, which are similar to those of the APAs:
6 N tension, 6 m length, 4.7mm pitch. The applied voltages were 400 V DC and 26V for the AC
peak amplitude. The results obtained are shown in Figure 2.37. The expected resonant frequency
is 16.1 Hz. The observed resonant frequency is obtained from the raw data by offline data analysis
using numerical algorithms that can be implemented directly in the FPGA. The value obtained is
16.0 Hz, corresponding to a tension value of 5.9 N, which is within a few percent of the physical
value.

In this test bench setup, no wire support combs, cf. Section 2.2.5.4, are present. Their presence
shortens the wire length that needs to be considered in this method, resulting in several higher
resonant frequencies per wire. A similar effect happens for the wire channels that wrap around the
APA frame. Although they are a succession of wire segments electrically connected, the segments
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Figure 2.37: Amplitude of the readout signal as a function of the stimulus frequency, as used in the
electrical wire-tension method. The vertical line is located at the observed resonant frequency. The
raw digitized signal values corresponding to the first data point of the main plot are shown in the inset
plot.

are mechanically independent and can have different tension values. Several resonant frequencies
can be present per readout channel, possibly corresponding to different tension values.

In addition to measuring tension values, the measurement device is envisioned to be able to test
wires for electrical isolation and electrical continuity, given the flexibility of the FPGA and pro-
visions put in place in the design of the analog circuitry. Injecting a signal in a readout channel
and detecting it in a different channel would indicate that these channels are not electrically iso-
lated, for example, due to a solder bridge. The electrical continuity could be tested by sending a
pulse down a channel and measuring the time it takes to travel through the wire and back to the
measurement device. If the measured time is shorter than expected, this could indicate cold solder
joints, for example.

A final review of the electrical tension measuring system design will take place in spring 2020.
Once completed, mobile APA test stands will be built for each of the APA production sites, the
South Dakota Warehouse Facility (SDWF), and SURF. The introduction of the electrical testing
methods for APAs presents a fantastic opportunity for more efficient APA fabrication and more
flexible testing during the integration and installation phases.

2.5.4.4 Cold Testing of APAs

The six APAs produced for ProtoDUNE-SP have demonstrated clearly that the APA design,
materials, and fabrication methods are sufficiently robust to operate at LAr temperature. No
damage or change in performance due to cold have been identified during ProtoDUNE-SP running.
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Nevertheless, over a five year construction effort, it is prudent to cold cycle a sample of the APAs
produced to ensure steady fabrication quality. A cold testing facility sized for DUNE APAs exists
at PSL and can be used for such tests. Throughout the construction project, it is anticipated that
10% of the produced APAs will be shipped to PSL for cold cycling. This amounts to about 1 APA
per year per production site during the project. It is planned that all APAs will still be cold tested
during integration at SURF and before installation in the DUNE cryostats.

2.5.4.5 Documentation

Each APA is delivered with a traveler document in which specific assembly information is gathered,
initially by hand on a paper copy, then entered into an electronic version for longer term storage.
The traveler database contains a detailed log of the production of each APA, including where and
when the APA was built and the origin of all parts used in its construction.

Assembly issues that arise during the construction of an APA are gathered in an issue log for each
APA, and separate short reports provide details of what caused the occurrence, how the issue was
immediately resolved, and what measures should be taken in the future to ensure the specific issue
has a reduced risk of occurring.

2.6 Handling and Transport to SURF

Completed APAs are shipped from the APA production sites to the SDWF in South Dakota. As
they are transported to the 4850L, they are integrated with the TPC FE electronics and PDs
followed by installation in the cryostat. Extensive QC testing will be performed before installation
to ensure the fully integrated APAs function properly. Installation activities at SURF are described
in Chapter 9.

2.6.1 APA Handling

The handling of the APAs must ensure their safety. Several lifting and handling fixtures will
be employed for transferring and manipulating the APAs during fabrication, integration, and
installation. At the production sites a fixture called the edge lift kit will be used to transfer the
APA to and from the process cart and the winder, as well as to the transport containers. The lift
kit is shown schematically in Figure 2.38. It is essential that the fixture connect to the APA along
an outer edge because after wires are attached to the support frame, it can no longer be grabbed
anywhere on the front or back face of the frame.
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Figure 2.38: A custom lifting fixture is used to pick up an APA from the long edge and safely handle
it during the various construction steps at the production sites.

2.6.2 APA Transport Frame and Shipping Strategy

The transport packaging for the APAs is designed to safely transport them from the production
sites to the SDWEF. The design of the packaging is shown in Figure 2.39. Light rigid metalized
foam protective panels are attached via clamps affixed to the APA frames and provide the primary
protection for the wire planes. Pairs of APAs (one upper and one lower in an APA pair) are
loaded onto welded structural steel transport frames at the factory. The APA frames are bolted to
mounts on the transport frames that incorporate shock-attenuating coil springs designed to reduce
possible accelerations on the APA frames to less than 4g. The APAs and transport frames will
be instrumented with accelerometers to find out if the APAs were subject to shocks above their
specifications. Removable side frames, made from aluminum, are then bolted to the transport
frames providing a structure around the APAs, and this whole structure is then sealed in plastic
sheeting.

The packaged transport frames from the US sites will be covered in wooden panels, loaded on cus-
tom pallets, and shipped via truck from the APA factories to the SDWF. The packaged transport
frames from the UK will be packed, in pairs, inside wooden crates for shipping. They then will be
trucked to the nearby port in Liverpool, transported by ship to the port of Baltimore, and then
shipped by truck to the SDWF. APAs may be stored for three years or longer at the SDWF — an
APA crate cannot arrive at SURF until it is required underground.

The size of the packaging and rigging hardware is constrained by the Ross headframe dimensions
and over-the-road shipping requirements in the US. The design of the protective panels and the side
frames allow for temporarily removing a portion of the shipping packaging and protective panels
to access the APA head boards for wire tension, isolation, and continuity tests after shipment and
after transport underground.

When a crate is required underground, it will be stripped of its wooden crating and transported
via Conestoga-type trailer to the headframe area. Near the headframe, the crates will be moved
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Figure 2.39: The current design of the APA shipping frame (maroon) and removable side frames (green)
with two APAs covered with protective panels (shown in grey and tan). The external wooden packaging
is not shown in this view.
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by forklift onto a cart on a rail system and rolled into the headframe. The inside portion of the
headframe will have rigging gear attached to hard points on both short ends of the crate. The
crate’s upper end will be attached to the hoist below the cage and will be used to lift the crate
from horizontal to vertical and pull it into the shaft. The shipping frame is designed to clear
the headframe during this operation. The other end (lower) will be used to attach a horizontal
tugger that will control the crate as it is pulled into the shaft station (Figure 2.40). When in the
shaft, fixtures on the sides of the crate will engage wooden guides in the shaft to keep the crate
from swinging or rotating while being lowered down the shaft. This operation is consistent with
standard slung-load transport procedures at SURF. When the crate arrives underground, it will
be pulled out of the shaft by reversing the shaft rigging operation; it will land on the opposite long
edge of the crate that was used on the surface. The crate is placed on a transport cart and pulled
down the drift to the cavern. When in the cavern, the APAs will be uncrated, rotated to vertical
by the cavern crane, mounted on a vertically oriented cart, tested, and stored temporarily (a few
weeks) in the cavern adjacent to the clean room prior to final integration and installation. The
transport frames and carts have been designed to be stable in each of these configurations.

2.6.3 APA Quality Control During Integration and Installation

All active detector components are shipped to the SDWF before final transport to SURF. After
unpacking an APA (underground at SURF), a visual inspection will be performed and wire con-
tinuity and tension measurements will be made. Tension values will be recorded in the database
and compared with the original tension measurements performed at the production sites, as was
done for ProtoDUNE-SP and shown in Figure 2.20. Definite guidance for the acceptable tension
values will be available to inform decisions on the quality of the APA. Clear pass/fail criteria will
be provided as well as clear procedures to deal with individual wires lying outside the acceptable
values. This guidance will be informed also by the ProtoDUNE-SP experience. In addition, a
continuity test and a leakage current test is performed on all channels and the data recorded in
the database.

When all tests are successful, the APA can be prepared for integration with the other components.
This step is critical for ensuring high performance of the integrated APAs. The procedures for
APA transport to the 4850L at SURF, integration with the PD system and CE, and the schedule
for testing the integrated APA are addressed in Chapter 9. APA consortium personnel will play
direct and key roles throughout the integration and installation activities.

2.7 Safety Considerations

The LBNF and DUNE project (LBNF/DUNE) is committed to ensuring a safe work environment
for workers at all institutions and facilities, from APA fabrication to installation. The project
utilizes the concept of an Integrated Safety Management System (ISMS) as an organized process
whereby work is planned, performed, assessed, and systematically improved to promote the safe
conduct of work. The LBNF/DUNE Integrated Environment, Safety and Health Management Plan
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Figure 2.40: Motion study of loading an APA frame into the shaft.
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[23] contains details on LBNF/DUNE integrated safety management systems. This work planning
and hazard analysis (HA) program utilizes detailed work plan documents, hazard analysis reports,
equipment documentation, safety data sheets, personnel protective equipment (PPE), and job task
training to minimize work place hazards.

Prior to APA production, applying the experience of ProtoDUNE-SP, the project will coordinate
with fabrication partner facilities to develop work planning documents, and equipment documen-
tation, such as the Interlock Safety System for APA winding machines to implement an automated
protection against personnel touching the winding arm while the system is in operation. Addi-
tionally, the project will work with the local institutions’ environment, safety and health (ES&H)
coordinators to ensure that ES&H requirements within the home institution’s ES&H Manual ad-
dress the hazards of the work activities occurring at the facility. Common job hazard analyses
may be shared across multiple fabrication facilities.

Handling of the large but delicate frames is a challenge. Procedures committed to the safety
of personnel and equipment will be developed for all phases of construction, including frame
assembly, wiring, transport, and integration, and installation in the cryostat. This documentation
will continue to be developed through the Ash River trial assembly process, which maps out the
step-by-step procedures and brings together the documentation needed for approving the work
plan to be applied at the far site.

As is Fermi National Accelerator Laboratory (Fermilab)’s practice, all personnel have the right to
stop work for any safety issues.

2.8 Organization and Management

Coordination of the groups participating in the DUNE APA consortium is critical to successfully
executing the large-scale multi-year construction project that is needed to produce high-quality
APAs for the DUNE SP modules. The APA consortium comprises 21 institutions, of which 14
are in the USA and 7 in the UK (see Table 2.8). The consortium is organized along the main
deliverables, which are the final design of the APA and the APA production and installation
procedures (see Figure 2.41). The two main centers of APA construction are in the USA and the
UK, so usually the leaders of a working group are chosen to represent the main stakeholders to
ensure that common procedures and tooling are developed. We plan to produce half of the DUNE
APAs in the USA and half in the UK.

The university groups and Brookhaven National Laboratory (BNL) are responsible for validating
the design, while engineering and the production set up is being developed at PSL (USA) and
Daresbury Laboratory (UK), where the APAs for ProtoDUNE-SP have been built. In addition
to PSL and Daresbury Laboratory, the University of Chicago and Yale University are developing
detailed plans for the layouts, activities, and schedule at each site.

In addition to the APA production sites, a successful production effort will require significant and
sustained contributions from university groups throughout the production process. Table 2.9 and
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Figure 2.41: APA consortium organizational chart.

Table 2.8: Current APA consortium institutions and countries.

University of Cambridge UK
Daresbury Laboratory - Science and Technology Facilities Council UK
Lancaster University UK
University of Liverpool UK
University of Manchester UK
University of Sheffield UK
University of Sussex UK
Brookhaven National Laboratory USA
University of Chicago USA
Colorado State University USA
Harvard University USA
University of Houston USA
University of lowa USA
University of Mississippi USA
Northern lllinois University USA
Syracuse University USA
University of Texas at Arlington USA
Tufts University USA
College of William & Mary USA
University of Wisconsin-Madison, Physical Sciences Laboratory USA
Yale University USA
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Figure 2.42 list the main work packages that are part of the overall APA construction process and
the institutions in the USA and UK who are taking the leading roles in each effort. The tasks
range from the production of bare support frames, to the assembly and testing of many thousands
of wire boards, to the procurement of the custom transport crates for shipping the completed
APAs. The on-time supply of materials to each of the APA production sites will be imperative to
maintaining the production schedule, and detailed plans are being developed for the execution of
the project in both countries.
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Figure 2.42: APA construction project organizational chart.

2.9 Schedule and Risks

2.9.1 Schedule

A schedule for key design and production readiness reviews leading up to the start of APA pro-
duction is provided in Table 2.10. The high-level milestones for the final design and construction
of the DUNE APAs between 2019 and 2026 are given in Table 2.11.

Analysis of the ProtoDUNE-SP data will inform the decision on the electron diverters. Additional
design considerations that cannot be directly tested through ProtoDUNE-SP, like the APA pair
assembly and related cabling issues require the full test with cabling of an APA pair frame assembly,
planned to be performed at Ash River. Also planned is the construction of a pre-production APA
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Table 2.9: Institutional responsibilities for APA production in the UK and USA.

APA Construction Work Packages Institutions
Production in the UK
APA production site Daresbury Laboratory
U/V-plane wire boards University of Cambridge, University of Sussex
X/G-plane wire boards Lancaster University, University of Sheffield
G-bias boards University of Manchester
CR boards University of Manchester
Cold electronics adapter boards University of Sheffield
Grounding mesh frames University of Sheffield
APA frames University of Liverpool
APA transport crates University of Liverpool, University of Manchester
Yokes and structural tees University of Liverpool
QA/QC management Lancaster University
Production in the US
APA production site University of Wisconsin-PSL
APA production site University of Chicago
APA production site Yale University
U/V-plane wire boards College of William & Mary
X-plane wire boards University of Texas at Arlington
G-plane wire boards University of Houston
G-bias boards Syracuse University
CR boards University of Wisconsin-PSL
Cold electronics adapter boards Northern lllinois University
Grounding mesh frames University of Chicago
APA frames University of lowa, University of Wisconsin-PSL
APA transport crates College of William & Mary
Yokes and structural tees University of Wisconsin-PSL
CE interface hardware Colorado State University, University of Wisconsin-PSL
QA/QC management, wire tension Harvard University
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Table 2.10: Planned review schedule for the APA design and production preparations.

APA Electrical Preliminary Design Review November 2019
APA Production Site Design Internal Review — UK January 2020
APA Transport Frame Preliminary Design Review April 2020
Wire Tension Measurement Internal Review March 2020
APA Production Site Design Internal Review — USA April 2020
APA Final Design Review May 2020
Production Site Readiness Review - UK June 2020
Production Sites Readiness Review — U. of Wisconsin-PSL November 2020
Production Sites Readiness Review — U. of Chicago & Yale U. April 2021

Table 2.11: Schedule milestones for the production and installation of anode plane assemblies for two
SP DUNE far detector modules.

Final report on the necessity and design of electron diverters August 2019
Completion of APA pair frame assembly & cabling at Ash River October 2019
Decision on the wire tension measurement method April 2020
Completion of winding machine modifications and commissioning April 2020
Start of APA Components Production — UK June 2020
Start of APA production for ProtoDUNE-SP-II July 2020

Start of APA Production for DUNE — UK August 2020
Completion of APA integration test with CE and PDS at CERN September 2020
Start of APA Components Production — USA November 2020
End of APA production for ProtoDUNE-SP-II December 2020
Start of APA Production for DUNE — U. of Wisconsin-PSL January 2021

Start of APA Production for DUNE — U. of Chicago & Yale U. June 2021

End of APA Production - detector module #1 September 2023
Start of APA Production - detector module #2 October 2023

End of APA Production - detector module #2 April 2026
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for an integration test with CE and PD systems at CERN in spring 2020, which will fully test all
interface aspects. This test will inform the final design review of the APA system in May 2020.

Design reviews of APA production sites in the UK and USA, to validate the layout of the pro-
duction lines, are planned for early 2020, together with the finalization of the winding machine
modifications. Production site readiness reviews are planned in June 2020 in the UK and in
December 2020 in the USA.

Production of three APAs for a final test in ProtoDUNE-SP-2 is foreseen in the second half of
2020. The pre-production APA used for the integration test at CERN in spring 2020 could be
used for installation in ProtoDUNE-SP-2, if no additional modifications are required.

Dates are also provided in Table 2.11 for the start and end of APA production for detector modules
#1 and #2. Steady-state production rates are 24 APAs/year at Daresbury Laboratory with four
production lines, 12 APAs/year both at Yale and Chicago, each with two production lines, and six
APAs/year at PSL, with one production line. The production time for detector module #1 takes
into account a gradual start-up of the production lines, and the different start dates and number of
production lines in the UK and USA. The end of APA production for detector module #1 happens
comfortably ten months before the start of installation. In the UK, with four assembly lines, in
order to meet the installation date for detector module #2 the APA production time would need
to be reduced by about seven months. This could be achieved by a reduction of the APA assembly
time, an opportunity mentioned in Section 2.9.2, and, if necessary, by increasing the number of
working shifts per week.

2.9.2 Risks

Risks have been identified for the finalization of the APA design and the prototyping phase, for the
setup of the production sites, for the production of APAs, and for installation at SURF. Risks are
summarized in Table 2.12. For each risk source, we describe a brief mitigation strategy as well as
an estimation of the probability of occurring (P) and the impact that risk would have on costs (C)
and on schedule (S). These are each indicated as Low (L), Medium (M), or High (H) probability
of impact. One opportunity is also listed and uses the same probability and impact indicators.

Table 2.12: APA risks (P=probability, C=cost, S=schedule) The risk probability, after taking into
account the planned mitigation activities, is ranked as L (low < 10%), M (medium 10 % to 25 %), or H
(high >25%). The cost and schedule impacts are ranked as L (cost increase <5 %, schedule delay < 2
months), M (5% to 25 % and 2-6 months, respectively) and H (>20 % and > 2 months, respectively).

1D Risk Mitigation P C S
RT-SP-APA-01 Loss of key personnel Implement succession planning and L L M
formal project documentation

RT-SP-APA-02 Delay in finalisation of Close oversight on prototypesandin- L L M
APA frame design terface issues

RT-SP-APA-03 One additional pre- Close oversight on approval of de- L L L
production APA may signs, commissioning of tooling and
be necessary assembly procedures
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RT-SP-APA-04 APA winder construc- Detailed plan to stand up new wind-
tion takes longer than ing machines at each facility
planned

RT-SP-APA-05 Poor quality of APA Clearly specified requirements and
frames and/or inaccu- seek out backup vendors
racy in the machining
of holes and slots

RT-SP-APA-06 Insufficient  scientific Get institutional commitments for
manpower at APA  requests of necessary personnel in re-
assembly factories search grants

RT-SP-APA-07 APA production qual- Close oversight on assembly proce-
ity does not meet re- dures
quirements

RT-SP-APA-08 Materials shortage at Develop and execute a supply chain
factory management plan

RT-SP-APA-09 Failure of a winding Regular maintenance and availability
machine - Drive chain of spare parts
parts failure

RT-SP-APA-10 APA assembly takes Estimates based on proto-
longer  time than DUNE. Formal training of every
planned tech/operator

RT-SP-APA-11 Loss of one APA dueto Define handling procedures sup-
an accident ported by engineering notes

RT-SP-APA-12 APA transport box in- Construction and test of prototype
adequate transport boxes

RO-SP-APA-01 Reduction of the APA  Improvements in the winding head

assembly time

and wire tension mesurements

Risks with medium or greater probability and/or medium or greater impact are discussed in more

detail below:

o RT-SP-APA-01, Loss of key personnel:

— Description: If loss of key personnel happens, it will cause delays as knowledge is lost
and new team members will need to come up to speed.

— Mitigation: Implement succession planning and formal project documentation at all
stages. All key tasks to be shared between multiple people, including production site

management.

— Probability and impact: While the post-mitigation probability is low, below 10%, if the
risk is realized, the impact on the schedule could range from a couple of months to a

half-year.

o RT-SP-APA-02, Delay in finalization of APA frame design:

— Description: If problems are encountered with the APA pair frame assembly and cabling
tests at Ash River, or with the integration test of the pre-production APA at CERN,
this will delay the finalization of the APA frame design.

— Mitigation: Oversight of the APA Consortium on the schedule of components procure-
ment for the Ash River tests and close coordination with the Ash River team. Close
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coordination with CE and PD systems consortia on all interface issues, to be formalized
in the interface documents.

— Probability and impact: On the basis of the work done up to now we believe that the
probability of this risk is low. However, if materialized, it would imply a delay in the
start of APA production from a couple of months to a half-year.

o RT-SP-APA-04, APA winders construction takes longer than planned:

— Description: If the construction of the winding machines takes longer than planned,
the schedule for APA production will be delayed, and additional labor for winders
production will be needed. We plan the construction of four additional winders in the
USA and the modification of winder, presently at PSL, as well as the construction of
three additional winders in the UK, in addition to the modification and relocation of
the winder at Daresbury Lab. The estimated time for the production of the additional
winders is approximately one year, both in the UK and the USA.

— Mitigation: Get commitments from the relevant institutions for the necessary resources
for winder production, both for space and skilled manpower availability. Develop and
execute a detailed plan to set up new winding machines at each production site. This
plan will include contingencies in the event that technical problems cause schedule
delays.

— Probability and impact: Winders are complex machines, and we estimate a medium
probability for this risk, of less than 25%. The impact on the schedule is also medium,
with possible delays up to a half-year.

o RT-SP-APA-05, Poor quality of APA frames and/or inaccuracy in the machining of holes
and slots:

— Description: APA frames are constructed from structural stainless steel tubing. The
quality of the material provided by the vendor may change with time and be outside the
required tolerances. Problems with QA during machining of holes and slots may result
in unusable products. If this happens, it may delay the supply of frames of sufficient
quality, which would delay the APA construction schedule.

— Mitigation: All requirements must be clearly specified in the purchase contracts. We
will establish a well managed relationship with a vendor to provide the stainless steel
tubing and the machining for the components of an APA frame. In addition, through
our prototyping efforts, we will seek out at least one solid backup vendor for material
supply and machining in both the USA and UK.

— Probability and impact: While the post-mitigation probability is low, below 10%, if the
risk is realized, the impact on the schedule is medium, since finding a new vendor may
take up to a half-year.

o RT-SP-APA-06, Insufficient scientific manpower at APA assembly factories:

— Description: For US production, if it is not possible to recruit scientific resources, costed
professional manpower is needed and costs will increase. This risk does not apply to
the UK production since the required scientific staff is costed and awarded on project.

— Mitigation: Proactively contact institutions and get their commitments for inclusion of
the necessary personnel in their research grants.

— Probability and impact: This is a medium probability risk; we estimate a 50% probability
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that 50% of the US scientific resources may be missing. The cost impact is also medium,
up to 20%.

o RT-SP-APA-07, APA production quality does not meet requirements:

— Description: If wire planes are outside the required tolerances, they will need to be
reworked, and the APA production schedule will be affected. A point of concern is to
stay within limits for the tension of the wires.

— Mitigation: The overall quality of each constructed APA will be ensured by following
detailed procedures for every step of the assembly process (e.g., mesh installation, board
placement and gluing, soldering, wire winding, etc.). These procedures already exist
from our ProtoDUNE-SP work and are in the process of being modified to the final
design of the DUNE FD APAs. For critical steps, an operator and quality control
representative will record information in travelers for each APA.

— Probability and impact: Given the ProtoDUNE-SP experience and the steps outlined in
the mitigation strategy, we can keep this risk probability low, below 10%. If realized,
we assume a maximum impact on cost and schedule of 20%, corresponding to a medium
impact.

o RT-SP-APA-08, Materials shortage at an APA production site:

— Description: A material shortage at an APA production site would delay production.

— Mitigation: As part of our comprehensive production strategy, we are in the process of
developing and executing a supply chain management plan. This plan will include the
details of material source, delivery logistics, critical milestones, and personnel resources
required to meet APA production site needs for efficient APA production. All suppliers
(vendors, laboratories, academic institutions) will be included in the implementation of
the supply chain plan. A key part of this plan will be the establishment of supplier
metrics that will be gathered and reported to DUNE management by the APA produc-
tion manager. These metrics will serve as an early warning of potential problems and
trigger mitigation efforts early in the cycle.

— Probability and impact: Even with mitigation, this is a realistic risk with an estimated
probability of up to 25%. Delays on the schedule would probably not exceed a couple
of months, making the impact low.

o RT-SP-APA-10, APA assembly takes longer than planned:

— Description: If the labor for APA assembly is underestimated, it will correspondingly
lengthen the time to produce APAs. We estimate an upper limit on the additional
required labor of 10%.

— Mitigation: APA assembly time estimates have been based on ProtoDUNE-SP expe-
rience and improvements to the winding machine. Formal training of every techni-
cian/operator of the winding machine should maintain a high production efficiency.

— Probability and impact: We believe that this risk probability is low, below 10%, but
even a 10% increase in the required labor would have a medium impact on both cost
and schedule.

o RT-SP-APA-11, Loss of an APA due to an accident:

— Description: If during APA assembly or integration/installation an accident happens,
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this may cause the destruction of an APA. We already plan to build two spare APAs
for each detector module. In addition, we assume a probability of up to 10% to lose an
additional APA during assembly or integration/installation.

— Mitigation: We define procedures to handle APAs at all stage of fabrication, integra-
tion/installation, together with associated engineering notes for all modes of handling.
Wire planes are delicate, and once damaged they would not be repairable.

— Probability and tmpact: This is a marginally medium risk, with low impact both on cost
and schedule.

o RT-SP-APA-12; APA transport box inadequate:

— Description: If the transport box will not provide enough mechanical protection for the
safe transportation of the APAs or if the size of the box is inadequate for transfer to
the underground location, it will impact the schedule.

— Mitigation: Construct and test prototype transport boxes. Test all handling steps at
Ash River and SURF. Coordinate closely with the team at SURF and APA Consortium

oversight of transport boxes.

— Probability and impact: Given the mitigation steps, we estimate a probability for this
risk of less than 10%. In case of redesign, it may have a medium impact on the schedule.

o RO-SP-APA-01, Reduction of the APA assembly time:

— Description: If the new winding head will provides better uniformity in wire tension,
it will reduce the time necessary for re-tensioning of the wires. If the new electrical
method for wire tension measurements work as planned, it will reduce substantially the
time required for wire tension measurements. A saving of up to 10% in APA assembly
time will be possible with these improvements.

— Opportunity: This is an opportunity that the APA Consortium is actively pursuing
with ongoing testing of a new winding head design and development of the electronic
tension measurement method. The APA boards have been already redesigned to allow
for electronic tension measurements.

— Probability and impact: Given the preliminary results obtained up to now, we estimate
a medium probability for this opportunity. A saving of 10% in the APA assembly time
could be realized, corresponding to a medium impact for both cost and schedule.
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Chapter 3

High Voltage

3.1 High Voltage System Overview

3.1.1 Introduction and Scope

A liquid argon time-projection chamber (LArTPC) requires an equipotential cathode plane at
high voltage (HV) and a precisely regulated interior electric field (E field) to drive electrons from
particle interactions to sensor planes. To achieve this, the Deep Underground Neutrino Experiment
(DUNE) single-phase (SP) time projection chamber (TPC) consists of

« vertical cathode planes, called cathode plane assembly (CPA) arrays, held at HV;

« vertical anode planes, called anode plane assembly (APA) arrays, described in Chapter 2;
and

o formed sets of conductors at graded voltages surrounding the drift volumes to ensure unifor-
mity of the E field; the conductors are collectively called the field cage (FC).

The SP TPC configuration is shown in Figure 3.1. The drift fields transport the ionization electrons
towards the APAs at the sides and center.

The scope of the SP HV system, provided by the DUNE high voltage system (HVS) consortium,
includes the selection and procurement of materials for, and the fabrication, testing, delivery, and
installation of systems to generate, distribute, and regulate the voltages that create a stable and
precise E field within a SP module.

The HV system consists of components both exterior and interior to the cryostat. The voltage
generated at the HV power supplies passes through the cables, filters, and the HV feedthrough
into the cryostat. From the point of delivery into the cryostat, components that form part of the
TPC structure further distribute the voltage. The internal HV components in fact form a large
fraction of the total internal structures of the TPC itself, and effectively bound the fiducial volume
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e

Figure 3.1: A schematic of a SP module showing the three APA arrays (at the far left and right and
in the center, all of which span the entire 58.2m detector module length) and the two CPA arrays,
occupying the intermediate second and fourth positions. The top and bottom FC modules are shown
with ground planes (GPs) in blue. On the right, the front top and bottom FC modules are shown folded
up against the CPA panels to which they connect, as they are positioned for shipping and insertion
into the cryostat. The CPAs, APAs, and FC together define the four drift volumes of the SP_module.
The sizes and quantities of the FC and CPA-array components are listed in Tables 3.2 and 3.3 and
represented in this image.
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of the detector module.

The SP HV system consists of

« HV power supplies, cables, filters, and feedthrough;

« CPA array;

« top field cage (top FC), bottom field cage (bottom FC), and GPs; and
« endwall field cage (endwall FC).

The system operates at the full range of voltages, —180kV to ground, inside the TPC volume.

The SP and dual-phase (DP) modules will implement similar designs for some of the HV system
components, in particular, aspects of the FC and its supporting beams. This chapter describes
the SP. versions.

3.1.2 Design Specifications

The working principle of the LArTPC relies on the application of a very uniform strong E field
in ultra-pure liquid argon (LAr). A number of detector performance parameters benefit from
such an E field in ways that directly support the core components of the DUNE physics program.
Some of these are examined in detail in Volume II, DUNE Physics. Here we present a qualitative
description of E field impacts on physics to set context.

Since free electron drift velocity in LAr is a function of E field, a uniform E field leads to a
simple time versus position mapping along the drift direction, enabling precise and efficient 3D
reconstruction. This allows, for example, the establishment of a well defined fiducial volume for
beam neutrino events reconstructed in the far detector (FD). Since a neutrino charge-parity sym-
metry violation (CPV) measurement or neutrino mass hierarchy (MH) test at root consists of
the comparison of normalized spectra for electron and muon neutrino and antineutrinos interac-
tions in the fiducial volume of the FD as projected from the near detector (ND), fiducial volume
characterization is critical.

The optimal E field range at which to operate the LArTPC is a trade-off of detector performances
that improve with increasing field against others that degrade. For instance, spectral information
is necessary to separate charge parity (CP) and MH effects, necessitating efficient tracking and
shower reconstruction and good energy resolution. To accomplish this, higher E field strength is
generally better; more free charge is created at the ionization points, as electron-ion recombination
decreases at higher fields, improving signal-to-noise (S/N) and calorimetry.

Drift times are reduced, resulting in less free electron capture from residual electronegative impu-
rities, and hence better S/N, even under less than optimal purity conditions. Spatial resolution
improves, as free electron diffusion (proportional to the square root of the drift time) lessens.

Higher free charge production and lower electron capture allows for lower detection thresholds for
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components of electromagnetic showers, improving shower energy reconstruction. Lower detection
thresholds also lead to higher detection efficiency for MeV-scale electron, photon, and neutron
signatures of low-energy v, interactions from supernova neutrino burst (SNB) events.

The electron-ion recombination more strongly affects highly ionizing particles, usually protons.
With decreased recombination, less saturation of free charge production occurs, leading to better
particle identification and more precise energy measurements. Lower recombination particularly
aids in proton-kaon separation by dE/dx, a key component of a search for p — K v baryon decay
events.

However, the E field should not be raised beyond certain limits. For example, while free charge
production increases with E field, scintillation photon production decreases, resulting in fewer
photons available for triggering and determination of ¢5. Two-track separation can degrade if
the drift velocity is increased while keeping the anode wire separation and electronic wave form
sampling frequency fixed. The distance between the TPC boundaries and the cryostat walls might
need to be increased for very high E fields to prevent electrostatic discharge. This would in turn
reduce the fraction of LAr in the fiducial volume (FV). The impacts of the first two effects are
modest, and all effects are subsidiary to technical challenges in the delivery of high voltage to
the cryostat and the maintenance of highly stable HV surfaces for multiple decades of operation.
These challenges require development of non-commercial cryogenic HV feedthroughs, HV ripple-
repression through custom HV RC circuits, careful construction and deployment of HV cables,
redundant HV connections, high-precision monitoring, and best practices at all stages of design,
installation, and operation.

To the best of present common knowledge, the response and stability of a LArTPC to HV is
strongly dependent on many boundary conditions that are not fully related to the HV design.
There are for instance hints and tests that suggest that gas bubble formation as well as residual
dust circulating in the LAr are primary sources of HV instability. Insulator charging up can also
affect HV performance in the long term. Finally, because we found no information on applying
—180kV in an LAr detector, our approach to designing the HV system relied heavily on past
experience, applying in addition sufficient safety margins from previous designs. ProtoDUNE-SP
has provided experience and understanding of HV behavior, giving us confidence that the upgraded
design documented in this technical design report (TDR) is appropriate for underground long-term
operation.

Two decades of design and operational experience that began with ICARUS have established
that a 500 V/cm field is an appropriate trade-off value that can be realistically achieved through
utilization of cost-effective design and construction methods. In practice, achieving this design goal
has been challenging as the drift distance has been progressively increased to the 3.5m foreseen
for the SP module, and overall detector optimization has proved to be important. For example,
MicroBooNE operates at 273V /cm (lower than its nominal value of 500 V/cm) and is able to
operate well by exploiting its very high argon purity, (characterized by an electron lifetime in
excess of 15 ms), as well as an excellent S/N ratio from the front-end (FE) cold electronics (CE).
MicroBooNE (and a number of other noble liquid TPCs) compensated for electrostatic instability
problems by achieving higher purity, and DUNE might well operate in this mode during its run.

In DUNE, the minimum requirement of the drift E field has been set to 250V /cm, with a goal
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of 500V /cm for long-term stable operation. With good free electron lifetime (>10ms), and the
electronics S/N demonstrated in ProtoDUNE-SP, experience shows that DUNE will be able to
operate above 250 V/cm. The advantage of running at higher E field is that the lower electron-ion
recombination rate and the higher electron drift velocity can compensate for any lower purity
conditions that could arise during the planned operation period.

Running ProtoDUNE-SP at a higher HV value (as allowed by HV cables and filtering systems) is
under consideration to gain better understanding of the HV stability issues.

Positive ProtoDUNE experience (see Section 3.6.4) indicates that the 500V/cm E field goal is
within reach. This goal, combined with high LAr purity and a large S/N ratio, will allow a
wide range of possible operating points to optimize detector performance for maximum physics
potential over decades of stable conditions and very high live-time. The specification minimum of
250 V/cm will provide adequate detector performance, assuming achievable purity and electronics
parameters.

The HV system is designed to meet the physics requirements of the DUNE experiment, both
physical (e.g., E fields that allow robust event reconstruction) and operational (e.g., avoiding over-
complication that could affect the time available for collecting neutrino events). The important
requirements and specifications for the HV system are given in Table 3.1.

Table 3.1: HV specifications

Label Description Specification Rationale Validation
(Goal)
SP-FD-1 Minimum drift field  >250 V/cm Lessens impacts of e"-Ar re- ProtoDUNE
(> 500V /cm) combination, e~ lifetime, e~
diffusion and space charge.
Drift field uniformity < 1% throughout High reconstruction effi- ProtoDUNE and
SP-FD-11 due to HVS volume ciency. simulation
Cathode HV power < 100e~ Maximize live time; maintain =~ Engineering cal-
SP-FD-12 supply ripple con- high S/N. culation, in situ
tribution to system measurement,
noise ProtoDUNE
SP-FD-17 Cathode resistivity > 1MQ/square Detector damage prevention. ProtoDUNE
(> 1GQ/square)
Local electric fields < 30kV/cm Maximize live time; maintain ~ ProtoDUNE
SP-FD-24 high S/N.
SP-FD-29 Detector uptime > 98% Meet physics goals in timely ProtoDUNE
(>99%) fashion.
SP-FD-30 Individual detector >90% Meet physics goals in timely ProtoDUNE
module uptime (>95%) fashion.
Maximize power > 95% uptime Collect data over long period ProtoDUNE
SP-HV-1 supply stability with high uptime.
SP-HV-2 Provide redundancy Two-fold Avoid interrupting data col- Assembly QC

in all HV connec-
tions.

(Four-fold)

lection or causing accesses to
the interior of the detector.

We note that specification SP-FD-1 is discussed in the text above Table 3.1. SP-FD-2 is met
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in case of stable HV operation (lessons from ProtoDUNE-SP). The noise contribution from HV
instabilities is unclear and under investigation with ProtoDUNE-SP. The remaining requirements
specific to the HV system, summarized here, are all addressed and referred to in the remainder of
this chapter.

e SP-FD-11: Non-uniformity could be due to defects in resistor chains; muon and laser cali-
brations will mitigate this effect. [Section 3.4]

o SP-FD-12: Lessons learned from ProtoDUNE-SP demonstrate that the present filtering

scheme is adequate. [3.2, 3.4.1

o SP-FD-17: The CPA design is based on few M /square resistivity surfaces. Such surfaces
have been demonstrated in ProtoDUNE-SP to be adequate to prevent fast discharges that
could potentially damage CE and the cryostat (no event was ever recorded). Underground
operation will allow higher resistivity, thus further slowing down the potential release of

stored energy. (3.3, 3.4.1

o SP-FD-24 is met by calculation in ProtoDUNE-SP. In the present design, the E field in the
critical region between FC and GP is further reduced. [3.4.1, 3.5]

o SP-FD-29, 30: These uptime requirements are already met in ProtoDUNE-SP; the much
lower ionization density in underground operation and optimization in the design (FC to GP
distance) will ensure meeting the requirement even in the case of the much wider detector
surface.

o SP-HV-1: The HV distribution and filtering has been tested in ProtoDUNE-SP; the design of
these items will be revised to minimize long-term degradation and maintenance requirements.

3.4.1

« SP-HV-2: Two-fold redundant connections to the CPA are foreseen. The HV feedthrough
and its connection to the CPA is designed in such a way that it could be extracted and
replaced even with the detector filled with LAr (based on ICARUS experience). (3.3, 3.5]

3.1.3 Design Overview

3.1.3.1 Cathode Plane Assembly (CPA) Arrays

CPA arrays are made up of adjacent resistive cathode panels, secured in frames and connected by
an HV bus. HV cups are mounted at both ends to receive input from the power supply.

Two CPA arrays span the length and height of the SP module, as shown in Figure 3.1. Each
array is assembled from a set of 25 adjacent full-height CPA planes, each of which consists of
two adjacent full-height panels. Fach panel consists of three stacked units, approximately 4 m
in y (height) by 1.2m in the z-coordinate (parallel to beam). A unit consists of two vertically
stacked resistive panels (RPs) framed by FR-4' members. The HV cathode components are listed
in Table 3.2 and will hereafter be referred to by their names as defined in this table.

INEMA grade designation for flame-retardant glass-reinforced epoxy laminate material, multiple vendors, National
Electrical Manufacturers Association™, https://www.nema.org/pages/default.aspx.
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Table 3.2: HV cathode components

Component and Quantity Length (z)  Height (y)  Per SP module
CPA array (2 per SP module) 58m 12m 2

CPA plane (25 per CPA array) 2.3m 12m 50

CPA panel (2 per CPA plane) 1.2m 12m 100

CPA unit (3 per CPA panel) 12m 4m 300

RP (2 per CPA unit) 1.2m 2m 600

The RPs are made of a highly resistive material. An installation rail supports the CPA panels
from above through a single mechanical link.

The cathode bias is provided by an external HV power supply through an HV feedthrough con-
necting to the CPA array inside the cryostat.

3.1.3.2 Field Cage

In the SP module, an FC covers the top, bottom, and endwalls of all the drift volumes, thus
providing the necessary boundary conditions to ensure a uniform E field, unaffected by the presence
of the cryostat walls. The FC is made of adjacent extruded aluminum open profiles (electrodes)
running perpendicular to the drift field and set at increasing potentials along the 3.5m drift
distance from the CPA HV (—180kV) to ground potential at the APA sensor arrays.

The FC modules come in two distinct types: the identical top and bottom modules, which are
assembled to run the full length of the detector module, and the endwall FC modules, which
are assembled to complete the detector at either end. The profiles in both types of modules are
supported by FRP? (fiber-reinforced plastic) structural beams.

The top FC and bottom FC modules extend nominally 2.3m in z and 3.5m in z; the top and
bottom of the SP module each requires 25 modules lengthwise in z and four across in x. The
endwall FC modules are 3.5m wide by 1.5m in high; each endwall requires four adjacent stacks,
eight units high. A GP consisting of modular perforated stainless steel sheets runs along the
outside surface of each of the top FC and bottom FC, with a 30 cm clearance. The endwall FC
modules do not require a GP because the distance to the cryostat wall is sufficient, approximately
2m.

To provide a linear voltage gradient within each drift volume, a chain of resistive divider boards
connects the adjacent pairs of aluminum profiles along each FC module.

Table 3.3 lists the FC components.

2Fiber-reinforced plastic, a composite material made of a polymer matrix reinforced with fibers, many vendors.
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Table 3.3: ﬂ field cage components

Component Count Length Width  Height Submodules Grand
(2) (x) (y) Total
Top FC modules 100 (4x25) 23m 35m - - 100
Bottom FC modules 100 (4x25) 23m 35m - - 100
Profiles per module
(all top and bottom module types) 57 23m - - - 11400
GP modules per top or bottom
FC module 5 23m 07m - - 1000
Endwall FC plane 2 - 144 m 12m 4 2
Endwall FC modules per endwall FC 32 - 3bm 15m - 64
Profiles per endwall FC module 57 - - 15m - 3648

3.1.3.3 Electrical Considerations

As shown in Figure 3.1, the outer APA arrays face the cryostat walls, and the CPA arrays are
installed between the APA arrays in two of the three interior positions (A-C-A-C-A). In this
configuration, as opposed to C-A-C-A-C, most of the cathode plane surfaces are far away from the
grounded cryostat walls, reducing electrostatic breakdown risks and decreasing the total energy
stored in the E field to 800 J.

Figure 3.2 maps out the E field strength over a cross section of a drift volume. The energy is
stored mostly in the high E field region between the FC and the facing GPs. In the case of an
unexpected HV breakdown, the entire 400 J associated with one CPA array could be discharged
to ground, potentially causing physical damage. Given the difficulty of predicting the distribution
of energy along a discharge path, we treat the possibility of discharged energy, conservatively, as
a risk to the TPC components and the cryostat membrane.

Previous large LArTPCs (e.g., ICARUS and MicroBooNE) have used continuous stainless steel
tubes as their FC electrodes; however, a continuous electrode in a DUNE detector module would
need to be at least 140m long. This would increase the stored energy in each electrode and, in
turn, increase the risk of damage in the case of a discharge.

Subdividing the FC into electrically isolated modules limits the stored energy in each FC module,
thereby minimizing the risk of damage. Each FC module must have its own voltage divider network
to create a linear voltage gradient. Dividing the FC into mechanically and electrically independent
modules also eases the construction and assembly of the FC and greatly restricts the extent of
drift field distortion caused by a resistor failure on the divider chain of a FC module.

An HV discharge onto a metallic cathode could cause the electrical potential of the entire cathode
surface to swing from its nominal bias (e.g., —180kV) to 0V in a few nanoseconds, inducing a
large current into the analog FE amplifiers connected to the sensing wires on the APAs (mostly
to the first induction wire plane channels). An internal study[24] has shown that with a metallic
cathode structure, an HV discharge could swing the outer wire plane by nearly 100V and inject
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Figure 3.2: A simplified cross sectional view of an outer drift volume of the TPC showing the distribution
of the static E field (in V/m). Since the electrostatic potential energy is proportional to E?, most of

the energy is stored between the E modules and their facing GPs.
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0.9 A current into the input of the FE amplifiers connected to the first induction plane, possibly
overwhelming the internal electrostatic discharge (ESD) protection in the FE ASICs.

On the other hand, a highly resistive cathode structure can significantly delay the change in its
potential distribution in a discharge event due to its large distributed RC time constant. Such a
delay reduces both the current flowing through the discharge path and the current induced on the
anode readout amplifiers. The upper limit in the cathode surface resistivity is determined by the
voltage drop between the center and the edges of the cathode array driven by the ionization current
flowing to the cathode. For example, a surface resistivity of 1 G{2/square will have a voltage drop
less than 1V from the 3*Ar ionization flux at the underground site. Figure 3.3 illustrates the two
main benefits in such a design in an event of HV discharge at the edge of the cathode: (1) reducing
the rate of transfer of the stored energy in the cathode plane to reduce the risk of damage to the
HVS and cryostat membrane; and (2) slowing down the change in cathode voltage distribution that
capacitively injects charge into the readout electronics. With a surface resistivity of 1 G{2/square
on the entire cathode, the time constant of a discharge is on the order of a few seconds. An HV
discharge on the edge of the cathode would inject a maximum current of only about 50 uA into
the FE ASICs, avoiding damage.

3.1.3.4 Structural Considerations

The frames around the CPA panels and the frames supporting the FC aluminum profiles are made
from materials with similar thermal expansion coefficients, minimizing issues of differential thermal
expansion. The FC frames are restrained at only one location. The CPAs and APAs support the
top FC and bottom FC modules, whereas installation rails above the CPAs and APAs support the
endwall FC modules.

All structural members of the CPAs and FCs are made of either FR-4 or FRP with very similar
coefficients of thermal expansion (CTE). However, the structures supporting the CPAs and FCs
are made of stainless steel, with a CTE about 50% greater. To accommodate the mismatch in
the CTEs, small expansion gaps are added between CPAs at installation time. These gaps are set
during installation between CPA panels by adjusting the distance between the CPA hanger bars
and between CPA planes at the top of the TPC on the CPA beam; these 3mm gaps, 49 of them
in total, will disappear once the TPC is submerged in LAr.

3.1.3.5 Design Validation

Successful ProtoDUNE running and extensive testing has validated the mechanical and electrical
properties of materials selected for the HV system. These are fully documented in references [25,
26, 27]. More details follow in Section 3.6.

Issues identified in earlier testing form the basis of an ongoing R&D program.

Operations experience from ProtoDUNE-SP is summarized in Section 3.6. It revealed some in-
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Figure 3.3: Simulated discharge event on a highly resistive cathode surface with a surface resistivity of
1GS2/square. Top: stored energy on the cathode as a function of elapsed time from an HV discharge.
0.2 second after the discharge, only about 15% of the stored energy contributes to the discharge.
Bottom: voltage distribution on a section of the cathode (2.3m x 12m) 0.2s after the discharge at
the upper right edge. Due to the long time constant of the cathode, most of the surface area remains
at the —180KkV operating potential. Only the region close to the discharge site shifts positively toward
0V. Charge injection to the wire readout electronics, proportional to dV/dt averaged over the cathode
area facing an APA, is therefore greatly suppressed.
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stabilities in the HVS operations. Design changes (see Section 3.4.2) have been introduced to the
top and bottom FC assemblies to further decrease the overall E field between the profiles and the
GPs.

3.1.4 HV System Safety

Safety is central to the design of the HV system and is the highest priority concern in all phases:
fabrication, installation, and operations. Documentation of assembly, testing, transport, and in-
stallation procedures is in progress and systematically catalogued. Particular attention was paid
to these procedures in the design and construction of ProtoDUNE-SP, with the explicit under-
standing that they be applicable to the SP module. The most critical procedures are also noted
in the current HV risk assessment.

The structural and electrical designs for the SP module HV are closely modeled on designs that
were vetted and validated in the ProtoDUNE-SP construction. Prior to ProtoDUNE-SP, a full-
voltage and full-scale HV feedthrough, power supply, filtering, and monitoring system were tested
at Fermi National Accelerator Laboratory (Fermilab), along with the HV connection cup and
arm, after completing full safety reviews. These devices worked as designed and were used in
ProtoDUNE-SP. They will be reproduced for the SP module, except for specific optimizations
described in this chapter.

At full operating voltage, the FC stores a substantial amount of energy. As discussed in Sec-
tion 3.1.3.3, the CPA is designed to limit the power dissipated during a power supply trip or other
failure that unexpectedly drops the HV. Its design has succeeded in tests at full voltage over 2m?
surfaces and at larger scale in ProtoDUNE-SP.

Integral to the ProtoDUNE-SP and SP module design is the concept of pre-assembled modular
panels of field-shaping conductors with individual voltage divider boards. The structural design
and installation procedures used in ProtoDUNE-SP were selected to be compatible with use at
the FD site and were vetted by project engineers, engineering design review teams, and safety
engineers at the European Organization for Nuclear Research (CERN). Any revisions to these
designs based on lessons learned in ProtoDUNE-SP installation and operations will be reviewed
both within the project and by Fermilab environment, safety and health (ES&H) personnel. The
safety features of the overall design are on solid footing.

3.2 HV Power Supply and Feedthrough

The HV delivery system consists of

« two power supplies,
e HV cables,

o filter resistors, and
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o HV feedthrough into the cryostat.

For HV delivery, two power supplies generate the voltage, one for each CPA array. This separated
setup accommodates any necessary different running voltages between the two CPA arrays. The
cryostat design has two feedthrough ports for each CPA array, one at each end of the cryostat. Cor-
respondingly, two HV receiving cups are mounted on the CPA array frame. The spare downstream
port provides redundancy against any failure of the primary HV delivery system. In addition, the
HV feedthrough is designed to be extracted and replaced in case of misbehavior.

Each CPA array separates and services two adjacent drift volumes, presenting a net resistance of
1.14 G2 to each power supply. At the nominal 180kV cathode voltage, each power supply must
provide 0.16 mA. The power supply model planned for the SP module is similar to that used on
ProtoDUNE-SP.3 The HV cables are commercially available models compatible with the selected
power supplies.

Filter resistors are placed between the power supply and the feedthrough. Along with the cables,
these resistors reduce the discharge impact by partitioning the stored energy in the system. The
resistors and cables together also serve as a low-pass filter reducing the 30 kHz voltage ripple on
the output of the power supply. With filtering, such supplies have been used successfully in other
LArTPC experiments, such as MicroBooNE and ICARUS. Figure 3.4 shows the HV supply circuit.

Varistor Re Varistor Re

(Mov) \ / (MoV) \

Ferrite to Ferrite to

HV Power Supply Ra=10k2  monitor Ra=10k® " onitor
DigiKey 696-1716 ;. abilities DigiKey 696-1716 ; \  abilities

HV Out

HV
Feedthrough
on cryostat

777

Dielectric

PNChp 3000000 Sclzr:::lz HV

Negative polarity
Voltage: 0 to -300 kV f:":?z% :’t;r::
Current: 0-0.5mA

HVinto
cryostat

Figure 3.4: Left: Photo of 300kV and 200kV power supplies. Right: A schematic showing the HV
delivery system to the cryostat. One of the two filter resistors sits near the power supply; the other sits
near the feedthrough.

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

3Heinzinger, PNC HP300000 HV power supply, Heinzinger™ Power Supplies, http://www.heinzinger.com/.
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cathode to be 0.9mV.

Typically, commercial supplies specify a ripple variation limit of 0.001 % around an absolute pre-
cision in nominal voltage of 50mV. Assuming cable lengths of 30 m and 3m between the filters
themselves and between the filter and feedthrough, respectively, calculations and experience con-
firm that resistances as low as a few M) yield the required noise reduction.

The filter resistors are of a cylindrical design. Each end of a HV resistor is electrically connected
to a cable receptacle. The resistor must withstand a large over-power condition. A cylindrical
insulator is placed around the resistor.

The HV feedthrough is based on the successful ICARUS design [2], which was adapted for ProtoDUNE-

SP. The voltage is transmitted by a stainless steel center conductor. On the warm side of the
cryostat, this conductor mates with a cable end. Inside the cryostat, the end of the center conduc-
tor has a spring-loaded tip that contacts a receptacle cup mounted on the cathode, delivering HV
to the FC. The center conductor of the feedthrough is surrounded by ultra-high molecular weight
polyethylene (UHMWPE), an insulator. This is illustrated in Figure 3.5.

2550.7 +13,5/-1.5 .
2362.7 188 +13.5/-1.5
21225

CF250/306
|

Recommended Liquid Level Position (~lcm

over the terminal ground ring) HMDPE RCH1000 with minimum

thickness 36mm (breakdown voltage
90kV/mm)

Transversally and vertically sliding HV
contact

Figure 3.5: Photograph and drawing of a HV feedthrough. Photograph shows ProtoDUNE-SP instal-
lation. The distance from the cup to the top surface is approximately 1.3 m.

On a feedthrough, to a first approximation, the operating voltage upper bound is set by the
maximum E field. This E field can be reduced by increasing the insulator radius. For the target
voltage, the feedthrough uses a UHMWPE cylinder of approximately 15cm diameter. In the
gas space and into at least 15cm of the liquid, the insulator is surrounded by a tight-fitting
stainless steel ground tube. A Conflat industry-standard flange is welded onto the ground tube
for attachment to the cryostat.

Outside the cryostat, the HV power supply and cable-mounted toroids monitor the HV. The
power supplies have capabilities down to tens of nA in current read-back and are able to sample
the current and voltage every 300 ms. The cable-mounted toroids are sensitive to fast changes in
current; the polarity of a toroid’s signal indicates the location of the current-drawing feature as
either upstream or downstream of it. Experience from the DUNE 35 ton prototype installation
suggests that sensitivities to changing currents are on a timescale between 0.1 s to 10 s.
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Inside the cryostat, pick-off points near the anode monitor the current in each resistor chain.
Additionally, the voltage of the GPs above and below each drift region can diagnose problems via
a high-value resistor connecting the GP to the cryostat. In the DUNE 35 ton prototype, such
instrumentation provided useful information on HV stability and locations of any stray charge
flows.

Both commercial and custom HV components must be rated for sufficient voltage and must satisfy
tests to meet the specifications summarized in Section 3.1.2. Section 3.9.1 provides further details
on these tests.

The resistances in the filters, in combination with the capacitances between the HV system and
the cathode, determine the attenuation of the tens-of-kHz ripple from the power supply. The filters
are designed such that the ripple is reduced to an acceptable level when installed in the complete
system, thus satisfying specification SP-FD-12 that the power supply ripple be negligible.

3.3 CPA Arrays

Two vertical, planar CPA arrays held at HV each provide constant-potential surfaces at —180kV.
Each CPA array also distributes HV to the first profile on the top and bottom FC and to the
endwall FCs. The configuration of the CPA arrays is described in Section 3.1.3.1.

RPs form the constant-potential surfaces of each CPA unit. The RPs are composed of a thin layer
of carbon- impregnated Kapton* laminated to both sides of a 3mm thick FR-4 sheet of 1.2m x 2m
size.

A CPA array receives its HV via the feedthrough that makes contact with the HV bus mounted
on the CPA frame through a cup assembly attached to the frame, as shown in Figure 3.6. One cup
assembly attaches to each end of the two CPA arrays, for a total of four. Details on the electrical
connections are in Section 3.5.

In accordance with specification SP-FD-17, the surface resistivity of the RPs is required to be
greater than 1 MS2/square to provide for slow reduction of accumulated charge in the event of a
discharge. Given the anticipated higher stored energy at the FD relative to the prototypes, we set
a goal of 1 G{2/square to further protect against potential discharges.

To maintain the position and flatness of the cathode, 6 cm thick FR-4 frames are placed at 1.2m
intervals between the CPA panels. This design ensures the cathode distortion caused by a small
pressure differential (up to 1Pa) across the cathode surface from the convective flow of the LAr is
less than 1 cm, meeting the specification of less than 3 ¢cm, which causes a field uncertainty of 1%.

The CPA frames are required to support, in addition to the HV components, the top FC and bottom
FC units attached to both sides of the CPA plane. The arrangement and deployment of these
components is identical to that in ProtoDUNE-SP. Figure 3.7 shows a completed ProtoDUNE-SP

“DuPont™, Kapton® polymide film, E. |. du Pont de Nemours and Company, http://www.dupont .com/.
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Figure 3.6: HV input cup connection to CPA array.

CPA panel on the production table ready for lifting into vertical position.

Since FR-4 is a good insulator at cryogenic temperatures with a dielectric constant different from
that of LAr, the presence of the CPA panel frames causes a local E field distortion that can become
pronounced if the frame surface becomes charged from ionization in the TPC. To minimize this
distortion, resistive field-shaping strips (FSS) are placed on the frame and biased at a different
potential. Figure 3.8 illustrates the drift field uniformity improvement with these strips.

Other HV components of the CPA arrays include edge aluminum profiles (to act as the first
elements of the FC) and cable segments forming the HV bus.

There are at least two instances of electrical connections on the CPA array and between the CPA
array and other HV system components (top, bottom, and endwall FCs), and four connections
between RPs in a CPA unit. Each of the different types of electrical connections on the CPA were
tested in a LN, tank at Brookhaven National Laboratory (BNL) [25] and in ProtoDUNE-SP. No
failures occurred at either BNL or ProtoDUNE-SP. The HV connection from the HV power supply
is a closed loop around the CPA that can sustain at least one broken connection without loss of
the cathode HV. This ensures compliance with requirement SP-HV-2.

Visual inspection of these items during the assembly process is done to ensure that no accidental
sharp points or edges have been introduced. The surface resistivity of the CPA RPs and the FSS
are checked multiple times during assembly, first when the resistive panels and strips are received
and after assembly into CPA units on the table. Coated parts that do not meet the minimum
surface resistivity requirement are replaced. This ensures that requirement SP-FD-17 is satisfied.
No discharges were observed in ProtoDUNE, so no additional cryogenic tests are planned for the

CPAs for DUNE.
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Figure 3.7: Completed 6 m long ProtoDUNE-SP CPA panel on production table. A CPA plane is made
up of two panels side-by-side.
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Figure 3.8: A comparison of three cathode cross sections to illustrate the benefit of the FSS. Both
equipotential lines (horizontal) and E field lines (vertical) are shown. The amplitude of the E field
is shown as color contours. Each color contour is a 10% step of the nominal drift field. The gray
rectangles represent the frame and the resistive sheet in each case. Left: a conductive/resistive frame
similar to that of ICARUS or SBND; Middle: an insulating frame with the insulating surfaces charged to
an equilibrium state; Right: an insulating frame covered with FSS (purple) and biased at the optimum
potential.

3.4 Field Cage

The FC is introduced in Section 3.4. Its function, basic characteristics, and components are de-
scribed there. The FC is designed to meet the system specifications listed in Section 3.1.2. To
allow the system to reach the design E field uniformity (specification SP-FD-11), all components
other than the aluminum profiles, GPs, and electronic divider boards are made of insulating FRP
and FR-4 materials, and the end of each profile is covered with a UHMWPE end cap.

All voltage divider boards provide redundancy for establishing the profile-to-profile potential dif-
ferences with only minor distortions to the E field in case of failure of any individual part, and two
redundant boards provide the connection from the FCs modules to the CPA (specification SP-HV-
2). The aluminum profiles are attached to FRP pultruded structural elements including I-beams
and box beams. Pultruded FRP material is non-conductive and strong enough to withstand the
FC loads in the temperature range of —150 C and 23 C, as certified by vendors. Testing of the FRP.
joints were conducted at LN, temperatures [26]. The material was stronger at these temperatures
than at room temperature, providing confidence in the material behavior at LAr temperature.
The FRP material meets class A standards for fire and smoke development established by the
International Building Code characterized by ASTM E84.>

The top and bottom FCs are supported by the CPA and APA arrays. The endwall FC modules,
1.5m tall by 3.5m long, are stacked eight units high (12m) and are supported by the installation
rails above the CPA and APA arrays.

5Standard Test Method for Surface Burning Characteristics of Building Materials, ASTM International, https:
//compass.astm.org/EDIT/html_annot.cgi?E84+18.
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3.4.1 Field Cage Profiles

The FC consists of modules of extruded aluminum field-shaping profiles, as listed in Table 3.3. The
shape of these profiles is chosen to minimize the strength of the E field between a given profile and
its neighbors and between a profile and other surrounding parts, including the GP. For example,
with a 30 cm separation between the FC and the GP, the maximum E field on the profiles surface
is under 10kV - cm™! over the straight sections of the profiles at —180kV bias (Figure 3.9).

Surface: Electric field norm (V/m) Contour: Electric potential (V)
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Figure 3.9: E field map (color) and equipotential contours of an array of the FC profiles biased up to
—180kV and a ground clearance of 30 cm.

The profile ends have higher surface E field, especially those at the corners of the FC. To prevent
high voltage breakdown in the LAr, the ends of the profiles are encapsulated by custom UHMWPE
caps. These caps are designed and experimentally verified to withstand the full voltage across their
6 mm thickness.

The profiles and their end caps have been carefully modeled to ensure the resulting E field does not
approach 30kV/cm [28] (specification SP-FD-24). This design concept was validated in a small-
scale test setup at CERN before it was adapted for the SP module. These features are designed
to avoid sparking and thus to draw very small stable currents, which should produce a consistent
load on the power supply (specifications SP-FD-12, SP-FD-17, and SP-HV-1.

3.4.2 Ground Planes

For safe and stable operation of the LAr cryogenics system, the cryostat requires a small fraction
of its volume to be filled with gaseous argon. This small volume is commonly referred to as the
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ullage. To optimize use of the LAr in the cryostat, we will place the upper FC, which forms the
top boundary of the TPC, just below the liquid surface.

The ullage contains many grounded conducting components with sharp features, near which the E
field could easily exceed the breakdown strength of gaseous argon if directly exposed to the upper
FC. To shield the high E field from entering the gas ullage and thereby prevent such breakdowns,
ground planes (GPs), in the form of tiled, perforated stainless steel sheet panels, are mounted on
the outside surface of the top FC module with a 30 cm clearance. While critical over the region
near the cathode, the need for such shielding diminishes toward the APA end of the FC due to
the lower voltages on the FC profiles in that region. The 30 cm FC-GP distance represents a 50%
increase over the value used in ProtoDUNE-SP, to further reduce the maximum E field in the
TPC and thus the possibility of discharges. The 20 ¢cm distance in ProtoDUNE-SP was due to an
early DUNE design, where 20 cm was the maximum possible distance that could maintain the GP
below the liquid level. With the current cryostat and SP module design, more space is available,
allowing an increase in the FC-to-GP distance.

In addition to the increase in FC to GP clearance, we are also eliminating most of the insulating
standoffs used in ProtoDUNE-SP that support GP tiles from the FC I-beams, in particular, those
near the CPA end of the FC. These standoffs are deemed at risk of aiding discharges by providing
a short path from FC to GP along corresponding straight edges. Figure 3.10 illustrates the new
configuration. Figure 3.11 shows a test stand built to demonstrate the coupling between FC and
GP, with the standoffs near the cathode end removed. Tests in Ash River are confirming that no
changes in the assembly or deploying procedures are needed and that the mechanical stability of
the full system is unaffected. An upcoming review will examine the design changes and related
tests and calculations. Final validation of the complete HV design for the SP _module will be
performed in future ProtoDUNE running.

Figure 3.10: Comparison between the FD top FC module (top) and the ProtoDUNE-SP counterpart
(bottom). The changes to the CPA side standoffs in the FD version are highlighted in red circles. The
increase in the E to E separation is also shown here.

On the bottom of the cryostat a similar set of GPs will protect against breakdown in the liquid
near cryogenic pipings and other sensors with sharp features. The same clearance will be used. No
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Figure 3.11: Photos of a test module demonstrating the coupling between the FC and GP, with the
standoffs near the cathode end (towards the right) removed.

GPs are planned beyond the two endwall FCs since there is sufficient clearance in those regions.

3.4.3 Maximum Field Distortions

The FCs are designed to produce a uniform E field with understood characteristics. The largest
known E field distortion in the TPC occurs around a large gap in the FC between the endwall
module and its neighboring top and bottom modules. This gap is necessary to allow the top and
bottom modules to rotate past the endwall FC during deployment. Figure 3.12 illustrates the
extent of the distortion in this limiting scenario. In the SP module, a total LAr mass of 160 kg
along these four edges of the TPC suffers > 5% E field distortions. If the non-uniformity is not
accounted for in reconstruction, this will result in uncertainties in d£/dz in these regions exceeding

1%.

3.4.4 Top and Bottom Field Cage Modules

The top FC and bottom FC module dimensions are listed in Table 3.3. The length, 3.5m, is set
by the length of the two 15.2cm (6 in) FRP I-beams that form the primary support structure of
the modules. The I-beams are connected to each other by three 7.6 cm (3 in) FRP cross beams.
The connections between the longitudinal and cross I-beams are made with L-shaped FRP braces
that are attached to the I-beams with FRP spacer tubes, and secured with FRP threaded rods,
FRP hex-head nuts, and custom-machined FR-4 washer plates.

The 2.3 m module width corresponds to the length of the aluminum profiles, including the UHMW
polyethylene end caps. Profiles are secured to the FRP frame using custom-machined double-holed
stainless steel slip nuts that are slid into and electrically in direct contact with the aluminum profiles
such that they straddle the webbing of the 15 cm I-beams, and are held in place with screws that
penetrate the I-beam flanges. The profile offset with respect to the FRP frame is different for
modules closest to the endwall FCs, and modules in the center of the active volume.

Five GPs are connected to the outside (i.e., the non-drift side) of each top FC and bottom FC
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Figure 3.12: E field at a corner between the bottom and endwall FC modules, showing effects of a 7cm
gap. Left: the extent of 5% E field non-uniformity boundary (black surface, contains less than 10 kg
of LAr) and 10% non-uniformity boundary (white surface, contains ~6 kg of LAr) inside the TPC's
active volume. The inset is a view from the CAD model. Right: electron drift lines originating from
the cathode surface.

module. The GPs are positioned ~30 cm away from the profiles, and begin at the CPA end of the
module, leaving the last 14 profiles (88 cm) on the APA end of the module exposed. Between the
GPs and the 15cm I-beams standoffs made of short sections of 10.2cm (4in) FRP I-beams are
connected with FRP threaded rods and slip nuts. The electrical connection between the GPs is
made with copper strips.

The connections between the top and bottom modules and the CPAs are made with aluminum
hinges, 2.54 cm (1in) in thickness, that allow the modules to be folded in on the CPA during instal-
lation. The hinges are electrically connected to the second profile from the CPA. The connections
to the APAs are made with stainless steel latches that are engaged once the top and bottom FC
modules are unfolded and fully extended toward the APA.

The voltage drop between adjacent profiles is established by voltage divider boards screwed into
the drift-volume side of the profiles. A custom-machined nut plate is inserted into the open slot of
each profile and twisted 90° to lock into position. Two additional boards to connect the modules
to the CPAs screw into the last profile on the CPA end of the module. This system is more fully
described in Section 3.5. A fully assembled module is pictured in Figure 3.13.

3.4.5 Endwall Field Cages (EWFC)

Each of the four drift volumes has two endwall FCs, one on each end. Each endwall FC is in turn
composed of eight endwall FC modules. The two endwalls are identical in construction, and are
installed with an 180° rotation front to back. Figure 3.14 illustrates the layout for the topmost
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Figure 3.13: A fully assembled top field cage (top FC) module with ground plane (GP) is shown.

and the other panels, respectively.

Each endwall FC module is constructed of two FRP box beams, each 3.5 m long, as shown in 3.14.
The box beam design also incorporates cutouts on the outside face to minimize charge build up.
Box beams are connected using 1.27 cm (0.5in) thick FRP plates. The plates are connected to the
box beams using a shear pin and bolt arrangement. The inside plates facing the active volume are
connected using special stainless steel slip nuts and stainless steel bolts. The field-shaping profiles
are connected to the top box beam using stainless steel slip nuts, an FRP angle, and two screws
each that pass through matching holes in the wings of the aluminum profiles. At the bottom box
beam, the profiles are pulled against another FRP angle with a single screw and a slip nut that is
held in place by friction.

3.4.6 \Voltage Divider Boards

A resistive divider chain interconnects all the metal profiles of each FC module to provide a linear
voltage gradient between the cathode and anode planes.

The resistive divider chain is a chain of resistor divider boards each with eight resistive stages in
series. Each stage (corresponding to 6 cm gap between FC profiles) consists of two 5 GS2 resistors
in parallel yielding a parallel resistance of 2.5 GQ2 per stage to hold a nominal voltage difference
of 3kV. Each stage is protected against high voltage discharge transients by transient/surge ab-
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G10 Hanger Plates

FRP Box Beams

Figure 3.14: Top: Uppermost module of the endwall FC. The two G10 hanger plates connect the
endwall FC to the detector support system (DSS) beams above the APAs and CPAs. Bottom: regular
endwall FC module. Seven such modules stack vertically with the top module to form the 12m total
height.
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sorbers (varistors). To achieve the desired clamping voltage, three varistors (with 1.8 kV clamping
voltage) are wired in series and placed in parallel with the associated resistors. A schematic of the
resistor divider board is shown in Figure 3.15; an illustration of the resistor divider board used in
ProtoDUNE-SP is shown as well. These boards will be identical to the ones successfully mounted
in the ProtoDUNE-SP FC.
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Figure 3.15: Left: A ProtoDUNE-SP resistor divider board. Right: Schematic diagram of resistor
divider board

The current drawn by each divider chain is about 1.2 A at the nominal E field of 500 V/ecm. A
total of 132 resistive divider boards are connected in parallel to each CPA array for a total of
about 158 p1A, well within the capability of the selected HV power supply.

There are about 30,000 resistors used on the FCs in an SP module. A resistor failure is a possible
risk to the TPC. An open resistor on the divider chain, the most common failure mode, would
approximately double the voltage across the remaining resistor to 6 kV. This larger voltage would
force the three varistors in parallel to that resistor into conduction mode, resulting in a voltage
drop of roughly 5kV (1.7kV x 3), while the rest of the divider chain remains linear, with a slightly
lower voltage gradient. Because the damage to the divider would be local to one module, its impact
to the TPC drift field is limited to region near this module, a benefit of the modular FC design.
An example of a simulated E field distortion that would be caused by a failed resistor is shown in
Figure 3.16.

The effect of the non-uniformity in resistor values can also be scaled from this study. A 2% change
in a resistor value (1% change from the 2R in parallel) would give about 1.5% of the distortion from
a broken resistor, i.e. less than 1 mm of transverse distortion in track position, with no noticeable
drift field amplitude change inside the active volume.

3.5 Electrical Interconnections

Electrical interconnections are needed among the HV delivery system, CPA panels, FC modules,
and termination boards on the APA modules, as well as between resistive dividers and the field-
forming elements on the CPAs and FCs. Redundancy is needed to avoid single points of failure.
Some connections must be insulated in order to avoid creating a discharge path that might circum-
vent the discharge mitigation provided by the resistive CPA surface and FC partitioning. Certain
connections must be flexible in order to allow for FC deployment, thermal contraction, and motion
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Figure 3.16: Simulated E field distortion from one broken resistor in the middle of the voltage divider
chain on one bottom FC module. The benefit of the redundancy scheme is emphasized by the limited
extent of the E field distortions. Left: Extent of E field non-uniformity in the active volume of the
TPC. The green planes mark the boundaries of the active volume inside the FC. The partial contour
surfaces represent the volume boundaries where E field exceeds 5% (dark red, contains less than 100 kg
of LAr) and 10% (dark blue, contains less than 20 kg of LAr) of the nominal drift field. The units are
V-m™! in the legend. Right: electron drift lines connecting the CPA to APA in a bottom FC corner.
The maximum distortion to the field line is about 5 cm for electrons starting at mid-drift at the bottom
edge of the active volume.

between separately supported CPAs components. Figure 3.17 shows a high-level overview of the
interconnections between the HV, CPA, and FC modules.

High voltage feedthroughs connect to cups mounted on the CPA frame that attach to an HV bus
running through the CPAs. HV bus connections between CPA panels are made by flexible wires
through holes in the CPA frame. The HV bus is a loop that mitigates any risk of a single failure
point; the feedthrough at each end of each CPA panel mitigate risk of a double-break failure.
Voltage dividers on each CPA panel bias the F'SS and the resistive dividers on the top and bottom
FCs. The CPA-to-FC connections are made using flexible wire to accommodate FC deployment.
To further increase redundancy, two CPA panels connect to each top or bottom field cage, and
two connections are also made to each endwall FC. Resistor divider boards attach directly to the
interior side of the FC profiles with screws. A redundant pair of flexible wires connects a circuit
board on the last profile of each FC to a bias-and-monitoring board mounted on the corresponding

APA.

Short sections of flexible wire at the ends of each HV bus segment attach to screws in brass tabs
on the CPA resistive panels (CPA RPs). Vertical HV bus segments on the outer ends of each CPA
plane connect the top and bottom HV buses to complete the loop. Solid wire is used to connect
resistive panels within a CPA panel.

Each FC module is as electrically independent as possible in order to mitigate discharge. However,
only the bottom module of each endwall can make connections to the HV bus and APA, so each
endwall module is connected to its upper neighbor at its first and last profile using metal strips.
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Figure 3.17: High-level topology of the HV interconnections for one CPA array and adjacent field cages.
Each pair of adjacent CPA panels is connected to two top field cage modules and two bottom field
cage modules. A high voltage bus supplies the CPA panels at the top and bottom, and also supplies
the endwall field cage modules. All field cages are terminated at the APAs (not shown).

Each FC divider chain connects to an FC termination board in parallel to a grounded fail-safe
circuit at the APA end. The FC termination boards are mounted on the top of the upper APAs
and bottom of lower APAs. Each board provides a default termination resistance, and an SHV
cable connection to the outside of the cryostat, via the CE signal feedthrough flange, through
which we can either supply a different termination voltage to the FC or monitor the current
flowing through the divider chain.

All flexible wires have ring or spade terminals and are secured by screws in brass tabs. Spring
washers are used with every electrical screw connection in order to maintain good electrical contact
with motion and changes of temperature.

Table 3.4 summarizes the interconnections required for the HV system.

The redundancy in electrical connections described above meets requirement SP-HV-2. The HV
bus and interconnections are all made in low field regions in order to meet requirement SP-FD-24
The HV bus cable is rated at the full cathode HV such that even in case of a rapid discharge of
the HV system no current can flow to the cathode or FC except at the intended contact points,
preserving the ability of the resistive cathode and FCs to meet requirement SP-FD-17.

3.6 ProtoDUNE-SP High Voltage Experience

ProtoDUNE-SP [6] is a prototype for an SP module. Approximately one twentieth the size of a
SP module, this detector implements an A-C-A configuration with one CPA array that bisects the
TPC and two APA arrays, one along each side. The CPA array consists of six CPA panels, each
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Table 3.4: HV system interconnections

Connection Method

HV cup to HV bus wire to screw in HV cup mount on CPA frame

HV bus between CPA panels wire between screws in brass tabs

HV bus to FSS wire to circuit board mounted on FSS

FSS to top FC and bottom FC wire to circuit board on first FC profile, two per FC module
HV bus to endwall FC wire to circuit board mounted on first FC profile, two per endwall
FC divider circuit boards directly attached to profiles using screws and SS slip nuts

FC to bias and monitoring termina- redundant wires from board mounted on last FC profile
tion o

HV bus to CPA panels brass tab on CPA resistive panel

CPA RP interconnections solid wire between screws in brass tabs

Endwall FC module interconnections metal strips, first and last profiles only

1.2m wide by 6.0m high (half-height relative to an SP module), and is positioned 359 cm away
from each APA array, matching the maximum drift distance of an SP module.

Six top and six bottom FC modules connect the horizontal edges of the CPA and APA arrays,
and four endwall FCs connect the vertical edges (two per drift volume). One of the drift volumes
is pictured in Figure 3.18. Each endwall FC comprises four endwall modules (half-height relative
to a SP module). A Heinzinger —300kV 0.5mA HV power supply delivers voltage to the cathode.
Two HV filters in series between the power supply and HV feedthrough filter out high-frequency
fluctuations upstream of the cathode.

3.6.1 Summary of HV Construction

The ProtoDUNE-SP HV components underwent various levels of pre-assembly offsite prior to
transport and final assembly in the ProtoDUNE-SP cleanroom adjacent to the cryostat.

Parts for the top and bottom FC frames were procured and test fit at Stony Brook University before
being shipped to CERN for module assembly in a cleanroom about 5km away from the detector
hall. Fully assembled modules were transported individually to the detector hall for storage until
installation. CERN provided the GPs for the top and bottom FCs as well as the field shaping
profiles for all FCs.

Louisiana State University (LSU) provided all the voltage divider boards, then procured and test
fit the endwall FC frame parts before shipping them fully assembled to CERN. These profiles and
the voltage divider boards were installed in the same CERN cleanroom facility as the other FC
components.

Argonne National Laboratory shipped the CPA material to the detector hall as single pre-assembled
resistive panels held in a FR-4 frame; i.e., as CPA units (Table 3.2). In the cleanroom adjacent
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Figure 3.18: One of the two drift volumes of ProtoDUNE-SP. The FC modules shown enclose the drift
volume between the CPA array (at the center of the image) and the APA array (upper right). The
endwall FCs are oriented vertically; the top and bottom units are horizontal. The staggered printed
circuit boards connecting the endwall FC profiles are the voltage divider boards.

to the ProtoDUNE-SP cryostat, three CPA units were mechanically and electrically connected to
produce a CPA panel. The CPA panels (one of which is pictured in Figure 3.7) were first assembled
horizontally and then lifted and rotated to a vertical orientation where they were paired to make
a 6.0m x 2.3m CPA plane.

At this point, two top and two bottom FC modules were brought to the cleanroom to be lifted,
rotated to vertical, and attached to the CPA plane. To fit through the temporary construction
opening (TCO), the top FCs were suspended from their support at the top of the CPA plane to
hang vertically, and the bottom FCs were folded up and temporarily attached to their top FC
counterparts. The resulting CPA-FC assemblies were rolled onto the central bridge beam inside
the cryostat and deployed.

Also in the ProtoDUNE-SP cleanroom, sets of four pre-assembled endwall FCs were each assembled
into one endwall FC plane. Although not a component of the SP module design, the beam plug
was installed onto its corresponding module before the beam-right, upstream endwall FC was built.
An electric hoist lifted the top module to a height at which the next module could be wheeled
underneath and connected via FRP plates. The hoist then raised the pair, and the procedure
would continue in this way until the endwall FC was four modules tall. The load of the assembled
endwall was then transferred to a trolley on a transport beam, which allowed it to be pushed into
the cryostat onto the appropriate bridge beam.

The TPC components of ProtoDUNE-SP were installed first for the drift space to the right of
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the delivered beam (beam-right), and then for the beam-left drift space. The APAs and the
CPA array were locked into position along their respective bridge beams, and then the bridge
beams were locked into their positions along the drift direction. Next, the two endwall FCs were
moved and rotated into their upstream and downstream positions to bridge the gap between the
vertical edges of the corresponding APA and CPA. The endwall FCs loads were transferred onto
the APA and CPA bridge beams, which freed the intermediate bridge beam for top and bottom
FC deployment. Two mechanical hoists were used to lower (raise) the bottom (top) FC to bridge
the gap between the horizontal edges of the APAs and CPAs. Finally, the HV cup was as connected
on the downstream CPA, and the HV feedthrough was lowered through the cryostat penetration
to make contact with the cup.

3.6.2 HV Commissioning and Beam Time Operation

During cool-down and LAr filling, a power supply was used to supply —1kV to the cathode and
monitor the current draw of the system. As the system cooled from room temperature to LAr
temperature, the resistance increased by ~10%, consistent with expectations. Once the LAr level
had exceeded the height of the top GPs, the voltage was ramped up to the nominal voltage.

The initial week of HV operations showed no signs of any anomalous instabilities. Over the
following weeks, the HV power supply showed signs of instabilities that affected the quality of the
HV provided to the cathode plane. Replacement of the power supply midway through the run
resulted in higher stability of the warm side of the HV system. The original power supply was sent
to Heinzinger for inspection. The malfunctioning was confirmed to be due to unexpected excessive
moisture that had accumulated in the HV cable socket.

In addition, two types of instabilities emerged in the cold side of the HV system. The first type
was the so-called current blips, during which the system draws a small excessive current that
persists for no more than a few seconds. The magnitude of the excess current during such events
increased over the subsequent three weeks from 1% to 20%. The second type of instability, labeled
“current streamers,” exhibited persistent excessive current draw from the HV power supply with
accompanying excessive current detected on a GP and on the beam plug. These two types of
instabilities were experienced periodically throughout the duration of the ProtoDUNE-SP beam
run. The frequency of both types increased over time after the system was powered on, until a
steady state of about ten current blips/day and one current streamer every four hours was reached.
These effects are consistent with a slow charging-up process of the insulating components of the
FCs supports, which then experience partial discharges that are recorded as HV instabilities. This
process appears to restart after every long HV-off period.

In addition, these processes seem to be enhanced by the LAr bulk high purity, which allows the
electric current to develop. At low purity electronegative impurities act as quenchers, blocking
the development of the leakage current. Despite the presence of two types of instabilities, the HV
system was able to consistently achieve >95% uptime during the beam runs. The downtime was
the result of short manual interventions to quench a current streamer (Figure 3.19).

In some cases, mostly outside of the beam run period, we turned off the HV system momentarily to
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allow the HV system components to discharge. This is reflected as larger dips in the uptime plot.
During moments when the rest of the subsystems (including the beam) were stable, the moving
12-hour HV uptime fluctuated between 96% and 98%.

Beam ON Beam OFF

1

HV 12-hour Uptime
[%]

Figure 3.19: The performance of the HV system across the test beam period, September-November
2018. The top panel shows the drift field delivered to the TPC, the middle panel indicates HV cuts
during periods when the system is not nominal (some periods not visible due to their short timescale),
and the bottom panel shows the moving 12-hour uptime of the HV system based on these HV cuts.
The up-time during the week starting October 11th (Oct 11 in Figure 3.19) is lower than the
subsequent three beam-on weeks because the current streamers were addressed differently in these
two periods. In the beginning, they were left to develop until they quenched themselves or until the
HV was manually ramped down. The HV was brought back up when the current draw returned
to nominal, according to the FC resistance value. Automated controls to quench the current
streamers were then successfully implemented in an auto-recovery mode. These helped significantly
to increase the up-time, by optimizing the ramping down and up of the HV power supply voltage,
which was performed in less than four minutes (Figure 3.20).

3.6.3 Post-beam Stability Runs with Cosmic Rays

During the 2018 beam run periods, priority was given to operating the ProtoDUNE-SP detector
with maximal up-time in order to collect as much beam data as possible at the nominal HV con-
ditions. Therefore, investigating the long-term behavior of the HV instabilities and understanding
their origin became goals of the long-term operation of ProtoDUNE-SP in 2019.

As mentioned above, it appears that the current streamer effect is a charging-up process with its
frequency increasing with time after a long HV-oftf period. This behavior has been repeatedly
observed and confirmed in 2019. The current streamer rate stabilized at 4-6 per day, and the
location was essentially always on the same single Ground Plane (GP#6) out of the 12 monitored
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Figure 3.20: Example of the HV automatic recovery procedure developed to detect and quench the
current streamers: whenever an excess sustained current from the HV PS is detected (obtained by
continuously monitoring the total detector resistance experienced by the PS), the HV delivered by the
PS is lowered in discrete steps. At each step the total resistance is checked again, and if it agrees with
the nominal detector resistance the HV is ramped up again to its nominal value; otherwise the HV is
lowered to the next step.

GPs. Their rate and location were approximately independent of the HV applied on the CPA in
the 90kV to 180kV range.

More recently, after a change of the LAr re-circulation pump (April 2019), the detector was op-
erated for several months in very stable cryogenic conditions and with very high and stable LAr
purity (as measured by purity monitors and cosmic rays). During this period, the HV system was
set and operated at the nominal value of 180 kV at the CPA for several weeks without interruption.
A significant evolution in the behavior of the HV system was observed.

To better understand the current streamers phenomenon, the HV system was operated for about
fifty days without the auto-recovery script, and the current streamers were left to evolve naturally.
They typically lasted 6 to 12 hours, exhibiting steady current and voltage drawn from the HV
power supply and they eventually self-quenched without any intervention. The repetition rate was
highly reduced to about one current streamer every 10-14 days; this rate can be compared to the
4-6 per day in the previous periods with auto-recovery on.

The auto-recovery script was then re-enabled and the current streamer rate stabilized at about one
in every 20 hours; in addition, the intensity of the current streamer on the GP was reduced with
respect to the previous periods. As in the previous runs, the current streamers occurred always
on the same GP (GP#6) with a small leakage current on the beam plug hose, which is close to
GP#6.

This behavior is a further indication that the current streamers are in fact a slow discharge process

of charged-up insulating materials present in the high-field region outside of the FC. The auto-
recovery mode does not allow a full discharge, so the charging up is faster, and the streamer
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repetition rate is shorter.

The LAr purity loss experienced at the end of July, 2019, was accompanied by the complete
disappearance of any HV instabilities. They gradually reappeared when the electron lifetime
again exceeded 200 microseconds, and their intensity constantly increased as purity improved.
This behavior replicated that observed after the initial filling, and supports the hypothesis that
the HV instabilities are enhanced by the absence of electronegative impurities in high-purity LAr.

The effects of the current streamers on the FE electronic noise and the photon detector (PD)
background rate have been investigated. We have not observed any effect of the current streamers
on the FE electronics. On the other hand, recent analysis of the data collected by the photon
detection system (PD system) during active current streamers has indicated a high single photon
rate on the upper upstream part of the TPC. This is consistent with the activities recorded on
GP#6, which is located exactly at this upper upstream area. The analysis of the photon detection
data is in progress with the main goal of narrowing down the position of current streamers and
the localization of it, if possible (Figure 3.21) Visual inspection of this location when the detector
is emptied will be required to further understand the HV instability issues.

Extra current stream contribute

Supposed location
of light source

cnsowdnaoa B

<Ph> per waveform

APA v § L

AN

\_\.

eromosemrerns NN
Y slots in the pictt;res ’ \\
N

PD module

Oﬂbmwmwhwm_.

Figure 3.21: Preliminary analysis of the single photon activity rate in coincidence with a current streamer
as a function of the position of the PDs in the APAs (beam right site). The rate clearly decreases
proportionally to the distance of the PD from the supposed location of the current streamer. More
refined analysis is ongoing (including the beam left PDs) to better locate the light source.

It is planned to continue monitoring the HV behavior, and in particular, before the end of the
run, we plan to increase the HV above the nominal value to possibly enhance anomalous effects
in the HV chain. Furthermore, the possible role of macroscopic impurities (metallic or insulating
dust) circulation within the LAr is still to be understood, and specific running conditions will be
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implemented in ProtoDUNE-SP to better investigate this issue as well.

Although we do not yet have precise knowledge of the origin of the current streamers, it is certainly
safe to state that, in a time scale of nearly one year, we did not observe any degradation of the
HV system performance. On the contrary, the up-time has constantly improved (now it is above
99%), and the instability rate and intensity have decreased.

3.6.4 Lessons from ProtoDUNE

The ProtoDUNE-SP HV experience was, in general, very encouraging, having demonstrated an
ability to operate the TPC with a drift field of 500 V/cm. However, throughout the run, the
system experienced various instabilities, discussed above. Systematic study of these instabilities
continues.

3.6.4.1 Design

The success of ProtoDUNE-SP validated the general design of the DUNE HV system, but various
opportunities for improvement during its construction and operation appeared. In particular, we
chose the following:

« adopt a “pot-style” filter resistor design (with input and output cables on the same end) to
prevent leaks from causing interventions for refilling;

« raise the HV feedthrough cable insert to be above the cold insulation space, if space allows
(to allow removing the cable while preventing moisture from entering and freezing on the
walls, which could affect electrical contact);

o add toroid signals to the feedthrough; and

« improve stability by increasing the distance between the GPs and field-shaping profiles and
eliminating direct paths for potential surface currents.

The instrumented GPs on the top and bottom FCs proved invaluable for collecting information
during moments of instability. A dedicated data acquisition (DAQ) read out the signals from the
GP monitoring system, the beam plug current monitor, and the power supply at a rate of 20 kHz
on a trigger provided useful information for diagnosing the HV behavior inside the TPC. This
system was not operated continuously due to correspondingly large data disk storage requirements.
Toroid signals from the HV filters were also helpful in localizing sources of instability, specifically
for distinguishing issues on the warm side from issues inside the TPC.

3.6.4.2 Production, Handling and Quality Control

The production and handling of HV components must be approached with great care to avoid
scratching and potentially compromising the electrical components. Part production should be
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carried out to avoid introducing sharp edges wherever possible. The corners of the GP panels had
to be smoothed after some buckling was introduced during the pressing process, and a number of
support hinges and clevises had sharp features removed by polishing. The aluminum field-shaping
profiles are particularly prone to scratches and must be packaged and handled so as to avoid direct
contact with other profiles and materials. Kapton strips were used to separate the profiles from
the FRP of the FC frames as they were being inserted to protect against scratching or removal of
the profile coating. Any scratches found in the FRP beams were covered with epoxy to prevent
fibers from escaping into the LAr.

Quality control (QC) tests were conducted on HV modules and individual components at every
step: part procurement, production, integration, and installation. For example, checklist forms
were completed for component parts of detector modules as production proceeded. Also, during
the production process, documented procedures included QC steps with checklist forms. Printed
copies of the checklists completed in the procurement and production stages were included as
travelers in shipping crates. To ensure that nothing was compromised during transport, QC tests
were repeated on individual components and assembled pieces after shipping. Resistance between
steps on the voltage divider boards was measured and verified to be within specification both
after their production at LSU and after they were shipped to CERN. Once the voltage divider
boards were mounted onto an assembled FC module, the resistance between adjacent profiles was
measured to verify sound electrical connection. In a similar way, QC checks of connections between
CPA modules and between CPA and FC modules were performed after installation.

QC tests on the HV components of ProtoDUNE-SP required many measurements to be made with
several different test devices. Extrapolating these measurements to the scale of DUNE will require
development of dedicated tools so that the QC process can be made more efficient and optimal at
each step. For example, devices to measure the resistivity of CPA coated resistive panels and field
shaping strips will be provided to each of the designated production factories. Also, designing a rig
that can latch onto the FC modules in such a way to make contact with all electrodes and control
their voltages independently would allow for an automated loop across all steps. Such dedicated
equipment and automated procedures will be required en route to a full SP module.

3.6.4.3 Assembly and Installation

The ProtoDUNE-SP experience allowed for a realistic estimation of the time involved to produce
various HV components for an SP module. The time involved for ProtoDUNE-SP was approxi-
mately as follows:

« FC module assembly: 1.5 days/module with 2 workers,

« endwall FC module assembly: 1.5 days/module with 2 workers,
« CPA (2-panel) plane: 2 days/plane with 4 workers,

« CPA plane + FC integration: 1 day/assembly with 4 workers,
« endwall FC frame assembly: 7 days/module with 2 workers,

« endwall FC final assembly: 4 hours/wall with 4-6 workers.
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These estimates include time needed to perform the required QC tests at each stage of the assembly
and installation.

The ProtoDUNE-SP installation sequence had the beam-right drift volume deployed before the
beam-left. As anticipated from calculation and testing, asymmetries in the weight distribution be-
fore the beam-left drift was deployed produced temporary misalignments that propagated through-
out the entire detector until the final left drift deployment, which corrected them. The process of
connecting individual endwall modules to build an endwall exposed another alignment issue. The
first endwall was significantly bowed initially. A tool was built to adjust the angle between adja-
cent modules, which straightened out the wall. The tool was also used while connecting modules
for the remaining three endwalls, and no significant bowing was observed.

3.6.5 Future R&D

The present HV system design derives closely from the one in operation in ProtoDUNE-SP. Op-
eration of this detector in 2019 has allowed us to gain further confidence in depth concerning the
long term stability and reliability of the HV system under nominal conditions. The present R&D
program, which will not extend beyond early 2020, has the goal to further improve, if required,
the reliability of the system. In the R&D program we plan to

o evaluate the charge and discharge behavior of the UHMWPE caps on the end of the profiles
compared to metallic capped profiles. The goal is to check if the end caps contribute to HV
instability.

« compare the high voltage stability of a new version of end wall profiles to the ProtoDUNE
version. The new version bends the top and bottom of the end wall profiles 90 degrees towards
the ends of the top or bottom profiles, reducing the gap between field cage components at
the two detector module ends and lowering the E fields on the surfaces of the UHMWPE
caps and profiles near the profile ends.

o evaluate resistive versus metallic caps. If the UHMWPE caps are problematic, find an
alternative solution to maintain separated FC modules.

« study the surface-charging behavior of the FC insulation structures. Evaluation of general
insulator performance for LArTPCs, including charge-up effects and geometry, remains an
outstanding task. In this test, the goal is to find out if any geometrical feature or surface
treatment can reduce HV instability.

« evaluate higher-resistivity Kapton films. The goal is to check the feasibility of increasing the
surface resistivity of the cathode plane up to 1 G{2/square. The task includes verifying the
lamination quality on FR-4 sheet and production availability.

 perform further simulation of HVS discharge behavior. Although modeling other FC designs
and DUNE itself will take considerable effort, understanding the source of instabilities or
exposing any design weaknesses would be worthwhile.
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3.7 Interfaces

The HVS has the largest surface area on the TPC and interfaces with many other systems. Ta-
ble 3.5 summarizes the interfaces with other consortia, highlights the key elements, and provides
the links to the existing interface documents.

The two most important mechanical interfaces are with the DSS and the APA. The entire weight
of the CPAs, endwall FC and half the weight of the top and bottom FC are supported by rails
provided by the DSS. The other half of the top and bottom FC weight is transferred to the APAs
through latches mounted on the APAs. All CPAs and most of the FC modules are also transported
along the DSS rails to their final positions. The DSS rails ultimately determine the final locations
of the CPAs and FCs on the TPC.

Electrically, since the APAs are at the detector ground, all HVS field cage termination and fail-safe
circuits are connected to the APAs. All cables used for the FC termination pass through the APA
frame, to connect to the safe high voltage (SHV) cables provided by the CE through the CE signal
flanges. The TPC electronics consortium also provides HVS the FC termination power supplies.

Table 3.5: HV system interface links

Interfacing System Description Linked Reference

DSS Support, positioning, and alignment of all CPA, FC DocDB 16766 [29]
modules inside the cryostat both warm and cold

APA FC support (top, bottom, and end wall) on APA  DocDB 6673 [11]

frames; Mounting of FC termination filter boards
and FC fail-safe terminations;

CE FC termination wire connectors on CE feedthrough DocDB 6739 [30]
T flange, FC termination wires routed with CE cables
PD system Mounting of PD calibration flash diffusers and rout- DocDB 6721 [31]

ing of their fibers to CPAs; Possible TPC coated
reflector foil on CPAs.

facility Locations and specifications of the HV feedthrough DocDB 6985 [32]
ports; gas and LAr flow velocities and patterns.
calibration FC openings for the calibration laser heads DocDB 7066 [33]

cryogenic instrumentation HV vs. LAr level interlock, sensor locations in high DocDB 6787 [34]
and slow controls (CISC)  field regions, cold /warm camera coverage, HV signal
monitoring, etc.

South Dakota Warehouse Storage buffer, inspections/tests, repackage for un- DocDB 7039 [35]
Facility (SDWF) derground delivery

physics Requirements: range of operating drift field, unifor- DocDB 7093 [36]
mity of the drift field; Supply detector geometry and
E field map.
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3.8 Production and Assembly

3.8.1 Power Supplies and Feedthrough

We plan to buy commercial power supplies through, among other vendors, Heinzinger. The HV
cable is commercially available.

The power supply is tested extensively along with the controls and monitoring software. Features
to be included in the software are

o the ability to ramp, or change, the voltage, set the ramp rate, and pause the ramp. In
previous installations, the ramp rate was typically between 60V /s to 120 V/s.

 an input for a user-defined current limit. This parameter is the electric current (I) value at
which the supply reduces the voltage output to stay below the current limit. The current-
limiting is done in hardware.

e an input for a trip threshold. At this current reading, the program would reduce the voltage
output through software. In previous experiments, the trip function in software would set
the output to OkV.

Additionally, the software must record the current and voltage read-back values with a user-defined
frequency, as well as any irregular current or voltage events.

The HV feedthrough and filters are custom devices. As for ProtoDUNE-SP, the feedthrough
designs are made by collaborators and fabricated by an external company or major laboratory.
Raw materials such as stainless steel, UHMWPE rods, and flanges are readily available and are
machined to make a feedthrough. Similarly, the resistors, steel or aluminum, and insulator material
for the filters are readily available. The feedthrough and filters require testing before being delivered

to the SDWE.

3.8.2 Cathode Plane Assembly

The component parts of the CPA array will be mainly produced by commercial companies except
for specific items that are more efficiently produced by university collaborators. Parts will be
packaged into kits, each to contain the parts for a single CPA panel (three CPA units). The parts
in each kit are

« manufactured FR-4 RP frames,

 carbon-impregnated Kapton-coated RPs and FSS,

« HV cable segments and wire jumpers making up the CPA HV bus and RP interconnects,
« resistor boards connecting the RPs to FSS (for raising the RP HV by 1.5kV),

« machined brass tabs for connecting RPs, HV bus, and FSS, and
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« top, bottom, and exterior edge profiles and associated connection hardware.

The kits are sent to the production factories, the locations of which will be determined later. The
CPA construction unit for installation into the SP module at the Sanford Underground Research
Facility (SURF) is a pair of CPA panels called a CPA plane. The production factories thus ship
partially-assembled CPA panels to SURF where panel assembly is completed and two panels are
paired in the underground cleanroom to form a CPA plane. During production, some storage (up
to one month’s installation rate) of CPA shipping crates can occur at the SDWF while waiting for
movement into the SURF cleanroom. No unpacking of crates is needed at the SDWF'; only visual
inspection will be done to determine if any damage occurred during shipping.

The most basic element of the CPA is an RP mounted in a machined slot in the top, bottom and
sides of FR-4 frames. There are three different RP types: an upper, which has as its top frame the
CPA mounting bracket and top FC hinge, a middle, and a lower, which has as its bottom frame a
bottom FC hinge. Pairs of RPs are bolted together and pinned to form CPA units of size 1.2m
x 4m for shipment. Three types of pairings are constructed to make a full six-RP, 12m tall CPA
panel: (1) an upper and a middle, (2) two middle, and (3) a middle and a lower.

The order in the shipping crate from top to bottom is: middle-and-lower, middle-and-middle, and
upper-and-middle. Two CPA panels are shipped together in one crate; they are paired at SURF
to form one CPA plane. The SP module requires 100 upper, 100 lower, and 400 middle RPs to
make up the 100 CPA panels (50 CPA planes) of the TPC.

In addition to the frames and RPs, F'SS are mounted on the exposed sides of the FR-4 frames,
aluminum profiles are attached to the exterior edges of the upper and lower RPs, and cables are
attached to the RPs to form segments of the HV bus.

The CPA units are assembled horizontally on a smooth, flat, highly stable table to ensure flatness
and straightness of the entire panel before units are pinned together. There is one table per factory
with up to three factories making CPAs.

Figure 3.22 shows a 6 m ProtoDUNE-SP CPA panel (rear) and a 12m ProtoDUNE-SP CPA panel
(foreground) at Ash River Laboratory in Minnesota, USA.

3.8.3 Field Cages

3.8.3.1 Top and Bottom Field Cages

Firms that specialize in the machining of fiberglass components for electrical applications will
produce the FRP and FR-4 components of the top and bottom FCs, as was successfully done
for ProtoDUNE-SP. All the machined edges except the small circular holes are to be coated with
translucent epoxy. The stainless steel and aluminum components will be produced in university
and commercial machine shops. University groups will likely fabricate the voltage divider boards
and FC and CPA connection boards.
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Figure 3.22: A 12m DUNE-SP CPA mock-up panel (foreground) and a half-height 6 m ProtoDUNE-SP
panel mock-up (rear) at Ash River, Minnesota.
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The FRP frame assembly process consists primarily of fastening together FRP I-beams with FRP
threaded rods and hex nuts, and securing them with a limited and specified torque to avoid damage
to the threads. Detailed views of this procecure are shown in Figure 3.23.

Figure 3.23: The figure shows the procedure for connecting the cross beams to the main |-beams for
the top FC. Left: A display of the components of each connection, which (from top to bottom) are the
threaded rods, the spacer tubes, washer plates, the hexagonal nuts, and an L-shaped FRP brace. An
intermediate stage (middle) and final stage (right) of the assembly are also shown.

Prior to sliding each profile into the FRP frame, the holes are covered with Kapton tape to avoid
damage to the profile coating. An end cap is attached to each profile using plastic rivets, and then
the profiles are aligned against an alignment fixture running the length of the FC. After securing
each profile to the frame, the tension in the mounting screws is adjusted to remove any angular
deflection in the extended portion of the profile.

The GPs are attached to the 10 cm stand-off I-beam sections with threaded rods and a machined
plate. The copper strips are connected to adjacent modules at the same locations. Care must be
taken to avoid bending the corners of the GPs toward the profiles, particularly on the CPA side
of the module.

3.8.3.2 Endwall Field Cages

For the endwall FCs, all FRP plates are commercially cut to shape by water jet, as are the
cutouts in the FRP box beams. Holes that accommodate G10 bushings are reamed in a machine
shop. FRP frames are pre-assembled to ensure proper alignment of all FRP parts and holes (the
profiles are not inserted at this stage). The FRP modules are hung off of each other by means of
interconnecting FRP plates to ensure accurate alignment.

Next, parts are labeled, and the frames are taken apart. All components are cleaned by pressure
washing or ultrasonic bath. All cut FRP surfaces are then coated with polyurethane, which
contains the same main ingredient as the FRP resin, allowing it to bond well to the FRP fibers.
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Final panels are constructed from cleaned and inspected parts. Since assembly requires access to
both sides of a module, a dedicated assembly table has been manufactured that allows convenient
module rotation.

Figure 3.24 shows a partially assembled endwall FC FRP frame on the assembly table.

Figure 3.24: Assembly table with partially assembled endwall FC module. Box beams, cross beams,
and slots for mounting of aluminum profiles are visible.

The FRP box beams are sandwiched between 1.27 cm (0.5in) thick FRP panels that are held on
one side by means of G10 bushings and rods with square nuts. On the other side M10 stainless
steel bolts, which are clearly visible in Figure 3.25, engage with large slip nuts that are inserted
into the aluminum profiles. The profiles are pulled towards a 2.5 cm thick FRP plate located on
the inside of the box beam.

Aluminum profiles are inserted into the cutouts of the box beams and attached with screws and
stainless steel slip nuts to L-shaped FRP brackets that are mounted on the FRP box beams. Small
changes in part sizes will help to simplify the assembly procedure with respect to the one used for
ProtoDUNE-SP. Currently, we expect that pre-assembly of the FC endwall frames will no longer
be required. The full modules will be assembled at the factory (LSU), and then complete endwall
FC panels will be shipped to the SDWE.
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Figure 3.25: Top and center endwall FC module frames hanging.
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3.8.4 Electrical Interconnections

All electrical fasteners and wires used on the CPA arrays and FC are produced to specification by
commercial vendors and packaged with the CPA or FC modules. As discussed in Sections 3.8.2
and 3.8.3), this includes. e.g., the HV cable segments, wire jumpers, and machined brass tabs.

University shops will produce and test circuit boards for HV interconnections according to the
same design used for ProtoDUNE-SP. The FC voltage dividers were produced for ProtoDUNE-SP
at LSU, and the boards for CPA frame bias and CPA-FC connections were produced at Kansas
State University (KSU). Both institutions have created custom test apparatuses for verifying proper
operation of the boards at full voltage and over-voltage conditions, keeping the boards free of solder
flux and flux-remover. These institutions may scale up production and testing by the required order
of magnitude for the SP module or share this work with other institutions, whichever best meets
the needs of the project.

3.8.5 Production Safety

Production of the FC panels and resistor-divider boards will involve collaboration technical, sci-
entific, and student labor and does not present unusual industrial hazards. The HVS consortium
will work closely with each production site to ensure that procedures meet both Fermilab and
institutional requirements for safe procedures, personnel protective equipment (PPE), environ-
mental protection, trained materials handling, and training. The vast majority of production part
fabrication will be carried out commercially and shipping will be contracted through approved
commercial shipping companies. Prior to approving a site as a production venue, it will be visited
and reviewed by an external safety panel to ensure best practices are in place and maintained.

Testing of the HV feedthrough will be done in a closed cryostat to avoid exposure to high voltage
and to assure the nominal voltage is functional. The power supply is grounded to the cryostat
as a further safety measure. Tests for the ProtoDUNE-SP HV feedthrough were done at CERN
after a safety electrical and cryogenic review mainly focusing on the grounding of the whole test
stand (power supply, cable, and cryostat where the feedthrough was tested) as well as interlocks.
A safety document (PPSPS) was created, reviewed, and approved for this test. Similar testing
and documentation will be done for the SP_module.

3.9 Quality Control, Transport, and Installation

The HVS consortium has developed a comprehensive quality control (QC) plan for the production,
shipping, and installation of the SP module HV components. It is based partly on QC procedures
developed and implemented on ProtoDUNE-SP and on the NOvA experiment’s successful use of
barcode tagging for identifying and tracking detector components. Inventory tagging and tracking

each component is crucial. Documentation in the form of printed checklists is maintained [37].
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Travelers have been replaced by a system of tags with bar codes attached to the units, which key
to electronic QC data. The tags will be large and brightly colored enough to be seen from both
ends of the cryostat. A particularly suitable choice is to use bright yellow cattle tags, plastic tags
of about 10-12 square inches (~ 70 cm?) on which a unique QR® or bar code can be printed; they
can be purchased very inexpensively in quantities of hundreds or thousands.

Scanned tags are removed after completion of electronic checklist forms linked to the tag’s bar
code. At the end of TPC installation, all QC data for components at a particular location in the
detector are stored electronically and linked to that location.

3.9.1 Quality Control

Power supply devices used in an SP module will be tested before installation. Output voltages
and currents will be checked on a known load.

The feedthrough and filters will be tested at the same time, with the selected power supply. The
feedthrough must be verified to hold the required voltage in TPC-quality LAr (7 >1.6ms) for
several days. The ground tube submersion and E field environment of the test setup will be
comparable to the real FC setup or more challenging (e.g., the test liquid level can be lower than
that in the SP module but not higher). Additionally, the feedthrough must be leak-tight to satisfy
cryogenics requirements.

The QC tests concerning the voltage divider boards are as follows: All individual resistors and
varistors are submitted to a warm and cold (87 K) current-voltage measurement. This forms the
basis for selecting components that meet specifications: all electrical components must pass visual
inspection for mechanical damage; all measurement values (resistance, clamping voltage) must be
within 2 o of the mean for entire sample both in warm and cold tests.

The QC process for mechanical components starts at the production factories by attaching a
cattle tag with a unique code to each production element. A file linked to each code contains
the individual measurements and properties contained in the QC checklists for that element. The
following is an example of how this system will be implemented for the CPA components:

1. During assembly, QC checklists are filled out electronically using a smart phone or tablet.
Once a CPA unit is completely assembled and all checklists are complete, a coded temporary
cattle tag is attached and scanned, linking the checklist information to the code on the tag.
(The CPA unit’s individual parts are not tagged separately.)

2. A shipping crate will contain six CPA units, each with its removable coded tag, plus any
included hardware packages, each with a coded sticker.

3. A coded label on the shipping crate (paper sticker) will identify the contents of the crate
(six codes + codes of hardware packages). The code on the label is used only for shipping

®Quick Response Code, The QR™ code system was invented in 1994 by the Japanese company Denso Wave. https:
//wuw.qrcode.com/en/index.html.
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purposes and for inventory purposes.

4. In the SURF cleanroom, the first CPA panel is assembled. A coded tag is attached to the
CPA panel and scanned. Then the three individual CPA unit tags are scanned and removed,
linking them to the CPA panel code.

5. The same procedure is followed for the second CPA panel from the crate. Each CPA panel
now has a single tag attached to it.

6. The CPA panels are then combined into a CPA plane, and a single coded tag is attached to
the CPA plane and scanned. The two individual CPA panel tags are then scanned, linking
their codes to the that of the CPA plane.

7. Top and bottom FC modules are attached to both sides of the CPA plane, and a single coded
tag is placed on this CPA/FC assembly identifying the codes of each of the four FC modules
and the code of the CPA planes; these five tags are removed after scanning.

8. When moving the panel into the cryostat the code of the position tag on the DSS is scanned
as well as the tag on the CPA /FC assembly, and then both tags are removed.

At this point, a sequence of linked codes associated with QC checklists identify which CPA and
FC modules are mounted in which DSS positions, and no tagging material remains in the cryostat.
A similar sequence is anticipated for the production of the top and bottom FC units up to step 6;
the endwalls are done separately but similarly. At the completion of installation in the cryostat
and before top and bottom FC deployment, visual inspection will confirm the absence of any tags.

3.9.2 Transport and Handling

The HVS consortium has studied options for transportation from HVS production sites to the
SDWF and packaging of the shipped elements. We found that using reusable underground crates
and returning them to the factories when empty is less expensive than using inexpensive, disposable
crates for shipment from the factories to the SDWF, even with the extra shipment costs.

We have identified a vendor that produces honeycombed PVC sheets of varying thicknesses that
can be formed into crates. These can be loaded at the production sites, shipped to the SDWF,
and sent underground at SURF. We will require 50 shipments of crates containing two CPA panels
each to complete the SP module. The reusable underground crate scheme requires only 20 crates
to make the 50 shipments. Similar reductions are obtained for the top and bottom FC modules.

Crates would be available at each factory at the start of production. As production proceeds,
individual assembly units are bagged and sealed inside them. When a full shipment of crates is
ready at a factory, crates are sent by flatbed truck from the factory to the SDWEF. The full crates
are stored at the SDWEF until they can be received at SURF. Some components may require QC
and/or minor assembly procedures to be done at the SDWF before shipping to SURF.
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At SURF, the crates are lowered into the staging area outside the cleanroom where they are
unpacked. The assembly units are removed from their bags and taken into the cleanroom for
installation. Only cleaned assembly units are allowed into the cleanroom; the crate is restricted
to the staging area only. The empty crate is returned to the SDWF and then sent back to a
production factory for reloading.

3.9.3 Safety during Handling

In the current installation scenario, no assembly activities are foreseen at the SDWF site for any
components of the HV system. Only visual inspection of the HVS modules crate condition will be
performed to verify the integrity after shipping. No disruption in installation should occur in the
event of shipping damage since there is a one-month storage period at the SDWF and two week’s
installation storage underground at SURF. The HVS consortium will coordinate procedures for
underground handling with technical coordination.

A detailed Gantt chart on the production and installation schedule for the HVS of the first SP
module is shown in Figure 3.26.

The installation activities are described in Chapter 9.

3.10 Organization and Management

3.10.1 Institutional Responsibilities

The HVS consortium includes all the institutions that have participated in the design, construction,
and assembly of the HV systems for both ProtoDUNE-SP and ProtoDUNE-DP. They are listed
in Table 3.6. The consortium currently comprises several USA institutions and CERN, the only
non-USA participant.

As it has been for ProtoDUNE, CERN is heavily committed to a significant role in the FD in terms
of funding, personnel, and the provision of infrastructure for R&D and detector optimization.
Moreover, CERN will be responsible for a significant fraction of subsystem deliverables; as such
CERN is actively in search of additional European institutions to attract into the consortium.

At present, in the HV current consortium organization, each institution is naturally assuming the
same responsibilities that it assumed for ProtoDUNE-SP and ProtoDUNE-DP. The consortium
organizational structure includes a scientific lead (from CERN), a technical lead (from BNL), and
an HVS design and integration lead (from Argonne National Laboratory (ANL)).

The successful experience gained with the ProtoDUNE-SP detector has demonstrated that the
present HVS consortium organization and the number of institutions are appropriate for the con-
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struction of the HV system of the SP module. Funding and the predominant participation of USA
institutions are presently open issues that would benefit from more international participation.

The consortium is organized into working groups (“WG” below) addressing the design and R&D
phases of development, and the hardware production and installation.

o« WGI: Design optimization for SP module and DP module; assembly, system integration,
detector simulation, physics requirements for monitoring and calibrations;

o WG2: R&D activities, R&D facilities;

o WG3: SP-CPA: Procurement of resistive panels, frame strips, electrical connections of planes;
assembly, QC at all stages, and shipment of these parts;

e WG4: DP cathode and GP: material procurement; construction, assembly, shipment to

SDWF @lity assurance @), QC;

« WG5: modules: SP-top/bottom-FC module, SP-endwall modules, DP-FC modules: pro-
curement of mechanical and electrical components, assembly and shipping to SDWF'; and

« WG6: HV supply and filtering, HV power supply and cable procurement, R&D tests, filtering
and receptacle design and tests.

Taking advantage of identified synergies, some activities of the SP and DP working groups are
merged: HV feedthrough, voltage dividers, aluminum profiles, FRP beams, and assembly infras-
tructure.

Table 3.6: Institutions participating in the HVS consortium

Institution Country
CERN Switzerland
Argonne National Lab USA
Brookhaven National Lab USA
University of California Berkeley / LBNL USA
University of California Davis USA
Fermilab USA
University of Houston USA
Kansas State University USA
Louisiana State University USA
SUNY Stony Brook USA
University of Texas Arlington USA
Virginia Tech USA
College of William and Mary USA

3.10.2 Risks

Table 3.7 presents a summary of the risk items identified for the HV system of the FD SP module.
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Table 3.7: HV risks (P=probability, C=cost, S=schedule) The risk probability, after taking into account
the planned mitigation activities, is ranked as L (low < 10%), M (medium 10 % to 25%), or H (high
>25%). The cost and schedule impacts are ranked as L (cost increase <5 %, schedule delay <2
months), M (5% to 25 % and 2—6 months, respectively) and H (>20 % and > 2 months, respectively).

1D Risk Mitigation P C S
RT-SP-HV-01 Open circuit on the Component selection and cold tests. L L L
field cage divider chain Varistor protection.
RT-SP-HV-02 Damage to the resistive  Careful visual inspection of panel L L L
Kapton film on CPA surfaces. Replace panel if scratches
are deep and long
RT-SP-HV-03 Sole source for Kapton Another potential source of resistive M L L
resistive surface; and Kapton identified. Possible early
may go out of produc- purchase if single source.
tion
RT-SP-HV-04 Detector components Spare parts at LW. FC/CPA modules L L L
are damaged during can be swapped and replaced from
shipment to the far factories in a few days.
site
RT-SP-HV-05 Damages  (scratches, Require sufficent spare profiles for L L L
bending) to aluminum substitution. Alternate: local coat-
profiles of Field Cage ing with epoxy resin.
modules
RT-SP-HV-06 Electric field unifor- Redundant components; rigorous L L L
mity is not adequate screening. Structure based on CFD.
for muon momentum Calibration can map E-field.
reconstruction
RT-SP-HV-07 Electric field is below Improve the protoDUNESPHVSde- M L L
goal during stable op- sign to reduce surface E-field and
erations eliminate exterior insulators.
RT-SP-HV-08 Damage to CE in event HVS was designed to reduce dis- L L L
of discharge charge to a safe level. Higher resis-
tivity cathode could optimize.
RT-SP-HV-09 Free hanging frames Designed for flow using fluid model; L L L
can swing in the fluid Deformation can be calibrated by
flow lasers or cosmic rays.
RT-SP-HV-10 FRP/ Polyethene/ Positive experience in other detec- L L L
laminated Kapton tors. Gain experience with LAr
component lifetime is TPC’s; exchangeable feedthrough.
less than expected
RT-SP-HV-11 International funding Cost reduction through design opti- M M M
level for SP HVS too mization. Effort to increase interna-
low tional collaboration.
RT-SP-HV-12 Underground installa- SWF contingency, full-scale trial be- L L L

tion is more labor in-
tensive or slower than
expected

fore installation. Estimates based on
ProtoDUNE experience.

The first five risks refer to the construction and operation phases; risks 6 through 12 apply to the

installation and/or detector operation phase.
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Most of the cited risks have already been addressed during the construction, commissioning, and
operation of ProtoDUNE-SP. None have caused significant problems, with the partial exception
of risk 9. Risk 9 requires an accurate analysis of collected muon data (this activity is in progress),
and the disentangling of space charge effects.

Given the much larger detector scale and the more complex underground installation environment,
the listed risks still apply to the detector modules. However, the positive experience gained with
ProtoDUNE justifies the low risk probabilities assigned to most of the items. To better justify these
statements, brief explanations are given below, together with the identified mitigation actions.

Risk 1: An open circuit on the FC could occur if a resistor in the conventional voltage dividers
were to fail in the open condition, which could result in HV discharges across the open circuit
gap. Mitigation: Perform stringent component selection and cryogenic testing. Use parallel resis-
tor chains to provide redundancy. Varistors, capable of withstanding several thousand amperes
of current impulses, have been added in parallel with the resistor chains to protect them from
large current surges. Check resistances several times during FC fabrication and assembly phases,
including once after the FC deployment.

Risk 2: Limited, local scratches could occur from accidental contacts during module assembly or
installation. No mitigation is required if a scratch is limited in size. For larger scratches that can
induce delamination, the mitigation is to replace the panel with a spare.

Risk 3: About 12 rolls of resistive Kapton are needed (4 ft wide, 300 m per roll) for the CPA panels
of one SP module. The cost is 20k$ per roll from the only vendor available up to now. Mitigation:
Recently another source of resistive Kapton has become available and is being investigated. An
early purchase is also under consideration in case of a single source condition.

Risk 4: Poor shipping techniques could cause damage to delicate components (e.g., broken CPA
panels, bent or heavily scratched aluminum profiles) that would cause the modules to fail QC
tests. If significant repairs to detector components are needed, they may require replacements.
Mitigation: Plan for an adequate number of spare elements and implement a documented QA
program for shipment packing with detailed review of shipping procedures, shipping containers,
and testing in crates after arrival.

Risk 5: The surface of the aluminum profiles is very delicate and deep scratches could locally
increase the E field to close to the critical field of 30kV/cm. The surface can be damaged during
transport or manipulation in the assembly area. In case of significant damage, it cannot be
repaired due to its conductive coating. For mitigation, ensure the availability of sufficient spare
profiles on-site to allow last-minute substitutions. Alternatively, use a local coating with epoxy
resin.

Risk 6: Unexpected changes in FC resistor values, cathode/FC non-planarity or movement, and
surface or space charge buildup can distort the E field. As a consequence, the momentum of
non-contained muons, measured by estimating the multiple scattering rate for the observed track
segments, could be incorrectly estimated, thereby degrading the momentum resolution for non-
contained muons. v, disappearance analyses and three-flavor fits could be affected leading to feed-
down of high-energy neutrino backgrounds to low-energy reconstructed categories. Mitigation:
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Consider addition of a laser calibration if calibration with cosmic crossing muons is not sufficient.

Risk 7: In ProtoDUNE, HV instabilities appeared as current streams occurring at intervals of
several hours and localized on a specific FC module. These required a several-minute ramp-
down of the HV from the nominal —180kV to a lower value, typically —140kV; see Section 3.6.
Investigations are underway to characterize and mitigate this risk. Recently, understanding of this
risk has significantly progressed thanks to the long-term operation of ProtoDUNE-SP in 2019 while
exposed only to cosmic rays. There are strong hints that the instabilities are due to charging-up
processes on insulators. In addition, the current streamers are confirmed to have been localized
mainly on one GP (of 12). No degradation of the detector performance due to HV instabilities has
been observed. Moreover, these instabilities appear to decrease gradually in rate and intensity. At
present, the detector down-time due to these instabilities is less than 1%.

ProtoDUNE long-term operation is also indicating that LAr purity does not play a significant role
in the onset of the HV instability (for free electron lifetime above ~ 1ms). The impact of the HV
instabilities on APA/CE and PDs is also under investigation and at the moment appears to be
negligible.

The mitigation for risk 7 involves improvement at the design level to increase as much as possible
the distance between the FC and GPs and to avoid high-field regions by smoothing all electrodes
exposed to HV. ProtoDUNE-DP, with a comparable design, will help determine the validity of
these improvements.

Risk 8: A sudden discharge on the HV system would inject charge to the FE ASICs, overwhelming
the protection circuits and causing permanent damage. Mitigation: Key aspects of the HVS design
were aimed at reducing the charge injection to a safe level for the CE, such as segmenting the FC
and making the cathode planes resistive. We are still searching for higher-resistivity material on
the cathode to increase the safety factor.

Risk 9: Each cathode is made of lightweight, non-porous material with an area of 58 m x 12m that
could move under the convectional flow of the LAr. Mitigation: The CPA structure is designed
to withstand pressure from LAr flow based on fluid model predictions. Static deformation can be
calibrated by lasers or cosmic rays.

Risk 10: Aging of insulator components in LAr could pose a problem, but experience in ATLAS
(Kapton & PCB, 20+ years), ICARUS (G10, feedthrough 4+ years; feedthrough exchangeable) is
trending favorably. Mitigation: Continue to gain experience with LArTPCs. Make feedthrough
exchangeable.

Risk 11: Current costing suggests that international funding could be insufficient. Mitigation:
Implement cost reduction through design optimization and scaling. Make efforts to include more
international institutions.

Risk 12: Underground installation is more labor-intensive or slower than expected. Mitigation:
Add labor contingency. Carry out full-scale installation trials at the Ash River site prior to
installation. The estimates are based on ProtoDUNE experience. With the present knowledge,
the HV system is not on the critical path for installation.
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3.10.3 High-level Schedule

Table 3.8 lists the most high-level milestones for the design, testing, production, and installation of
the SP module HVS. Dates in this tentative schedule are based on the assumed start of installation
of the first SP module at SURF. The dates for the HVS production of a second SP module are

included as a reference.

The production scenario for the schedule presented in Table 3.8 assumes two factory sites for the
CPA construction, two for the top/bottom FC modules and one for endwall FC modules. Given the
present starting date for the first SP module installation, this assumption is fully compatible with
the time available after the operation of the ProtoDUNE-2 prototype. A more detailed schedule
for production and installation of the first SP module is found in Figure 3.26.

3.11 Appendix: Alternatives

3.11.1 Optical Reflectors on CPA

Since the PDs in the current TPC design are installed only on the APA side of the drift volume
and have low coverage, their responses to ionization inside the TPC are highly dependent on drift
distance and severely biased toward the APA. In order to improve the uniformity of response along
the drift direction, the PD consortium has proposed adding reflector foils coated with wavelength-
shifting (WLS) to convert the UV photons arriving at the cathode into visible photons and bounce
them back to the PDs inside the APAs. Simulations have shown that addition of the reflectors
significantly improves the uniformity of response.

Implementing this concept, however, could dramatically alter the current CPA characteristics
and design. The HVS consortium has developed several concepts to accommodate the reflectors
with minimal change to the CPA design. The main issue is the conductivity of the reflector foil
versus the highly resistive nature of the CPA. To improve the light output, it would be best to
cover as much of the cathode surfaces as possible, but large area coverage with conductive, (e.g.,
aluminum-coated) reflectors could short-circuit the resistive cathode and render it ineffective in
slowing down the energy transfer during a potential HV breakdown. On the other hand, reflector
foils made of insulating material would intercept the ionization charges drifting toward the cathode
and become charged. This would alter the drift field uniformity and, worst yet, could result in
random breakdown through the foil.

A design concept that is fairly simple to implement is depicted in Figure 3.27. A 3M Vikuiti’
reflector foil or equivalent is laminated onto a thin FR-4 backing sheet to maintain thermal expan-
sion compatibility with the resistive CPA panel, which also has an FR-4 core. The reflector foil
assembly is perforated at regular intervals to allow collection of electrons through the holes to the

"Vikuiti™is a light enhancement film produced by the 3M Company, http://multimedia.3m.com/mws/media/
4198820/vikuititm-rear-projection-displays-brochure.pdf.
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Table 3.8: High level Milestones and Schedule for the production of the HVS of the SP module

Technology Decision

CPA/FC/Endwall 60% Design Review June 2019
CPA/FC/Endwall Mod 0 (for tests at Ash River) June 2019 - June 2020
Final Design Review June 2020
Start of module 0 component production for ProtoDUNE-2 June 2020

End of module 0 component production for ProtoDUNE-2 March 2021

Top/Bottom FC production readiness review July 2023
Start of Top/Bottom FC production September 2023
CPA production readiness review October 2023
Start of CPA production December 2023
Top of detector module #1 cryostat accessible  January 2024
Endwall FC production readiness review February 2024
Start of Endwall FC production April 2024
End of CPA production Detector #1 August 2024
End of Top/Bottom FC production Detector #1 August 2024
End of Endwall FC production Detector #1 August 2024

End of CPA production Detector #2 September 2025
End of Top/Bottom FC production Detector #2 October 2025
End of Endwall FC production Detector #2 January 2026
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Task

DUNE 10 kt SP HVS Production/Installation Schedule

10/2/18

CPA/FC/EW 60% Design Review

CPA/FC/EW Final Design Review/ProtoDUNE Il PRR
CPA/FC/EW Mod O ( for tests at Ash River)
CPA Production Readiness Review
Top/Bottom FC Production Readiness Review
EndWall FC Production Readiness Review
Start Procurement for CPA

CPA Factory Setup

Start CPA Production

Field Cage Profiles Order

Start Procurement of T/B FC Parts

T/B FC Factory Setup

Start T/B Factory Production

Start Procurement of EW FC Parts

EW FC Factory Setup

Start EW FC Production

Start of Installation at SURF

CPA/FC/EW R&D Efforts

PROTODUNE SP Il ACTIVITIES

TCO open for pDUNE SP Il modifications
Close TCO pDUNE SP Il

Test Beam data-taking, analysis

PRODUCTION SETUP

CPA Production Setup

T/B FC Production Setup

EW FC Production Setup

HV Components Cold Test Setup

PRODUCTION

FC Common Component Production
FC Profile Order

FC Profile Endcaps

FC Hardware Fabrication
Voltage Divider Test Components + Manufacture
FC Termination

CPA PRODUCTION

RP Fabrication

Kapton Order

FSS Order

Resistive Panel Order
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Figure 3.26: Gantt chart providing a detailed view of the production and installation schedule for the
HVS for the first SP module.
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RP surface, minimizing the voltage build-up from charging of the non-perforated surfaces. Several
such foil assemblies are then tiled onto the existing RPs with screws.

In order to advance the CPA design while providing the option of adding the reflector foils at a later
time, the HVS consortium will design a hole pattern on the RPs that could be used for mounting of
reflector foils or panels, or left unused without negative consequences. In the meantime, HVS and
PD consortia are conducting joint R&D to evaluate a few design concepts and material choices.

Figure 3.27: A concept to attach reflector foils to a CPA panel. (Credit: BNL)

3.11.2 Calibration Laser Penetrations

The calibration consortium is developing requirements for calibrating the E field. One existing
technique is to use UV laser beams to ionize the LAr and generate straight tracks along known
trajectories. Because the FC surrounds the TPC active volume, we can either shoot through the
gaps between the FC profiles (as in MicroBooNE) or make openings in the FC for the laser heads
to pass through (as in SBND). Figure 3.28 shows the design of a corner of the SBND TPC with
a FC opening and a calibration laser head through the opening. Implementing such openings is
straightforward if the openings are at the FC module boundaries. Doing so through the interior
surface of a FC panel is more complicated but still simpler than the beam plug we designed for
ProtoDUNE-SP. There will be some minor drift field distortion around the openings. Preliminary
finite element analysis (FEA) studies have shown the field distortion to be negligible.
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Figure 3.28: SBND field cage opening to allow a calibration laser head to pass through. (Credit: BNL)
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Chapter 4

TPC Electronics

4.1 System Overview

The time projection chamber (TPC) electronics encompass the hardware systems necessary to
amplify, digitize, and transmit the TPC ionization charge signals out of a Deep Underground
Neutrino Experiment (DUNE) single-phase (SP) liquid argon time-projection chamber (LArTPC).
This includes the cryogenic front-end (FE) electronics (amplifiers, digitizers, digital controllers),
power and data cabling and their cryostat feedthroughs, external (non-cryogenic) digital control
electronics and power supplies, in addition to the system providing the bias voltage to the anode
plane assemblies (APAs). The TPC electronics as presented here does not include the electronics
associated with the detection and recording of liquid argon (LAr) scintillation photons, nor the
data acquisition (DAQ) computing systems needed to capture and record these data.

The main difference between the DUNE SP detector module and previous experiments or proto-
types using LAr technology is that for the first time all the signal processing for the readout of the
wires of the APAs takes place inside the LAr, in boards that are directly mounted on the APA.
This approach to the TPC readout was tested for the first time in the DUNE 35 ton prototype,
and extensively tested in the ProtoDUNE-SP prototype. It has also been adopted by the SBND
experiment. The TPC FE readout components immersed in the LAr are also referred to as the
cold electronics (CE).

The FE electronics are mounted inside the LAr to exploit the fact that charge carrier mobility in
silicon is higher, and thermal fluctuations are lower, at LAr temperature than at room temperature.
For CMOS electronics, this results in substantially higher gain and lower noise at LAr temperature
than at room temperature [38]. Mounting the FE electronics on the APA frames also minimizes
the input capacitance, which further contributes to the noise reduction. Furthermore, placing the
digitizing and multiplexing electronics inside the cryostat reduces the total number of penetrations
into the cryostat and minimizes the number of cables coming out of it.

As the full TPC electronics chain for the SP module includes many components on the warm side
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of the cryostat as well, the DUNE consortium designated to develop this system is formally called

the DUNE SP TPC electronics consortium.

This overview section starts with a review of the considerations that have led to the proposed design
for the DUNE SP detector, then discusses how the detector requirements follow from the physics
goals of the experiment. The reader will find a detailed description of all the TPC electronics
detector components in Section 4.2, including a discussion of how the lessons learned from the
construction, integration, installation and commissioning of ProtoDUNE-SP have informed the
design of the DUNE SP module and how the early data from ProtoDUNE-SP validate this design.
The description of the detector design is then followed by discussions of the quality assurance
(QA) program and the plans for production and assembly, and for integration, installation and
commissioning, in Sections 4.3-4.5. Section 4.6 discusses the interfaces with detector components
provided by other consortia, with technical coordination, and with the physics group. Sections 4.7
4.9 conclude the chapter with plans for addressing safety issues and risks during the construction,
installation, and operation of the detector, and an outline of the organization of the TPC electronics
consortium, with a timeline for the detector module construction and an estimate of the resources
required.

4.1.1 Introduction

In the DUNE SP module a minimum ionizing particle (MIP) deposits on average between 20 ke~
and 30ke™ on each collection wire, assuming a drift E field of 500 V/cm and an electron lifetime
of 6ms, as discussed in Chapter 1, and assuming full transparency during the electron transport
through the grid plane of the APA and its two planes of induction wires, as discussed in Chapter 2.
The larger of the two numbers is for MIPs close to the anode plane, and the smaller takes into
account the electron capture by electronegative impurities during the electron drift for tracks close
to the cathode plane.

The DUNE SP TPC is a unit-gain device where the electrical signal is produced by the drift of the
charges near the wires, in contrast to signal production in gaseous wire chambers, where the E field
is strong enough to provide additional ionization and signal multiplication. The signal induced
in the DUNE SP module wires is bipolar on the induction wires, negative when the electrons
drift toward the wires, and positive when they drift away from the wires. On the collection wires
signals are unipolar (negative). The signal duration is of the order of microseconds, and tends to
be narrower for the collection plane due to the enhancement of the weighting field for the collection
wires. Due to the lack of amplification of electrons inside LAr, low noise is essential for the CE to
reliably extract the ionization electron signal from both the collection and induction wire planes.

The reduction in noise level obtained with the CE greatly extends the reach of the DUNE physics
program. It allows measurement of smaller charge deposits, which mitigates the risks of inability
to reach the desired drift field or a lower electron lifetime than desired due to electronegative
impurities. For example, given an electron lifetime of 3ms and a drift E field of 0.25kV /cm, the
charge deposited in the collection wires from a MIP close to the cathode plane is reduced to 10 ke™.
The exact minimal signal-to-noise (S/N) required for pattern recognition depends on the tracking
algorithms and the offline signal processing. We use the minimal requirement of a total equivalent
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noise charge (ENC) less than 1000 e~ consistent with a S/N of at least 10 on the collection wires,
even in the pessimistic case where the electron lifetime and the E field just meet the required design
values discussed in Chapter 3. Considering the difference in signal amplitudes between collection
and induction wires and the bipolar shape of the signal on the latter, this requirement corresponds
to a S/N of at least 5 on the induction wires. This asymmetric requirement for the minimal S/N
on the collection and induction wires was first adopted by the SBND experiment [39].

The goal is to keep the total noise level as low as possible. For example, an increase in the S/N
above 15 allows the observation of MeV-scale photons, as recently demonstrated by ArgoNeuT [40)].
This enables reconstruction of both photons released during de-excitation of the nucleus and part
of the energy transferred to final-state neutrons. Low noise is also crucial for the baseline oscillation
analysis described in Volume II, DUNE Physics, Chapter 5. The event classification is based on a
convolutional visual network (CVN) that uses as inputs three images of the neutrino interactions,
one for each of the three readout views, using the reconstructed hits on the individual wire planes.
This approach relies on low noise levels. Decreasing the noise level also increases the reach of low-
energy physics measurements like those associated with stellar core-collapse supernova neutrino
burst (SNB). Finally, a low noise level opens up the possibility of using *’Ar beta decays to calibrate
the DUNE SP module [41]. Instead of zero suppression, the DUNE DAQ system uses lossless data
compression, as discussed in Section 7.2.1, that becomes more efficient as the noise level is reduced.
Therefore, the noise level also affects the bandwidth requirements for the DAQ system, discussed
in Chapter 7; these bandwidth requirements can be a limiting factor for low-energy physics signals,
particularly those of astrophysical origin.

To retain maximum flexibility in optimizing reconstruction algorithms after the DUNE data is
collected, the TPC electronics are designed to produce a digital record representing the waveform
of the current produced by charge collection and induction on the anode wires. Each anode wire
signal is input to a charge-sensitive amplifier, followed by a pulse-shaping circuit and an analog-to-
digital converter (ADC). To minimize the number of cables and cryostat penetrations, the ADCs
as well as the amplifier /shapers are located in the LAr, and digitized data from many wires merge
onto a much smaller set of high-speed serial links. The TPC signal processing is implemented
in ASICs using CMOS technology. The TPC is continuously read out, resulting in a digitized
ADC sample from each APA channel (wire). The ASICs used for the readout of the 2560 wires of
each APA are mounted on front-end mother boards (FEMBs), as shown in Figure 4.1. These are
connected to warm interface boards (WIBs) located outside of the cryostat via the CE signal cable
flange located at the CE feedthrough at the top of the cryostat. The WIBs are installed, together
with power and timing cards (PTCs) that distribute the power and the clock and control signals,
in a warm interface electronics crate (WIEC) that is mounted on the signal flange. From the WIBs
the data is sent to the DAQ back-end on an optical fiber network, as discussed in Chapter 7.

4.1.2 Requirements and Specification

A number of specifications are imposed on the TPC electronics in addition to the noise requirement
(ENC < 1000e™). Some of them, labeled as SP-FD in Table 4.1, are derived from DUNE’s overall
physics goals. The rest, labeled as SP-ELEC, are engineering specifications derived from the design
choices for the CE.
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Figure 4.1: The reference architecture for the TPC electronics. The basic unit is the 128-channel
front-end mother board (FEMB). The scheme includes also the silicon photomultipliers (SiPMs) used
for the readout of the photon detectors (PDs), as discussed in Chapter 5.
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Table 4.1: TPC electronics specifications

System noise < 1000 e~ Provides >5:1 S/N on induc- ProtoDUNE and
SP-FD-2 tion planes for pattern recog-  simulation
nition and two-track separa-
tion.
Front-end peaking 1ps Vertex resolution; optimized ProtoDUNE and
SP-FD-13 time for 5 mm wire spacing. simulation
SP-FD-14 Signal saturation 500,000 e~ Maintain calorimetric perfor-  Simulation
level (Adjustable so as mance for multi-proton final
to see saturation state.
in less than 10%
of beam-produced
events)
ADC sampling fre- ~ 2MHz Match 1 ps shaping time. Nyquist require-
SP-FD-19 quency ment and design
choice
Number of ADC bits 12 bits ADC noise contribution neg- Engineering calcu-
SP-FD-20 ligible (low end); match sig- lation and design
nal saturation specification choice
(high end).
Cold electronics < 50mW /channel ~ No bubbles in LAr to reduce Bench test
SP-FD-21 power consumption HYV discharge risk.
Non-FE noise contri- << 1000 e~ High S/N for high recon- Engineering calcu-
SP-FD-25 butions struction efficiency. lation and Proto-
DUNE
Dead channels < 1% Minimize the degradation in ProtoDUNE and
SP-FD-28 physics performance over the  bench tests
> 20-year detector opera-
tion.
Number of baselines 2 Use a single type of amplifier ProtoDUNE
SP-ELEC-1 in the front-end am- for both induction and col-
plifier lection wires
SP-ELEC-2 Gain of the front-end  ~ 20 mV/fC The gain of the FE amplifier
amplifier (Adjustable in the is obtained from the maxi-
range 5mV/fC to mum charge to be observed
25 mV/fC) without saturation and from
the operating voltage of the
amplifier;, that depends on
the technology choice.
SP-ELEC-3 System synchroniza- 50ns The dispersion of the sam-
tion (10ns) pling times on different wires
of the APA should be much
smaller than the sampling
time (500 ns) and give a neg-
ligible contribution to the hit
resolution.
Number of channels 128 The total number of wires on  Design
SP-ELEC-4 per front-end moth- one side of an APA, 1,280,

erboard

must be an integer multiple
of the number of channels on
the FEMBs.
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SP-ELEC-5 Number of links 4 at 1.28 Gbps Balance between reducing ProtoDUNE, Lab-
between the FEMB (2 at 2.56 Gbps) the number of links and relia- oratory measure-
and the WIB bility and power issues when ments on bit error

increasing the data transmis- rates
sion speed.
Number of FEMBs 4 The total number of FEMB  ProtoDUNE, De-

SP-ELEC-6 per WIB per WIB is a balance be- sign

tween the complexity of the
boards, the mechanics in-
side the WIEC, and the re-
quired processing power of
the FPGA on the WIB.
Data  transmission 10 Gbps Balance between cost and re- ProtoDUNE, Lab-

SP-ELEC-7 speed between the duction of the number of op- oratory measure-
WIB and the DAQ tical fiber links for each WIB. ments on bit error
backend rates
Maximum diameter 6.35cm (2.5") Avoid the need for further Tests on APA

SP-ELEC-8 of conduit enclosing changes to the APA frame frame prototypes

the cold cables while

and for routing the cables

they are routed along the cryostat walls
through the APA
frame

The DUNE Far Detector Single-Phase Technology

SP-FD-13: The FE peaking time must be in the range 1 to 3 ps to match the time required
for the drifting charges to travel from one plane of anode wires to the next, which corresponds
to the typical duration of the signal observed on the wires. The planes of anode wires are
separated by 4.75mm (see Chapter 2), and the drift velocity for the E fields considered
for DUNE is in the range 1.2mm/us to 1.6 mm/us (1.4mm/us to 2.1 mm/us for the gaps
between the APA wire planes). A FE peaking time similar to the typical signal duration
improves the detector’s two-track resolution.

SP-FD-14: The system must have a linear response up to an impulse input of at least
500,000 e~. This corresponds roughly to the largest ionization signals expected. These occur
in events where multiple protons are produced in the primary event vertex, in particular,
when the trajectories of one or more of the protons are parallel to the wire, leading to
collection of charge over a long path length within a short time.

SP-FD-19: The ADC sampling frequency must be ~2 MHz, This value is chosen to match a
FE shaping time of 1ps (approximate Nyquist condition) while minimizing the data rate.

SP-FD-20: The ADC must digitize the charge deposited on the wires with 12 bits of precision.
The lower end of the ADC dynamic range is driven by the requirement that the digitization
not contribute to the total electronics noise, as defined by requirement SP-FD-25. The upper
end is defined by SP-FD-14. Combining this with SP-FD-02 on the total electronics noise
results in the need for 12 bits digitization.

SP-FD-21: Preliminary studies indicate that the power dissipated by the electronics located
in the LAr should be less than 50 mW /channel. Lower power dissipation is desirable because
the mass of the power cables scales with power. Ongoing studies focus on whether the amount
of power dissipated by the electronics should be minimized further because of potential
complications from argon boiling.

SP-FD-25: The components of the readout chain, including the ADC and the bias voltage
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supplies, together must not contribute significantly to the overall noise. The ADC specifica-
tions for non-linearity and noise will depend on the gain of the FE. Like in the case of the
requirement on the noise caused by voltage ripples on the cathode (SP-FD-12) discussed in
Section 3.1.2 we are aiming to keep all sources of noise other than the FE amplifier below
100e™.

o SP-FD-28: The fraction of non-functioning channels over DUNE’s nominal 20 years lifetime
must not exceed 1%. Ongoing studies will quantify the effect of failures in the TPC and
electronics, including single wire failures, and failures of groups of 16, 64, or 128 channels.

e SP-ELEC-1: The FE must have an adjustable baseline such that a single amplifier can
process both the bipolar signal from the induction wires and the mostly unipolar signal from
the collection wires.

o SP-ELEC-2: The FE must have a gain that allows using the entire voltage range provided by
the chosen chip fabrication technology and operating voltage without saturation for physics
signals up to those specified in SP-FD-14. Multiple gain settings could be made available to
allow for optimization of the detector performance.

o SP-ELEC-3: The dispersion of the sampling times on the different wires of all the APAs
in one DUNE SP detector module should be less than 50ns. This value is much smaller
than the time difference between two subsequent samples on the same wire as defined by the
sampling frequency (SP-FD-19) such that it gives a negligible contribution to the single hit
resolution (assuming a drift velocity of 1.6 mm/us, the requirement of 50 ns corresponds to
a contribution to the single hit resolution of 80 um).

o SP-ELEC-4: The readout electronics for the APA wires must be organized into FEMBs
containing 128 channels. This number is a sub-multiple of the number of wires on an APA
and is determined by geometrical considerations, e.g., the number, size, and form factor of

the CR boards introduced in Section 4.2.2.

o SP-ELEC-5: The data from the FEMBs must be transmitted to the WIBs on a maximum
of four links per board, each with a maximum speed of 1.28 Gbps, to minimize the number
of connections on the cryostat penetrations. This requires data transmission at high speeds,
which increases the power consumption inside the LAr. A reduction in the number of links
per FEMB to two (with a link speed of 2.56 Gbps) will be investigated.

« SP-ELEC-6: Each WIB must read out four FEMBs. This number is chosen to balance the
complexity of the boards, the mechanics of the WIEC that houses the WIBs, and the required
processing power in the field programmable gate array (FPGA) inside the WIB.

o SP-ELEC-7: Each WIB must transmit data to the DAQ back end on optical links at a
speed of ~10 Gbps. This speed is a compromise between the cost of optical transmitters and
receivers and the complexity of the readout fiber plant.

o SP-ELEC-8: All the cables required to provide the low-voltage power and the control and
readout for the FEMBs mounted on the bottom APA, plus the bias voltage cables for the
same APA, must fit inside two conduits with a diameter of 6.35 cm (2.5 inch) that are inserted
in the frame of the APA, as discussed in Section 4.6.1.
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4.1.3 Design

The reference design of the TPC electronics detector components is based on the specifications
presented in Section 4.1.2. Each individual APA has 2560 channels read out by 20 front-end mother
boards (FEMBs), with each FEMB enabling digitized wire readout from 128 channels. One cable
bundle connects each FEMB to the outside of the cryostat via a CE signal cable flange located
at the CE feedthrough at the top of the cryostat, where a single flange services each APA, as
shown in Figure 4.2. Two CE signal flanges are on each feedthrough and together account for all
electronics channels associated with a pair of APAs (upper and lower, vertically arranged). Each
cable bundle contains wires for low-voltage (LV) power, high-speed data readout, and clock or
digital-control signal distribution. Eight separate cables carry the TPC wire bias voltages from
the signal flange to the APA wire bias boards, in addition to the bias voltages for the field cage
termination electrodes and for the electron diverters. An additional flange on the top of each
feedthrough services the photon detection system (PD system) cables associated with the APA
pair. Low-voltage power supplies and bias-voltage power supplies are located on the top of the
cryostat.

The reference design for the CE calls for three types of custom ASICs inside the LAx:

+ a 16-channel FE ASIC for amplification and pulse shaping (referred to as LArASIC);
 a 16-channel 12-bit ADC ASIC operating at ~2 MHz (referred to as ColdADC); and
« a 64-channel control and communications ASIC (referred to as COLDATA).

The TPC electronics detector components required for one APA are:

o FEMBESs, on which the ASICs are mounted, and which are installed on the APAs;

« cables for the data, clock, and control signals; LV power; and wire bias voltages between the
APA and the signal flanges (cold cables);

« signal flanges with a CE feedthrough to pass the data, clock, and control signals; LV power;
and APA wire bias voltages between the inside and outside of the cryostat; and the corre-
sponding cryostat penetrations and spool pieces;

o WIECs mounted on the signal flanges containing the WIBs and a PTC for further processing
and distribution of the signals entering and exiting the cryostat; low voltage power and clock

and control signals are transmitted from the PTCs to the WIBs on the power and timing
backplane (PTB).

« cables for LV power and wire bias voltages between the signal flange and external power
supplies (warm cables); and

« LV power supplies for the CE and bias-voltage power supplies for the APAs.

The number of channels (wires) connected to each of these components is given in Table 4.2.

The electronics located inside the cryostat cannot be replaced or repaired after the cryostat has
been filled with LAr. Successful operation of the readout electronics in LAr for the 20 years of
DUNE operation imposes technological choices for the SP module ASICs, and specific constraints
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Table 4.2: TPC electronics components and quantities for a single APA of the DUNE SP module.

Element Quantity Channels per element
Front-end mother board (FEMB) 20 per APA 128
FE ASIC chip 8 per FEMB 16
ADC ASIC chip 8 per FEMB 16
COLDATA ASIC chip 2 per FEMB 64
Cold cable bundle 1 per FEMB 128
Signal flange 1 per APA 2560
CE feedthrough 1 per APA pair 5120
Warm interface board (WIB) 5 per APA 512
Warm interface electronics crate (WIEC) 1 per APA 2560
Power and timing card (PTC) 1 per APA 2560
Power and timing backplane (PTB) 1 per APA 2560

on commercial components that are installed inside the LAr. While the higher charge carrier
mobility [42] at LAr temperature than at room temperature is central to improving the performance
of the CE, it also leads to the hot-carrier effect [43], which limits the lifetime of ASICs. In n-type
CMOS transistors, the carriers (electrons) can acquire enough kinetic energy to ionize silicon in
the active channel. This charge can become trapped and lead to effects (including threshold shifts)
similar to those caused by radiation damage, which can cause CMOS circuits to age much more
quickly at LAr temperature, reducing performance and potentially causing failure. To mitigate
the hot carrier effect, the maximum E field in transistor channels must be lower than that which
could be used reliably at room temperature. The reduction of the maximum E field is achieved
by operating the ASICs at a reduced bias voltage and by increasing by ~50% the length of the
transistors’ channels. Another drawback of integrated circuits operated at LAr temperature is
that the spread of the transistor properties becomes larger, making it more difficult to rely on
transistor matching for circuit design. We must carefully test any commercial circuits used in the
LAr to ensure they will perform well for the expected experiment lifetime. Reliability studies for
TPC electronics designs under consideration are discussed in Section 4.3.3.

4.2 System Design

In order to achieve the lowest possible overall noise in the readout of the APA wire planes, all
possible sources of noise need to be kept to a minimum. This requires minimizing the noise sources
in each of the components of the readout chain of the APA wires, such as the FE amplifier noise.
It also requires that all system aspects are taken into account, including avoiding channeling noise
inside the cryostat through ground connections and through the readout chain of other detector
components, like the PD system, the high voltage system (HVS), or the cryogenic instrumentation.

In this section we describe the overall system design of the TPC electronics, starting in Section 4.2.1
with a description of the grounding and shielding scheme adopted in the DUNE SP module to
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minimize the overall noise in the detector, followed in Section 4.2.2 by a discussion of the bias
voltage distribution system. Later, we describe in Section 4.2.3 the FEMBs, including the design of
the ASICs that are being considered for use in DUNE. In Section 4.2.4 we discuss the infrastructure
for the CE inside the cryostat, which includes the cold boxes that shield the FEMBs, the cold
cables, and the cable trays. Then in Sections 4.2.5-4.2.8 we discuss the infrastructure on the top of
the cryostat, including the feedthroughs, the WIECs, the timing distribution and synchronization
system, and the services that provide the low voltage power and the bias voltage to the TPC
electronics. The design presented here is very similar to the one used for ProtoDUNE-SP. The
results obtained with this detector are discussed in Section 4.2.9. Then in Section 4.2.10 we
discuss how the lessons learned from the construction, installation, commissioning, and operation
are informing the final design of the DUNE SP detector module. Later in Section 4.2.11 we conclude
with a discussion of the design maturity and of the remaining prototype activities that are required
prior to the beginning of the detector construction. Other aspects of system design pertaining to the
interfaces with other detector components, including their grounding, are discussed in Section 4.6.

4.2.1 Grounding and Shielding

The overall approach to minimizing the system noise in the SP module relies on enclosing the
sensitive wire planes in a nearly hermetic Faraday cage, and then carefully controlling currents
flowing into or out of that protected volume through the unavoidable penetrations needed to build
a working detector. Done carefully, this can result in avoiding all unwanted disturbances that
result in detector noise. Such disturbances could either be induced on the signal wires by changing
currents flowing inside the cryostat or even on the cryostat walls as, for instance, a temperature
sensing circuit that acts as a receiving antenna on the outside of the cryostat and a transmitting
antenna on the interior of the cryostat. In addition, unwanted signals might be injected into the
electronics either in the cold or just outside the cryostat by direct conduction along unavoidable
power or signal connections to other devices. This approach to minimizing the detector noise by
using appropriate grounding and shielding procedures is discussed in detail in [44]. It results in
the following set of requirements that need to be respected during the design and the construction

of the SP_module:

« The APA frame shall be connected to the common of all the FE ASICs;

« All electrical connections (low voltage power, bias voltage, clock, control, and data readout)
from one APA shall lead to a single signal feedthrough (SE'T);

o All APAs shall be insulated from each other;

¢ The common of the FE ASIC and the rest of the TPC readout electronics shall be connected
to the common plane of the FEMB;

o The return leads of the APA power line and any shield for the clock, control, and data
readout shall be connected to the common plane of the FEMB at one end and to the flange
of the SE'T at the other end; this shall be the only connection of the APA frame to the
cryostat;

o The mechanical suspension from the frame of the APA to the cryostat shall be insulated;
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o The last stage of the sense wire and grid bias filters shall be connected to the common of all
the FE ASICs and therefore to the APA frame.

 Similarly the last element of the field cage (FC) divider chain shall be connected with an
appropriate termination to the APA frame, as discussed in Section 3.5.

These requirements have been followed already for the construction of the ProtoDUNE-SP proto-
type. As discussed in Section 4.2.9, the initial results from the online monitoring and the analysis
of ProtoDUNE-SP indicate that the system noise requirements for the DUNE SP module can be
met.

To minimize system noise, the TPC electronics cables for each APA enter the cryostat through
a single CE flange, as shown in Figure 4.2. This creates, for grounding purposes, an integrated
unit consisting of an APA frame, FEMB ground for all 20 CE modules, a TPC flange, and warm
interface electronics. The input amplifiers on the FE ASICs have their ground terminals connected
to the APA frame. All power-return leads and cable shields are connected to both the ground plane
of the FEMB and to the TPC signal flange.

The only location where this integrated unit makes electrical contact with the cryostat, which
defines the detector ground and acts as a Faraday cage, is at a single point on the CE feedthrough
board in the TPC signal flange where the cables exit the cryostat. Mechanical suspension of the
APAs is accomplished using insulated supports. To avoid structural ground loops, the APA frames
described in Chapter 2 are insulated from each other.

Filtering circuits for the APA wire-bias voltages are locally referenced to the ground plane of the
FEMBs through low-impedance electrical connections. This approach ensures a ground-return
path in close proximity to the bias-voltage and signal paths. The close proximity of the current
paths minimizes the size of potential loops to further suppress noise pickup.

Signals associated with the PD system, described in Chapter 5, are carried directly on shielded,
twisted-pair cables to the signal feedthrough. The cable shields are connected to the cryostat at
the PD flange shown in Figure 4.2, and to the PCB shield layer on the PDs. The cable shields

have no electrical connection to the APA frame or the TPC electronics.

Further aspects of the DUNE grounding scheme are discussed in Volume III, DUNE Far Detector
Technical Coordination, Chapter 5 and in [45].

4.2.2 Distribution of Bias Voltages

Each side of an APA includes four wire layers, as described in Section 2.2. Electrons passing
through the wire grid must drift unimpeded until they reach the X-plane collection layer. The
nominal bias voltages, chosen to result in this electrically transparent configuration, are given in
Section 2.2.

The filtering of wire bias voltages and the AC coupling of wire signals passing onto the charge
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amplifier circuits is done on CR boards that plug in between the APA wire-board stacks and
FEMBs. The CR boards have already been described in Section 2.2.5.3; here we focus on the
rationale for the choice of the resistance and capacitor values and their impact on the wire signals.
Each CR board includes single RC filters for the X- and U-plane wire bias voltages, while the V-
plane wires have a floating voltage. In addition, each board has 48 pairs of bias resistors and AC
coupling capacitors for X-plane wires, and 40 pairs for the U-plane wires. The coupling capacitors
block DC levels while passing AC signals to the FEMBs. On the FEMBs, clamping diodes limit
the input voltage received at the amplifier circuits to between 1.8V + Up and 0V — Up, where
Up is the threshold voltage of the diode, approximately 0.7V at LAr temperature. The amplifier
circuit has a 22nF coupling capacitor at the input to avoid leakage current from the protection
clamping diodes. Tests of the protection mechanism have been performed by discharging 4.7 nF
capacitors holding a voltage of 1kV (2.35mJ of stored energy). The diodes survived more than 250
discharges at LNy temperature. A schematic diagram of the APA wire bias subsystem, identical
to the one used in ProtoDUNE-SP, appears in Figure 4.3.
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Figure 4.3: DUNE APA wire bias schematic diagram including the B board.

Bias resistance values should be at least 20 M(2 to maintain negligible noise contributions. The
higher value helps achieve a longer time constant for the high-pass coupling networks. Time
constants should be at least 25 times the electron drift time so that the undershoot in the digitized
waveform is small and easily correctable. As discussed in Section 2.2.5.3, the bias resistance value
is 51 M2, while the DC-blocking capacitors on each wire have a value of 3.9nF. This gives a time
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constant of 0.2s that is much larger than the drift time for electrons from tracks passing near the
cathode (~ 2.3ms).

The bias-voltage filters are RC low-pass networks. Resistance values should be much smaller than
the bias resistances to control cross-talk between wires and limit the voltage drop if any of the
wires becomes shorted to the APA frame. As discussed in Section 2.2.5.3, these resistors have a
resistance of 5 M), while the bias filter capacitors have a capacitance of 39 nF.

4.2.3 Front-End Motherboard

Each APA is instrumented with 20 FEMBs. The FEMBs plug into the APA CR boards, making
the connections from the wires to the charge amplifier circuits as short as possible. Each FEMB
receives signals from 40 U wires, 40 V wires, and 48 X wires. The reference FEMB design contains
eight 16-channel LArASIC chips, eight 16-channel Cold ADC ASICs, and two COLDATA control
and communication ASICs (see Figure 4.1). The FEMB also contains regulators that produce the
voltages required by the ASICs and filter those voltages, and a micro-electromechanical system
oscillator that provides a 40 MHz reference to the COLDATA Phase-Locked Loop (PLL). The
LArASIC inputs are protected by an external series inductor and two diodes as well as the internal
diode protection in the chip.

The ProtoDUNE-SP version of the FEMB (which uses a single FPGA on a mezzanine card instead
of two COLDATA ASICs) is shown in Figure 4.4. In the rest of this section we describe the ASICs
that will be installed on the FEMBs and discuss the procedure that will be followed to choose
the ASIC design to 1mplement in the SP module. In addition to describing LArASIC, ColdADC,
and COLDATA, we also discuss two alternative solutions, one based on a commercial oﬁ—the—shelf
(COTS) ADC, and one where the functionality of the three-ASIC is implemented in a single chip,
CRYQ.

Figure 4.4: The complete FEMB assembly as used in the ProtoDUNE-SP detector. The cable shown
is the high-speed data, clock, and control cable.

The functionality of the FEMB for DUNE will be almost identical to that of the FEMB used in
ProtoDUNE-SP. The design will change slightly to accommodate the new ASICs, which will also
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entail changing the connections to the WIB, and changing the number of voltage regulators. In
addition, the connector for the control and data cold cables will be replaced to address an issue
observed in ProtoDUNE-SP that will be discussed in Section 4.2.10. The new design, shown in
Figure 4.5, adds wings to the PCB soldered to the cold cable, with standoffs to ensure the planarity
of the connector to the FEMB, and a cutout in the PCB to preclude any stresses introduced by
height variations.

Add two wings to the Standoffs with custom
male connector PCB nuts press-fitted on PCB

Figure 4.5: Modified design of the cold data cable and of the FEMB PCB.

All the discrete components mounted on the FEMB have been characterized for operation in LAr.
In some cases (resistors, capacitors, diodes) the components used on the ProtoDUNE-SP FEMB
belong to the same family of components already used for other boards operating in cryogenic
environment, namely the boards used for the ATLAS accordion LAr calorimeter, providing relevant
information on the lifetime of these components, which is discussed later in Section 4.3.3. There
we also discuss procedures for the measurement of the lifetime of discrete components that have
been adopted in recent years to demonstrate that the TPC electronics can survive in LAr. These
types of measurements have been performed already for other neutrino experiments using the LAr

TPC technology, while for the micro-mechanical oscillator we rely on characterizations performed
by NASA [46].

In the case of custom ASICs, appropriate steps must be taken prior to starting the layout of the
chips. Both COLDATA and ColdADC are implemented in the TSMC 65nm CMOS process [47].
The designs were done using cold transistor models produced by Logix Consulting!. Logix made
measurements of TSMC 65nm transistors (supplied by Fermi National Accelerator Laboratory
(Fermilab)) at LN, temperature and extracted and provided to the design teams SPICE [48]
models valid at LNy temperature. These models were used in analog simulations of COLDATA
and ColdADC subcircuits. In order to eliminate the risk of accelerated aging due to the hot-carrier
effect [43], no transistor with a channel length less than 90 nm was used in either ASIC design. A

!Logix™ Consulting, http://www.lgx.com/.
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special library of standard cells using 90 nm channel-length transistors was developed by members
of the University of Pennsylvania and Fermilab groups. Timing parameters were developed for
this standard cell library using the Cadence Liberate tool®> and the Logix SPICE models. Most
of the digital logic used in ColdADC and COLDATA was synthesized from Verilog code using
this standard cell library and the Cadence Innovus tool®. Innovus was also used for the layout
of the synthesized logic. The design of the CRYO ASIC and of LArASIC are implemented in
the TSMC 130 nm and 180 nm CMOS process [49, 50], respectively. In the case of LArASIC, the
design uses models that were obtained by extrapolating the parameters of the models provided
by TSMC, which are generally valid in the 230 K to 400 K. In the case of the CRYO ASIC, cold
transistor models were based on data taken at SLAC National Accelerator Laboratory (SLAC)
with TSMC-produced 130 nm transistors.

4.2.3.1 Front-End ASIC

LArASIC [38] receives current signals from the TPC sense wires and provides a way to amplify and
shape the signals for downstream signal digitization. LArASIC has 16 channels and is implemented
using the TSMC 180 nm CMOS process [50]. It integrates a band-gap reference to generate all the
internal bias voltages and currents. This guarantees high stability of the operating point over a
wide range of temperatures, including cryogenic temperatures. The channel schematic of LArASIC
is shown in Figure 4.6.
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Figure 4.6: Channel schematic of LArASIC, which includes a dual-stage charge amplifier and a 5! order
semi-Gaussian shaper with complex conjugate poles. Circuits in red circles are programmable to allow
different gain and peaking time settings.

Each LArASIC channel has a dual-stage charge amplifier and a 5 order semi-Gaussian shaper
as an anti-aliasing filter for the TPC signals. It has programmable gain selectable from one of
4.7, 7.8, 14, and 25 mV /fC (corresponding to full-scale charge of 1.9 x 10, 1.1 x 10, 625 x 103,
and 350 x 103 e™), programmable peaking time selectable from one of 0.5, 1, 2, and 3 s, and pro-
grammable baseline for operation with either the collection (~200 mV) or the induction (~900 mV)

2 Cadence Liberate™.
3 Cadence Innovus™.
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wires. All these parameters can be set only at the ASIC level, i.e., they affect the behavior of 16
readout channels. The design of LArASIC has been optimized for the capacitive loads expected in
the case of the DUNE detector (i.e., in the range 170 pF to 210 pF'). Each channel has an option to
enable the output monitor to probe the analog signal, and an option to enable a high-performance
output driver that can be used to drive a long cable.

Each LArASIC channel has a built-in charge calibration capacitor that can be enabled or disabled
through a dedicated register. Measurements of the injection capacitance have been performed
using an external precisely calibrated capacitor. These measurements show that the calibration
capacitance is extremely stable against temperature variations, changing from 184 fF at room tem-
perature to 183 fF at 77 K. This result and the measured stability of the peaking time demonstrate
the high stability of the passive components as a function of temperature. Channel-to-channel and
chip-to-chip variation in the calibration capacitor are typically less than 1%. The variations of the
calibration capacitors could be characterized prior to the beginning of DUNE data taking, using
the quality control (QC) process, discussed in Section 4.4.4.

Shared among the 16 channels in LArASIC are the digital interface, programming registers, a
temperature monitor, and a band-gap reference monitor. It is also possible to enable AC coupling
as mitigation of baseline variations induced by vibrations of the APA wire, a programmable input
bias current selectable from one of 0.1, 0.5, 1, or 5nA, as well as a programmable pulse generator
with a 6-bit DAC for calibration. The possibility of configuring various parameters controlling the
FE amplifier (gain, peaking time, baseline) has allowed ProtoDUNE-SP to reduce the impact of
the saturation effect discussed in Section 4.2.10, at the cost of a reduction in dynamic range for
the collection wires.

The power dissipation of LArASIC is about 5.5mW per channel at 1.8V supply voltage when
the output buffer is disabled (the output buffer is required only for transmitting analog signals
over long distances; it is not needed when LArASIC is mounted close to the ADC on the FEMB).
The ASIC is packaged in a commercial, fully encapsulated plastic 80 pin QFP. Figure 4.7 shows
the response of LArASIC for all gains and peaking times and both baselines. Note that the gain
is independent of the peaking time; the same amount of charge, in the impulse approximation,
produces the same peak voltage signal regardless of the peaking time.

Prototype version P2 LArASIC chips have been evaluated and characterized at room temperature
and LN, temperature (77 K). 960 P2 chips, totaling 15.360 channels, have been used to instrument
six ProtoDUNE-SP APAs successfully. Excessive stress in the package of LArASIC at cryogenic
temperature causes FE channels to have a non-uniform baseline in collection mode, while the
baseline DC voltage in induction mode is uniform. A new prototype, version P3, was fabricated
in March 2018 to address this issue by making DC circuits for the collection mode similar to the
induction mode. At the same time, the default gain setting was changed to 14 mV /fC. The layout
of P3 LArASIC is also shown in Figure 4.7, with modifications highlighted in yellow boxes. The
P3 LArASIC chips were received and evaluated in September 2018. We have verified that with the
new design the FE channels have a uniform baseline when operated in the collection mode, and
that 14 mV /fC is the new default gain setting.

P3 LArASIC will be further evaluated on FEMBs in various integration test stands for performance
studies, including the 40% APA at Brookhaven National Laboratory (BNL), the ICEBERG R&D
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Figure 4.7: Response of LArASIC for four gains, four peaking times, and both baseline values (left; the
time distance between the positive and negative pulse for the induction wires has been exaggerated for
clarity reasons); layout of 16-channel LArASIC version P3, where revisions with reference to version P2
are highlighted in yellow boxes (right).

cryostat and electronics (ICEBERG) TPC at Fermilab and the seventh ProtoDUNE APA in the
cold box at European Organization for Nuclear Research (CERN). Analysis of the ProtoDUNE-SP
data has highlighted a saturation problem in the design of the P2 LArASIC that we have observed
also in bench tests of the P3 version. This problem, discussed in detail in Section 4.2.10, will
be addressed in the design of the next version of LArASIC, P4, for which we are also planning
to implement a single-ended-to-differential converter as an interface to the recently developed
ColdADC. The plan for solving the saturation problem in LArASIC is discussed in Section 4.2.11.

4.2.3.2 ColdADC ASIC

ColdADC is a low-noise ADC ASIC designed to digitize 16 input channels at a rate of ~ 2MHz, as
required for the DUNE SP module. ColdADC was designed to operate with an external 64 MHz
clock and an external 2 MHz digitization clock. The 2 MHz clock is aligned on the rising edge of
one of the 64 MHz transitions, as discussed in Section 4.2.3.3. For the remainder of this section
we assume that the main clock is operating at 64 MHz, but in the DUNE SP module this external
clock will operate at 62.5 MHz as discussed in Section 7.3.7, and the waveforms from the APAs will
be digitized every 512ns. ColdADC is implemented in the TSMC 65nm CMOS technology and
has been designed by a team of engineers from Lawrence Berkeley National Laboratory (LBNL),
BNL, and Fermilab. The ASIC uses a conservative, industry-standard design including digital
calibration. Each ColdADC receives 16 voltage outputs from a single LArASIC chip. The voltages
are buffered, multiplexed by 8, and input to two 15-stage pipelined ADCs operating at 16 MHz.
The 16 MHz clock is generated internally in ColdADC and shares its rising edge with the 2 MHz
clock. The ADC uses the well known pipelined architecture with redundancy [51]. Digital logic
is used to correct non-linearity introduced by non-ideal amplifier gain and offsets in each pipeline
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stage [52], and an automatic calibration procedure is implemented to determine the constants used
in this logic. The ADC produces 16-bit output which is expected to be truncated to 12 bits.

The ADC is highly programmable to optimize performance at different temperatures. Many circuit
blocks can be bypassed, allowing the performance of the core digitization engine to be evaluated
separately from the ancillary circuits. A block diagram of the chip is shown in Figure 4.8. Each
of the major blocks is described below.
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Figure 4.8: ColdADC block diagram.

All required reference voltages and currents are generated on-chip by programmable circuit blocks.
Independently adjustable bias voltage levels and currents are provided for the input buffers, sample-
and-hold amplifiers, ADCs, and ADC reference buffers. The most accurate reference voltage circuit
is a band-gap reference based on a PNP transistor. However, measurements made at BNL and
LBNL of a large PNP transistor indicate that the foundry-provided SPICE model does not ade-
quately describe the device operation at LAr temperature. Thus, a CMOS-based voltage reference
has also been included in ColdADC. As discussed below, bench tests of Cold ADC prototypes show
that both reference blocks perform well and meet requirements.

ColdADC has four possible ways to interface with LArASIC. It can accept either single-ended
inputs (provided by existing LArASIC chips) or differential inputs (foreseen for the future LArASIC
P4 upgrade). In either case, it is also possible to bypass the input buffers and apply the inputs
directly to the sample-and-hold amplifiers. The role of the input buffers is to present a well defined
and easy-to-drive load to LArASIC. The sample-and-hold amplifiers are separated into two groups
of eight. They sample the waveform at the rising edge of the (2 MHz) sampling clock. The 16 MHz
clock is then used to clock an 8-to-1 multiplexer that presents eight samples in turn to one of the
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two ADC pipelines.
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Figure 4.9: Circuit blocks in each ADC pipeline stage. MUX selects one of three values as the digitized
output of the current stage and presents it to the ADD circuit, which adds it to the result calculated by
previous pipeline stages. SHA is a sample-and-hold amplifier, and ADSC and DASC are low resolution
1.5 bit analog-to-digital and digital-to-analog subconverters, respectively.

A block diagram of an ADC pipeline is shown in Figure 4.9. Each of the 15 stages contains a
low-resolution 1.5-bit analog-to-digital subconverter containing two comparators, a 1.5-bit digital-
to-analog subconverter that produces a voltage based on the two comparator outputs, an analog
subtractor, a sample-and-hold amplifier, and a gain stage (with a nominal gain of two). The
transfer function of each stage is identical and is shown in Figure 4.10 along with the nominal
“weights” (Wy and W) that are added to form the output of the pipeline. Each pipeline stage
makes a three-level coarse decision based on the analog input voltage, selects one of three digital
weights to be added to the results of previous stages, and passes a voltage to the next stage that
is proportional to the difference between the input voltage and the voltage corresponding to the
digital output of the stage. Because the stages are weighted by a factor of two, but have three
possible digital results, there is redundancy between stages that makes the final result independent
of errors in the comparator thresholds (up to £V,./4 where the stage range is [V, V;]). An “error”
in the output of one stage is corrected in subsequent stages (usually the next stage). In order to
take advantage of this redundancy provided by the pipelined architecture it is necessary to include
at least one “extra” stage in the pipeline.

The calibration logic allows the correction of errors caused by imperfections in the voltage that
are passed from one stage to the next. These imperfections arise from errors in each stage corre-
sponding to +V,./2 from the resistive dividers and non-ideal effects in the gain and offset of the
interstage amplifiers. The calibration procedure relies on the fact that the required precision is
casily satisfied by the last stages of the pipeline. The number of stages to be calibrated (maximum
seven) is set by a programmable register. An iterative calibration procedure is used. Starting with
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Figure 4.10: 1.5-bit stage transfer function and digital output. The voltage range of the ADC as a
whole, and of each individual stage is [V}, V;]. Note that the voltage passed to the subsequent stage
will not exceed the stage range even if a comparator threshold is wrong by up to V,./4.

the least significant stage to be calibrated, the input to the stage is set to the threshold levels of
+V,./4 and the normal comparator outputs are overridden and forced first to 1 and then to 0. The
lower stages of the ADC digitize the analog value output from the stage being calibrated and the
difference between the ADC output when the comparator is forced to 1 and the ADC output when
the comparator is forced to 0 is calculated. These two differences (W, expressed as a negative
number and Wy expressed as a positive number) are stored and used as two of the three possible
digital outputs of the stage being calibrated (the third possible output being 0). This procedure
is then repeated for the next most significant pipeline stage until stage 15 has been calibrated.

The number of ADC bits that are useful depends on the effective noise of the various subcircuits
of the ADC. The noise of the first few pipeline stages (associated with the most significant bits)
contributes more heavily than subsequent stages. For this reason, the first stages are designed to
be larger, lower noise, and to require more power than later stages. The capacitance is reduced
by a factor of two, relative to that of the sample-and-hold amplifier, for each of the first three
stages, and then kept constant. The total effective noise expected is ~130 4V root mean square
(RMS). This is similar to the quantization error of an ideal 12-bit ADC with a voltage range of

1.5V (slightly larger than the output range of LArASIC, 0.2V to 1.6 V) for which the bin width
is ~366 1V and the quantization error is ~106 pV.

In normal operation, each pipelined ADC passes a 16-bit result to the data formatter on the rising
edge of the 16 MHz clock. The data formatter separates the two 16-bit words into eight 4-bit
nibbles and serializes the nibbles for output (most significant bit first) at 64 MHz. An output clock
and a frame marker are also generated. The frame marker indicates the most significant bit in each
nibble of the first of eight channels digitized by one of the ADC pipelines in each 2 MHz sample
period. The output data is generated on the falling edge of the output clock and is latched by the
COLDATA ASIC using the rising edge of the same clock.

A second mode of operation is included for debugging purposes. In this mode, 2-bit raw stage
results from each of the 15 stages of one of the two pipelines are formatted into the most significant
15 bits of two 16-bit words, broken into nibbles, and output in the same manner as normal data.
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Ten differential output drivers are used for the 64 MHz output clock, frame marker, and ADC
data. The output drivers source and sink a current whose value can be digitally controlled. The
minimum current is 165 pA, which corresponds to approximately 3mV peak-to-peak with 100 €2
termination. Seven additional levels spaced by 275 A can be selected. The maximum current is
2.07mA, about 2/3 of the LVDS standard of 3.5 mA.

The operation of ColdADC is controlled by a number of 8-bit registers. These registers can be
written to and read back using either an Inter-Integrated Circuit (I12C) interface [53] or a Universal

Asynchrous Receiver/Transmitter (UART). COLDATA will use the I2C interface. The UART is
included in the first Cold ADC prototype to facilitate chip testing and for risk mitigation.

ColdADC was received at the end of January 2019. Bench tests were performed at BNL, Fermilab,
and LBNL. These tests used ADC chips mounted directly on printed circuit boards, and were done
at both room temperature and cryogenic temperature. The tests concentrated first on functionality
and later on performance. A small number of problems were found during bench testing and will
be described below. These problems will not prevent system tests from being done with prototype

ColdADC chips.

Both control interfaces (I2C and UART) operate as designed. All of the digital control bits can
be written and read. The LVDS I/0 operates as designed and the drive current of the LVDS can
be selected as designed. The ADC pipeline functions as designed, as does the data formatter.
The automatic calibration logic does not work, but the pipelines can be calibrated off-chip using
register-controlled debugging modes to force all of the steps of the calibration procedure. The
sample-and-hold amplifiers and the multiplexer that connects the sample-and-hold outputs to the
ADC pipelines operate correctly. Both the CMOS reference generation block and the band-gap
reference block operate as designed, although a minor error in a digital-to-analog converter in the
band-gap reference block means that it must operate with the (nominally 2.3 V) analog voltage
set to 2.7V. Another error was discovered in the input buffer block. Level shifters intended to
translate control bits in the 1.2V domain to the 2.5V domain were omitted. As a result, the
1.2V digital supply must be set to 2.1 V. All of these design errors (including the auto-calibration
failure) have been understood and are easily corrected. Bench tests have proven that the ColdADC
prototypes can be run at the required elevated voltage settings for many days without damage to
the chips.

Performance measurements of ColdADC have also been done. The performance of many of the
sub-circuits have been measured separately as well as the performance of the entire ADC. Here we
present two measurements made at LNy temperature.

The static linearity of the pipeline ADC was measured using a filtered sine wave connected to
the test inputs of ColdADC. The measured histogram of ADC codes was fitted to the probability
density function for a sine wave. The calculation of the residuals to the fit yields the differential
non-linearity (DNL) as a function of ADC code; the integral of DNL is the integral non-linearity
(INL). These two distributions are shown in Figure 4.11, which was obtained using a sine wave
of amplitude of 1.4V peak-to-peak (matching the LArASIC dynamic range) and the nominal
reference voltage settings (corresponding to a 1.5V dynamic range).

Dynamic linearity was also measured using a filtered sine wave. In this case, ADC codes were
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ColdADC Static Linearity (fi,=147 kHz, V, _,=1.4V)
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Figure 4.11: DNL (top) and INL distributions as a function of ADC code for ColdADC.
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collected for an integer number of sine wave cycles and a FFT was performed on the data. The
signal to noise and distortion ratio (SNDR), effective number of bits (ENOB), spurious free dynamic
range (SFDR), and the total harmonic distortion (THD) were extracted from the FFT. An example
of the FF'T is shown in Figure 4.12, which was obtained using a sine wave of amplitude 1.5V
(matching the full range of the ADC). The extracted ENOB is over 11, despite the non-linearity
evident in Figure 4.11, because the ADC noise is very low. The dominant source of non-linearity
has been demonstrated to be insufficient open-loop gain of the operational amplifier used in each
pipeline stage. The design has already been modified to address this deficiency.

ColdADC Dynamic Linearity, Full Chain (Fin = 20.51 kHz)
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—20 - Bins = 2048
SNDR = 69.10 dB
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Figure 4.12: Fourier transform of ADC codes collected with a coherently sampled sine wave input to a
single-ended input buffer.

4.2.3.3 COLDATA ASIC

The COLDATA ASIC was designed by engineers from Fermilab and Southern Methodist Uni-
versity. It is responsible for all communications between the FEMBs and the electronics located
outside the cryostat. Each FEMB contains two COLDATA chips. COLDATA receives command-
and-control information from a WIB. Each COLDATA provides clocks to four ColdADCs and
relays commands to four LArASICs and four ColdADCs to set operating modes and initiate cali-
bration procedures. Each COLDATA receives data from four ColdADCs, merges the data streams,
provides 8b/10b encoding, serializes the data, and transmits the data to the warm electronics over
two 1.28 Gbps links. These links are driven by line drivers with programmable pre-emphasis.

Figure 4.13 is a block diagram of COLDATA.
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Figure 4.13: COLDATA block diagram.
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The commands for the control of all the ASICs on a FEMB are sent from a WIB using an 12C-like
protocol [53]. The protocol used in COLDATA differs from the standard I2C one. Because of the
long cables required between the WIEC and the FEMBs, COLDATA uses LV differential pairs for
both the I12C clock and data. Separate point-to-point links are used for data sent from warm-to-
cold and for data sent from cold-to-warm. In order to reduce the number of cables required, only
one of the two COLDATA chips on an FEMB has its main I2C interface directly connected to a
WIB. That COLDATA chip relays I2C commands and data to the secondary COLDATA chip and
relays I2C responses from the secondary COLDATA to the WIB. Each COLDATA also relays 12C
commands and data sent from the WIB to one of the four ColdADC chips, and it relays data back
to the WIB from one of the four ColdADC chips. The links on the FEMB between COLDATA
chips and ColdADC chips use single-ended (2.25 V) CMOS signals.

The controls intended for the LArASIC chips are interpreted inside COLDATA and transmitted to
the appropriate ASIC using a Serial Peripheral Interface (SPI)-like interface that uses single-ended
(1.8 V) CMOS signals. The configuration registers in LArASIC are configured to be loaded as a
single-shift register. As data is shifted into LArASIC on the master out slave in (MOSI) line, bits
from the other end of the shift register are shifted out on the master in slave out (MISO) line. It is
thus only possible to read LArASIC configuration registers while writing new configuration data.

In addition to the configuration commands, COLDATA receives a master clock and a fast command
signal on a LV differential pair from the WIB. Currently the master clock is 64 MHz, but it will be
changed to 62.5 MHz to simplify the overall DUNE SP module synchronization, as already discussed
in the case of ColdADC. The clock used for sampling the ADC is created inside COLDATA by
dividing the master clock by 32. The relative phase of the 2 and the 64 MHz clocks is set by
an appropriate fast command sent from the WIB. Both the master clock and the ADC sampling
clocks are passed from COLDATA to the four Cold ADC chips that it controls. Depending on the
master clock frequency the ADC will convert input data every 500 or 512ns, corresponding to a
frequency of 2 or 1.95 MHz. Signals that must be executed at a known time use the fast command
line. COLDATA uses the falling edge of the master clock to sample fast command bits as shown
in Figure 4.14. All legal fast commands are DC balanced. An “alert” pattern is used to establish
the 8-bit fast-command word boundary. An “idle” pattern is used when no command is being
sent. Four commands are defined: “Edge,” which moves the rising edge of the ADC sampling
clock to coincide with the next rising edge of the master MHz clock; “Sync,” which zeros the 8-bit
timestamp that is incremented on the rising edge of each ADC sampling clock; “Reset,” which
resets COLDATA; and “Act,” the function of which is determined by an 8-bit register that is
programmed using the 12C interface.

64 MHz

e Y XXX

Figure 4.14: Fast command timing: the leading edges of the fast command and of the master clock
are equal time when produced on the WIB. The fast-command bits are captured by COLDATA on the
falling edge of the master clock and shifted into a register on the next positive edge.

COLDATA receives digitized waveform data from four ColdADC ASICs. Each ADC presents its
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data on eight serial streams operating in parallel. Data from the ADCs is captured using the
ADC “dataClkOut” signal (one per ADC) and the start of a sample period is indicated by the
“frameStart signal” (one per ADC). Each ADC digitizes 16 channels of information and puts out
16 bits of data per channel. Information from two ADCs are merged by a Data Frame Formation
block. The Data Frame Formation circuitry converts the two groups of sixteen 16-bit words into
one of three types of data frame. For normal data taking, either a 12-bit format or a 14-bit
ADC format can be selected, discarding either the four or two lowest order bits. When the 12-bit
format is selected, a data frame consists of an 8b/10b command character (K28.2) and an 8-bit
time stamp, followed by 48 bytes of ADC data and two bytes of parity information. When the
14-bit format is selected, a data frame consists of an 8b/10b command character (K28.3) and an
8-bit time stamp, followed by 56 bytes of ADC data and two bytes of parity information. Two
debugging frame formats are also defined. When the “Frame-12 Test” format is selected, a data
frame consists of an 8b/10b command character (K28.0) and an 8-bit time stamp, followed by 48
bytes of predefined data and two bytes of parity information. The final format is used when the
ColdADCs are read out in debug mode. In this case, 30 bits of raw pipeline stage data are read
out from one of the two pipelined ADCs in each ColdADC ASIC and passed from ColdADC to
COLDATA using two 16-bit frames. When the “Frame-15” format is selected, a COLDATA output
data frame consists of an 8b/10b command character (K28.6) and an 8-bit time stamp, followed
by 60 bytes of ADC data (30 bytes from each ColdADC). No parity information is generated when
this format is selected. This is to ensure that at least one idle character (K28.1) will be sent
between each “Frame-15." A series of 8b/10b command characters (K28.5) is sent at the end of
each frame of 12-bit or 14-bit data to ensure synchronization of the high-speed links.

The serializers and output drivers operate asynchronously in a separate clock domain that is
not related to the master clock signal received from the WIB. Instead they use clocks derived
from a 40 MHz micro-electromechanical system oscillator on the FEMB. A single PLL generates
a 1.28 GHz clock for both serializers and output drivers. The 10-bit serializers are implemented
using two 5:1 multiplexers (clocked at 128 MHz) followed by a single 2:1 multiplexer (clocked at
640 MHz). Each serializer derives the 640 MHz and 128 MHz clock from the 1.28 GHz clock provided
by the PLL and provides its 128 MHz clock to the Data Frame Formation block, which uses it
at the output stage of a clock-domain-crossing FIFO. A link synchronization sequence of 8b/10b
command characters (K28.5) is used when the link is reset to establish the boundary between 10-bit
“words.” Idle characters (K28.1) are inserted by the Data Frame Formation block when no data is
ready for serialization (between data frames). The 1.28 Gbps output drivers include programmable
pre-emphasis. The pre-emphasis is achieved using a combination of a voltage mode circuit at the
input to the current mode driver and current mode pre-emphasis integrated into the driver circuit.
Measurements were made of the insertion loss (“S parameters”) as a function of frequency using
25m and 35 m lengths of the twinax cable identical to the cable used in ProtoDUNE-SP, and the
output driver circuit including pre-emphasis was simulated using a SPICE model based on these
measurements. The PLL and serializer circuits used in COLDATA were included in the first partial
prototype (CDP1) test chip that was produced in fall 2017 and shown to work as designed. The
measured eye diagram after 25m of twinax cable immersed in LAr using a commercial equalizer on
the receiving end is shown in Figure 4.15. The pre-emphasis circuit has been added to the current
mode driver, which was verified in CDP1 and can be disabled if desired.

A conservative estimation of the power consumption of COLDATA, that is dominated by the power
required for the LVDS transmitters and receivers, amounts to 195 mW for each 64-channel ASIC.
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Prototype COLDATA chips were received in July 2019 and the first round of room and LN,
temperature bench tests has been completed. All of the I2C control paths have been verified.
COLDATA registers can be written and read using either the LVDS interface or the CMOS in-
terface. ColdADC registers can be written and read using the I2C relay. Fast commands are
interpreted as designed; the 2 MHz clock phase can be controlled, and the various “Act” com-
mands are executed as intended. The PLL locks and the link speed is correct. Bench tests of
COLDATA were completed in December 2019. Data integrity was verified more completely using
test equipment capable of checking for link errors in test periods of days. The LArASIC control
path will also be more completely verified and later system tests with packaged ASICs will be
performed.
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Figure 4.15: Eye diagram after 25 m of ProtoDUNE-SP twinax at LN, temperature for the COLDATA
1.28 Gbps output link.

4.2.3.4 Alternative ASIC Solutions
4.2.3.4.1 Commercial Off-the-shelf ADC Option

The SBND collaboration has been exploring the COTS ADC option for the TPC readout electronics
development since spring 2017 [54]. After a market survey, a few candidate ADCs using the
SAR architecture were identified that would continue to operate correctly when immersed in LN,.
Starting in July 2017, a lifetime study plan was developed to evaluate a COTS ADC option
in two different phases: exploratory and validation. The lifetime study focused on the Analog
Devices AD7274*, implemented in TSMC 350 nm CMOS technology, and has demonstrated better
performance in cryogenic operation compared to other candidates.

During the exploratory phase, fresh samples of the COTS ADC AD7274 were stressed with higher
than nominal operation voltage, e.g. 5V, while power consumption (drawn current) was monitored
continuously. Periodically, the sample would be operated at nominal voltage (setting the power
supply input, Vpp, at 2.5V, and the voltage reference input, Vggp, at 1.8 V) for a performance
characterization test, where both the DNL and INL were monitored and analyzed in addition to the
current. Stress test results were used to extrapolate the lifetime of the COTS ADC. The relation
between the CMOS transistor lifetime 7 and the drain-source voltage Vs, log T o< 1/Vys, is based

4AnalogDevices, AD7274™, https://www.analog.com/en/products/ad7274.html.
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on the creation of interface states by hot electrons and has been studies in the past extensively [55].
The linear extrapolation of log T ox 1/Vy; is also used in industry (e.g. IBM) for accelerated stress
testing. It was determined that a current drop of 1% on Vpp would be used as the degradation
criterion for the lifetime study. Following the development of this criterion, more devices were
tested later to validate what was learned in the exploratory phase.

The lifetime projection of the AD7274 ADC from the stress test with Vpp > 5V is shown in
Figure 4.16. With the AD7274 operating at 2.5V, which is lower than the nominal 3.6V for the
350nm CMOS technology, the projected lifetime is more than than 1 x 10° years.

AD7274@LN2 Lifetime Projection

14 A Iypp drops 1% as degradation criteria
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2.5V, 2.4E+06 years
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Figure 4.16: Lifetime projection of the COTS ADC AD7274 from the stress test with Vpp > 5V. The
current drop of 1% on Vpp is used as the degradation criterion. With nominal operation voltage of
3.6V for the 350 nm CMOS technology, the lifetime is projected to be more than 100 years. For SBND
and the DUNE FD, the AD7274 will be operated at 2.5V to add an additional margin; the expected
lifetime is more than 1 x 10° years.

Based on the lifetime study of AD7274, a FEMB with the COTS ADC was developed and charac-
terized for the SBND experiment. The integration test was carried out with 40% APA at BNL and
showed satisfactory noise performance as seen in Figure 4.17. The noise measurements obtained
with the 40% APA at BNL indicate that the AD7274 gives a negligible contribution to the overall
system noise, as expected given that the ADC has an ENOB of 11.4. The COTS ADC AD7274
serves as a backup solution for the SP module TPC readout electronics system. The current plan
is to evaluate this ADC in the small TPC installed in ICEBERG at Fermilab. Ten FEMBs with
the COTS ADC have been fabricated and will be used to instrument the ICEBERG TPC for
system integration tests in spring 2020. The main drawback of the AD7274 ADC is that it is a
single-channel chip, complicating the assembly of the FEMBs.
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Figure 4.17: The noise measurement of FEMBs with COTS ADCs mounted on the 40% APA at BNL.
A picture of the FEMB is shown in the top left corner. The induction plane (4 m wire length) has an
ENC level of ~ 400 e~ with 1 us peaking time, while the collection plane (2.8 m wire length) has a noise
level of ~ 330e™ with 1 us peaking time.

4.2.3.4.2 CRYO Option

The SLAC CRYO ASIC differs from the reference three-chip design by combining the functions of
an analog pre-amplifier, ADC, and data serialization along with transmission for 64 wire channels
into a single chip. It is based on a design developed for the Enriched Xenon Observatory (nEXO)
experiment [56] and differs from it only in the design of the pre-amplifier, which is modified for
the higher capacitance of the DUNE SP module wires compared to the short strips of nEXO.
The FEMBs constructed using this chip would use only two ASICs, compared to the 18 (eight
LArASICs, eight ColdADCs, and two COLDATASs) needed in the reference design. This drastic
reduction in part count may significantly improve FEMB reliability, reduce power (40 mW per
channel), and reduce costs related to production and testing.

Figure 4.18 shows the overall architecture of the CRYO ASIC, which is implemented in 130 nm
CMOS. It comprises two identical 32-channel blocks (banks) and a common section providing
biasing voltages and currents, as well as the controls signals, the clocks generation, and the con-
figuration of the registers.

The current signal from each wire is amplified using a pre-amplifier with pole-zero cancellation [38]
and an anti-alias fifth-order Bessel filter (Figure 4.19). Provisions are also made for injection of
test pulses. Gain and peaking time are adjustable to values similar to those of the reference design.
The four programmable gain settings of 6X, 3X, 1.5X, and 1X correspond to full-scale signals of
3.2x10%e™, 6.4 x 10°e, 1.28 x 10%¢~, and 1.92 x 10%e~. A filter with a Bessel shape has been
chosen because of its flat group delay characteristic that minimizes waveform distortion as well as
provides noise shaping performance similar to more classic semi-Gaussian shaper implementations.
The four programmable peaking times of the filter are 0.6 us, 1.2 us, 2.4 us, and 3.6 us, correspond-
ing to filter bandwidths equivalent to the ones used in the reference solution. Similarly to the
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Figure 4.18: Overall architecture of the CRYO ASIC.

reference design with three ASICs, each channel can be configured, independently from the other
channels, to have a baseline for operation consistent with either the collection or the induction
wires. The outputs of the FE amplifiers can be connected, one-at-a-time, to an analog monitor to
probe the analog signal.
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Figure 4.19: CRYO front-end section architecture (left); typical response of the CRYO front-end (right).
Four input channels are multiplexed onto a single fully differential 12-bit 8 MSPS ADC. Signals
from the four channels are concurrently sampled onto a sample-and-hold stage. An ADC driver
after the multiplexer performs the single-ended to differential conversion. The ADC has a pure
SAR architecture (Figure 4.20) with a split-cap DAC based on V., switching [57], and has the
option to be calibrated for offset compensation. External signals can be routed to the input of
each single ADC allowing standalone characterization.

The data serialization and transmission block uses a custom 12b/14b encoder, so 32 channels
of 12-bit 2 MSPS data can be transmitted with a digital bandwidth of only 896 Mbps, which is
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Figure 4.20: CRYO ADC architecture.

significantly lower than the required bandwidth of the reference design (1.28 Gbps).

One key concern with mixed-signal ASICs is the possibility of interference from the digital side
causing noise on the very sensitive pre-amplifier. To avoid this interference, the CRYO design uses
well established techniques for isolating the substrate; these are described in the literature [58]
and have been successfully used in previous ASICs. Furthermore, power domains of the various
sections of the ASICs are isolated using multiple internal low-dropout regulators (LDOs).

For reliability purposes the analog section of the ASIC using thick oxide devices is biased at 2V
(20% less than nominal voltage) and does not use minimum length devices. The digital section of
the ASIC uses core devices biased at 1V (again 20% less than nominal voltage).

The infrastructure requirements for a CRYO ASIC-based system are similar to those of the refer-
ence option. However, in most cases, somewhat fewer resources are needed; for instance:

o A single voltage is needed for the power supply. This is used to generate the two supply
voltages using internal voltage regulators.

e The warm interface is different. CRYO operates synchronously with a 56 MHz clock, does
not require a fast command, and uses the SACI protocol [59] for configuration rather than

12C.

Simulation-based studies have been performed: using the 1.2 us peaking time and an input ca-
pacitance of 220 pF (close to that expected in the SP module), the noise level is approximately
500 e~, similar to that expected with the reference LATASIC design in LAr with the same input
capacitance.
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The first iteration of the CRYO ASIC design (see Figure 4.21) was submitted to MOSIS for
fabrication in November 2018. The first prototypes were delivered at the end of January 2019.
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Figure 4.21: Photo of the prototype CRYO cold board (left); zoomed-in photo of CRYO ASICs (right).

The prototypes are under test in an existing test stand at SLAC using the CTS described in
Section 4.3.1. Subsequent system tests are planned using the facilities described in Section 4.3.2.

The first prototype of the ASIC is functional at both room temperature and LN, temperature. In
particular, all the key blocks have been verified. Configuration of all the 64 channel registers (13
bits each) and the 17 (16-bit) global registers has been verified. Optimization of the register values
is ongoing at both room and cold temperature. Initialization procedures for the ASIC power-up
have been established. Operation of the on-chip LDOs has been verified and expected supply levels
are stable against changes in temperature. The analog monitor can be used to spy on the output
of the amplifier for injected pulses on the FE channels, prior to the digitization of these signals by
the internal ADCs, as shown in Figure 4.22.

Encoded data are transmitted and correctly decoded in the external FPGA. Figure 4.23 shows an
example of a pulse injected in a channel visible on both the analog monitor as well as in the data
acquired by the ASIC. Data are acquired at LN, temperature at the nominal ~2 MSPS rate.

From the functional point of view, a single unexpected behavior has been identified in the digital
multiplexer that is used at the input of the encoders. The latches at the input of the multiplexer
show poor driving capability, resulting in the presence of a ghost from a previously multiplexed
channel. The effect is not present on the first 12 channels of each block which show expected
behavior. The effect has been replicated in simulation and a trivial fix has been implemented for
the next version of the ASIC.

Initial results on the performance of the ADC block of CRYO have been obtained by directly
injecting a linear voltage ramp (generated by an external 20-bit DAC) into the ADC. The distri-
butions of the DNL and INL obtained from these measurements are shown in Figure 4.24. The
maximum deviations of the DNL and INL from the reference signal are 0.74 and 1.27 ADC counts,
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Figure 4.22: CRYO ASIC front-end response at liquid nitrogen temperature, presented at the analog
monitor and acquired with an external 50 MSPS ADC.
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Figure 4.23: Example of a pulse injected in a CRYO ASIC channel, visible on both the analog monitor
and in the output data.
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respectively, within a usable dynamic range of ~ 3000 ADC counts. From these distributions,
the values of 65.75dB and of 10.63 are estimated for the SNDR and ENOB, respectively. These
results indicate that, from a static point of view, the ADC block of CRYO meets the required
performance for the DUNE TPC readout. Further work is ongoing to characterize the dynamic
response of the ADC and to determine the overall linearity and noise performance of the entire
readout chain including the FE amplifier.
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Figure 4.24: Distribution of the DNL (left) and INL (right) for the ADC block of CRYO.

4.2.3.5 Procedure and Timeline for ASIC Selection

We are currently pursuing two different ASIC designs and planning on qualifying the COTS ADC
solution that will be used for the SBND experiment. We plan to continue developing both the
three-ASIC solution and the CRYO ASIC for at least a second iteration before deciding which
ASIC solution to implement in the DUNE SP module. This plan requires that multiple versions
of the FEMB are also designed and tested. The FEMBs populated with the first set of prototypes
of the two kinds of ASICs will be available in spring 2020 and are expected to perform similarly
to the boards used for ProtoDUNE-SP. We plan to review the results of the system tests and of
the component lifetimes discussed in Section 4.3 in early 2020. In that review, we will also decide
whether to change anything on the list of specifications for the ASICs and to further develop the
two custom ASIC solutions, including fixing any issues found during the tests of the first version of
the ASICs. We expect that the subsequent iteration of the design, fabrication, and testing of the
ASICs and FEMBs will take an additional twelve months. At the end of this process, when results
from standalone tests of the ASICs and system tests of the FEMBs are available, we will have
all the information required to select the ASIC solution to be used in DUNE. We are assuming
that the second design iteration of the ASICs design will meet all the DUNE requirements. The
schedule for the construction of the DUNE SP module currently has between eight and fourteen
months of float for the ASICs and FEMBs, which would allow for a third design iteration, if
needed, as discussed in Section 4.9.2. This does not apply for the second run of ProtoDUNE-SP
(discussed later in Section 4.3.2.1). Ideally, the ASICs from the engineering run would be used for
the second run of ProtoDUNE-SP, but this is not compatible with the currently planned date for
the installation of the FEMBs on the APAs. In order to meet the current goal for the starting date
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of the second run of ProtoDUNE-SP, ASICs from the second round of prototyping would have to
be used. In case a third round of prototypes is necessary, the second run of ProtoDUNE-SP would
have to be delayed by one year.

The selection of the ASIC(s) to be used for the construction of the SP detector module will be
based on performance, reliability, power density criteria, as well as consideration of the costs and
resources required during the construction and testing of the FEMBs. We have not yet decided
the weights to assign to these criteria. Reliability would in principle favor the single-ASIC solution
that requires FEMBs with fewer connections, while power density considerations could be less
favorable to CRYO option. We plan to charge a committee to draft a series of recommendations
on the ASIC selection in spring 2020, at least one year ahead of the expected decision date.
These recommendations could also inform the second cycle of design for ASICs and FEMBs.
Once the second cycle of design and testing is complete, these recommendations will be used by
the committee charged with the final design review to suggest a preferred option for the ASIC
solution. The committee’s recommendation will then be passed to the DUNE executive board
(EB), which is tasked with the final ASIC decision.

4.2.4 Infrastructure Inside the Cryostat

Each FEMB is enclosed in a mechanical CE box to provide support, cable strain relief, and control
of bubbles of gaseous argon generated by heat from an FEMB attached to the lower APA, which
could, in principle, lead to discharge of the high voltage (HV) system. The CE box, illustrated
in Figure 4.25, is designed to make the electrical connection between the FEMB and the APA
frame, as discussed in Section 4.2.1. Mounting hardware inside the CE box connects the ground
plane of the FEMB to the box casing. If argon bubbles form inside the CE box, they must get
channeled through the two side tubes of the APA’s frame, from where they would reach the top
of the cryostat. As already discussed in Section 4.1.2, a test setup has been prepared at BNL to
measure the maximum power that can be dissipated in LAr at a depth equivalent to that of the
FEMBEs installed on the bottom APA. Initial measurements indicate that the ASICs mounted on
the FEMBs are not going to cause boiling of the LAr inside the CE boxes. We have measured
the power required to cause boiling at a pressure equivalent to that of 12m of LAr. We have also
observed that with the current ASIC designs and power dissipation we have a safety factor of 20
in terms of total power and of at least two in terms of power density. These measurements will be
repeated once prototype FEMBs with the three-ASIC and CRYO solutions become available.

The CE box casing is electrically connected to the APA frame via the metal mounting hardware
called the “Omega bracket” (not shown in Figure 4.25). The input amplifier circuits are connected
to the CR board and terminate to ground at the APA frame, as shown in Figure 4.3. As a backup
solution, the casing is also connected to the APA frame via a wire.

In addition to the CE box and mounting hardware, cable trays for support and routing the cold
cables will be installed in the cryostat. One set of cable trays, shown in Figure 4.26 (left column),
will be attached to the upper APAs to hold the CE and PD cables. A different cable tray design,
also shown in Figure 4.26 (right column), will support the CE cables underneath the lower hanging
APAs. A final set of cable trays will be installed inside the cryostat after the APAs are fixed in

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report



Chapter 4: TPC Electronics 4-179

Figure 4.25: Prototype CE box used in ProtoDUNE-SP.

their final location to support the cables as they are routed to the CE and PD feedthroughs.

4.2.5 Cold Cables and Cold Electronics Feedthroughs

All cold cables originating inside the cryostat connect to the outside warm electronics through
PCB feedthroughs installed in the signal flanges that are located on the cryostat roof. The data
rate from each FEMB with four cables is sufficiently low (~ 1 Gbps) that LVDS signals can easily
be driven over more than 22m of twin-axial transmission line. Additional transmission lines are
available to distribute LVDS clock and control signals, which are transmitted at a lower bit rate.
The connections between the WIBs on the signal flanges and the DAQ (see Chapter 7) and slow
control systems (see Chapter 8) are made using optical fibers.

The design of the signal flange includes a four-way cross spool piece, separate PCB feedthroughs
for the CE and PD system cables, and an attached crate for the TPC warm electronics, as shown in
Figure 4.27. The wire bias voltage cables connect to standard safe high voltage (SHV) connectors
machined directly into the CE feedthrough, ensuring no electrical connection between the wire
bias voltages and other signals passing through the signal flange. Each CE feedthrough serves the
bias voltage, power, and digital I/O needs of one APA.

Data and control cable bundles send system clock and control signals from the signal flange to the
FEMB and stream the ~1 Gbps high-speed data from the FEMB to the signal flange. Each FEMB
connects to a signal flange via one data cable bundle, leading to 20 bundles between one APA and
one flange. For the reference ASICs configuration, ten low-skew shielded twin-axial cables are
required to transmit the following differential signals between the WIB and the FEMB:

o four 1.28 Gbps data lines (two from each COLDATA);
» two 64 MHz clock signals (one input to each COLDATA);
« one fast command line (shared between the two COLDATA ASICs); and

o three I2C-like control lines (clock, data-in, and data-out, also shared between the two COL-
DATA ASICs).
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Figure 4.26: Side and end views of mechanical supports for the CE boxes on the upper (left column)
and lower (right column) APAs. Shown are the APA cable trays in green and pink, the CE boxes in
dark gray, and the Omega brackets and mounting hardware between the CE boxes and APA frame in
light gray. The CE cables are shown in blue; the PD cables are not shown.
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Figure 4.27: TPC CE feedthrough. The WIBs are seen edge-on in the left panel and in an oblique
side-view in the right panel, which also shows the warm crate for an SP module in a cutaway view.

As discussed later, this number of connections is compatible with routing the cables that bring
the power and transmit the data and controls for the lower APA through the APA frames. We
are making the assumption that the fast command line can be shared between the two COLDATA
ASICs, but will also consider other possibilities, like sharing the 64 MHz clock between the two
ASICs or increasing the data transmission speed to 2.56 Gbps, thereby reducing the number of
data transmission lines to two for each FEMB. This assumption will be tested as soon as the first
prototypes of COLDATA become available.

The LV power is passed from the signal flange to the FEMB by bundles of 20 AWG twisted-pair
wires, with half of the wires serving as power feeds and the other half as returns. Using the
measured power consumption for LArASIC and ColdADC and the estimates for COLDATA, the
total power required to operate each FEMB is estimated as 6 W (2.4 A at 2.5V), including the
power dissipated in the linear voltage regulators. This assumes that linear voltage regulators are
used on the FEMB to reduce the 2.5V provided by the WIB down to the various voltages required
by the three ASICs:

o 1.8V for LArASIC, and
e 225V and 1.1V for ColdADC and COLDATA.

We currently assume that only 2.5V will be provided by the WIB, since the largest fraction of
the power required by the FEMB is at 2.25 V. We are currently planning on using a total of eight
20 AWG twisted-pair wires, seven of which will be used for bringing the 2.25V to the FEMB, with
the eighth one reserved for the 5V bias for the linear voltage regulators (this connection carries a
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very low current). With this cable plant, the resistance of the cable bundle is 41 m{2 for the upper
APAs (9m cable length) and 101 m$2 for the lower APAs (22m cable length). To account for the
voltage drop along the wires and the returns in the case of operation at room temperature, prior
to filling the cryostat, the WIB needs to provide 2.7V and 3.0V for the upper and lower APAs,
respectively. For one FEMB, the power dissipated in the cables is 0.5 W and 1.2 W for the upper
and lower APAs, respectively. The values for the power dissipated in the cables are reduced by a
factor of three for operation in LAr, which allows for a reduction of the voltage provided by the
WIB. The voltage drop and power dissipation values are summarized in Table 4.3. We will also
consider the possibility of using one pair of wires to deliver a separate voltage to LArASIC (2.0V
that will be reduced to the required 1.8V on the FEMB). This solution may provide a better
overall noise performance for the readout electronics, but will have a slightly larger voltage drop
on the cold cables. The size of the cable bundles planned for DUNE represents a small reduction
compared to that used for ProtoDUNE-SP, where bundles of nine 20 AWG twisted-pair wires were
used. Overall, the total resistance of the power return wires are 2m¢2 and 5 m¢2 for the upper and
lower APAs, respectively, numbers that are reduced by a factor of three for operation in LAr. For
each APA pair, the total power dissipated inside the power cables (~11 W at LAr temperature) is
small compared to the total power dissipated in the FEMBs, 240 W.

Table 4.3: Voltage drop and power dissipation in the cables bringing power to the FEMBs at room
and at LAr temperature for the cable lengths corresponding to the upper (9m) and the lower (22m)
APAs. The FEMBs require 2.4 A at 2.5V to operate. At room temperature, the resistances of the
seven 20 AWG twisted-pair wires are 41 m{2 and 101 m{2 for the upper and the lower APAs, respectively.
These resistances are reduced to 14 m{2 and 34 m(2 inside the LAr.

Voltage Voltage drop Power dissipation
WIB output (room temperature) 27V / 3.0V 02V /05V 0.5W /1.2W
WIB output (LAr temperature) 26V /27V 0.1V /0.2V 0.25W / 0.5W

The cable plant for one APA in the LAr also includes the cables that provide the bias voltages
applied to the X-, U-, and G-plane wire layers, three FC terminations, and an electron diverter,
as shown in Figure 4.3. The voltages are supplied through eight SHV connectors mounted on the
signal flange. RG-316 coaxial cables carry the voltages from the signal flange to a patch panel
PCB mounted on the top of the APA that includes noise filtering. From there, wire bias voltages
are carried by single wires to various points on the APA frame, including the CR boards, a small
PCB mounted on or near the patch panel that houses a noise filter and termination circuits for
the FC voltages, and a small board mounted near the electron diverter that also houses the wire
bias voltage filter described in Section 4.2.2.

In Sections 2.4.3 and 4.6.1 we discuss the problem of routing the cold cables (data, control, power,
and bias voltages) for the bottom APAs through the frames of both the top and bottom APAs.
Routing tests were initially performed with the ProtoDUNE-SP cable bundles, and even after
increasing the cross section of the side tubes from 7.62 x 7.62cm? (3” x 3”) to 10.16 x 10.16 cm?
(4”7 x 47), routing was difficult. After understanding that we could reduce the number of cables,
we ran a second set of tests with fewer sets of cables (nine rather than ten sets of 12 data and
control cables, nine rather than ten sets of nine twisted-pair wires for power, and eight bias voltage
cables as before). This insertion test was successful once a 6.35cm (2.57) diameter conduit was
inserted inside the APA frame to present a uniform cross section to the cables and the cables were
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restrained with a mesh. These tests have been successfully repeated in October 2019 at Ash River
using the setup with two stacked APA frames, described in Section 2.3.3.

The cable plant discussed above for the reference design with the three ASICs can be used also for
FEMBs populated with the CRYO ASIC. In that case, the power requirements are reduced (5W
at 2. 5V) and the internal LDOs do not require an external bias line. Six of the eight 20 AWG
twisted-pair wires could be used to bring the low-voltage power to the FEMB, while the remaining
two could be used to sense the voltage on the FEMB. This configuration would entail a small
increase (~ 14%) of the total resistance seen on the return wires. The same number of low-skew
shielded twin-axial cables are required to transmit the following differential signals between the

WIB and the FEMB:

o four 896 Mbps data lines (two from each CRYO ASIC);
« two 56 MHz clock signals (one for each CRYO ASIC); and
o four shared SACI signals.

In the current design of CRYO ASIC a total of five SACI signals are required: three of them
are shared between the two ASICs on the FEMB, and two separate ones are required to send
commands to the two CRYO ASICs. We are planning to implement internal addresses in a future
version of CRYO, such that the two ASICs can share the command line.

The proposed cable plant is also compatible with the use of the COTS ADC. The current design
of the SBND FEMB uses 12 low-skew shielded twin-axial cables, instead of ten, but some of the
signals are not used. The low-voltage power is transmitted with a bundle of nine 20 AWG twisted-
pair wires, but two of them are used for the bias of the linear voltage regulators, which require
very little current.

In all possible configurations of the FEMB, it is very likely that the cable plant required to bring
the low-voltage power and controls to the FEMBs and to read out the data from the FEMBs is
compatible with the option of routing the cables through the APA frames. This, however, does
not leave much room for building redundancy in the system. The cable connections need to be
extremely reliable because the loss of one connection could result in an entire FEMB becoming
unresponsive.

4.2.6 Warm Interface Electronics

The warm interface electronics provide an interface between the CE, DAQ, timing, and slow
control systems, including local power control at the flange and a real-time diagnostic readout.
They are housed in the WIECs attached directly to the CE flange. A WIEC, shown in Figure 4.28,
contains one PTC, five WIBs and a passive PTB that fans out clock signals and LV power from
the PTC to the WIBs. The WIEC must provide Faraday-shielded housing and robust ground
connections from the WIBs to the detector ground (Section 4.2.1). Only optical connections are
used for the communication to the DAQ and the slow controls, to avoid introducing noise in the
CE feedthrough.
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Figure 4.28: Exploded view of the CE signal flange for ProtoDUNE-SP. The design for the DUNE SP
module E signal flange will be very similar (with two E signal flanges per feedthrough).

The WIB receives the system clock and control signals from the timing system and provides
processing and further distribution of those signals to four FEMBs. It also receives high-speed
data signals from the same four FEMBs and transmits them to the DAQ system over optical fibers.
The data signals from the FEMBs are recovered on the WIB with commercial equalizers. The WIBs
are attached directly to the TPC CE feedthrough on the signal flange. The feedthrough board is a
PCB with connectors to the cold signal and LV power cables fitted between the compression plate
on the cold side and sockets for the WIB on the warm side. Cable strain relief for the cold cables
is provided from the back end of the feedthrough.

The PTC provides a bidirectional fiber interface to the timing system. The clock and data streams
are separately fanned out to the five WIBs as shown in Figure 4.29. A clock-data separator on
the WIB separates the signal received from the timing system into clock and data signals. Timing
endpoint firmware for receiving and transmitting the clock is integrated into the WIB FPGA. The
SP module timing system, described in Section 7.3.7, is a further development of the ProtoDUNE-
SP system and is expected to have nearly identical functionality at the WIB endpoint.

The PTC receives 48 V LV power for all TPC electronics connected through the TPC signal flange:
one PTC, five WIBs, and 20 FEMBs. The LV power is then stepped down to 12V via a DC-DC
converter on the PTC. The output of the PTC converters is filtered with a common-mode choke
and fanned out on the PTB to each WIB, which provides the necessary 12V DC-DC conversions
and fans the LV power out to each of the FEMBs supplied by that WIB, as shown in Figure 4.30.
The output of the WIB converters is also filtered by a common-mode choke, and each voltage line
provided to the FEMBs is individually controlled, regulated, and monitored.
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Figure 4.29: PTC and timing distribution to the WIB and FEMBs used in ProtoDUNE-SP. A similar
design will be adopted for the DUNE SP module.
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Figure 4.30: LV power distribution to the WIB and FEMBs for DUNE. In the current design, up to four
separate voltages can be provided from the WIB to each FEMB. Measurements with prototype FEMBs
will inform the final design of the power distribution, and the number of different voltages sent to the
WIB will be chosen to reduce the voltage drops along the cold cables and to minimize the readout
noise.
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Because the WIBs can provide local power to the FEMB and real-time diagnostic readout of all
channels, each TPC electronics system for each APA is a complete, stand-alone readout unit. The
FEMBs and cold cables are shielded inside the cryostat, and the WIBs and PTC are shielded inside
the Faraday cage of the WIEC, with only shielded power cables and optical fibers connecting to

external systems.
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Figure 4.31: WIB block diagram including the fiber optic connections to the DAQ backend, slow
controls, and the timing system, as well as the data readout, clock, and control signals to the FEMBs.

As shown in Figure 4.31, the WIB can receive the encoded timing signal over bidirectional optical
fibers on the front panel; it can then process them using either the on-board FPGA or clock
synthesizer chip to provide the clock required by the TPC electronics. The reference ASIC design
currently uses 8b/10b encoding; if the SLAC CRYO ASIC is selected for the DUNE SP module,

12b/14b encoding will be used instead of 8b/10b.

The FPGA on the WIB will have transceivers that can drive the high-speed data to the DAQ
system up to 10 Gbps per link, meaning that all data from two FEMBs (2x5 Gbps) could be
transmitted on a single link. The FPGA will have an additional transceiver 1/O for an optical
1 Gbps Ethernet connection, which provides real-time monitoring of the WIB status to the slow

control system.

For system tests, discussed later in Section 4.3.2, the WIEC, WIB, and PTC developed for
ProtoDUNE-SP are being used. A special version of the WIB has been developed for use with
FEMBs equipped with the CRYO ASIC, which require a different power and clock distribution
scheme. Plans are being put in place to redesign the WIB, and eventually make minor changes also
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to the PTC and the WIEC, to use less expensive FPGAs and to be able to program independently
the voltage rails used to provide power to the FEMBs. While in the current WIB it is possible
to monitor and turn on and off these voltage rails independently, the redesign will include the
capability of setting independent voltage and current limits on each one of them. In addition, it
is planned to add the possibility of measuring the delay of the propagation of the clock signals
between the WIB and the FEMBs. With this feature, it will be possible to align the sampling
time of different FEMBs to a precision of a few ns in situ without relying on the measurement of
the cable lengths, which was necessary in ProtoDUNE-SP.

4.2.7 Timing Distribution and Synchronization

The charge deposited on each wire of the APAs installed in the DUNE SP module is digitized
at a frequency of 2MHz, as discussed in Section 4.1.2. This requires that the TPC electronics
be synchronized to a level of the order of 10ns, which is much smaller than the time difference
between two charge samples. This level of error in the synchronization between the sampling time
of different FEMBs contributes negligibly to the expected resolution of the reconstructed space
points measurement, both in the APA plane and along the drift distance. The timing distribution
and synchronization system for the SP_module is described in Section 7.3.7. Each WIEC has a
bidirectional optical connection with the timing system in the PTC. Inside the PTC the optical
signal from the timing system is converted, as discussed in the previous section, to an electrical
signal and distributed via the backplane to the WIBs that constitute an endpoint for the timing
distribution system. Each WIB contains a standalone jitter-reducing PLL that forwards the clock
to all the FEMBs. The FPGA contained inside the WIB implements the protocol [60, 61] for
aligning the phase of the clock at the endpoint of the distribution tree.

The timing distribution and synchronization system ensures that all the WIBs are synchronized to
within 3ns. One possible way of synchronizing the FEMBs is the one that was used in ProtoDUNE-
SP, which relies on the fact that all the cables connecting the WIBs to the FEMBs have approx-
imately the same length (a length difference of 0.5 m corresponds to a difference in the sampling
time of 2.5ns). The same approach could be used for the DUNE SP module, correcting for the
top-bottom APA cable length difference (corresponding to ~ 65ns) inside the FPGA of the WIB.
The exact correction factor could be obtained by measuring the time propagation difference for a
sample of short and long cables prior to the installation of the FEMBs on the APAs. Synchronizing
the CE with the PD system requires one additional time constants that correspond to the transit
time of the fast command sent from the WIB to COLDATA and from there to the ColdADC,
which includes the propagation time along the cables (45ns for the 9m long cables to the top
APAs and 110ns for the 22m long cables to the bottom APAs) plus the propagation time inside
the ASICs. This overall time constant can be obtained offline from the data, but it represents
at most a correction of O(150 um) on the position of a track along the drift distance. Instead of
relying on cable measurements, we are also considering the addition of a timer inside the WIB'’s
FPGA to measure the transit time of a command sent to the FEMB and its corresponding return
message. This study will help us understand whether the relative phases of the FEMB and the
WIB can be aligned more precisely.

The communication between the WIB and the DAQ backend is asynchronous and the 64-bit time-
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stamp, which is used to indicate the time at which the signal waveform was sampled 7.3.7, is
inserted in the data frame in the WIB’s FPGA. For the three-ASIC solution, the communication
from the FEMB to the WIB is also asynchronous and a 8-bit time stamp is sent to count the
number of ADC samples (triggered by the FEMB with a fast command) from the last “Sync”
signal, as discussed in Section 4.2.3.3. This 8-bit time stamp is used only to ensure that the
FEMB and the WIB are still synchronized.

In contrast to the three-ASIC solution, in the CRYO solution the communication between the
FEMB and WIB is entirely synchronous, and instead uses a 56 MHz clock. In order to properly
align the phase of the ADC sampling for the top and bottom APAs, appropriate delays must be
added to the sampling command in the WIB’s FPGA. The requirements listed above for synchro-
nizing the CE relative to the PD system remain valid for this case.

4.2.8 Services on Top of the Cryostat

Table 4.4 summarizes the power requirements of the FEMBs, WIBs, and WIECs, which were
discussed in Sections 4.2.5 and 4.2.6. As shown in Figure 4.30, each PTC receives 48V from a
power supply installed on the top of the cryostat; this voltage is stepped down via voltage regulators
to 12V, which is distributed to each WIB. Inside each WIB the 12V is further reduced to the
2.7 or 3.0V that is used to power the FEMBs, as discussed in Section 4.2.5. For these estimates,
an efficiency of 80% is assumed for each voltage regulation step, while the power requirements
for the FPGA and the optical components on the WIBs are based on the measurements from

The overall power required for each WIEC is in the range 335 W to 360 W, corresponding to the
range 7 A to 7.5 A at 48 V. The LV power is delivered to the PTC using a power mainframe that
can operate in the 30V to 60V range, providing a maximum of 13.5 A and 650 W to each APA.
Using a 10 AWG cable, and assuming a distance of 20 m between a LV power supply on the detector
mezzanine and the most distant cryostat penetration for a row of APAs, no voltage drop over 1V
should occur along the cable. At most ~ 150 W is dissipated inside the cryostat, and another
~ 200 W is dissipated inside the (air-cooled) WIEC; only a few watts are dissipated in the warm
cables located below the false flooring on top of the cryostat. Multiplying by the total number of
WIECs, less than 1 kW of power is dissipated in the cabling system over the entire surface of the
cryostat.

Four wires are used for each PTC module; two 10 AWG, shielded, twisted-pair cables for the power
and return; and two 20 AWG, shielded, twisted-pair cables for the sense. The primary protection
is the over-current protection circuit in the LV supply modules, which is set higher than the ~ 8 A
current draw of the WIEC. Secondary sense line fusing is provided on the PTC. Tests are being
performed in ProtoDUNE-SP to check which is the best scheme for connecting the shields of the
power cables. In ProtoDUNE-SP the shield of the warm power cables is connected to ground on
both the power supply side and on the CE flange. Other shield connection schemes are being
investigated in ProtoDUNE-SP and the connection scheme yielding the lowest readout noise will

be used for DUNE.
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Table 4.4: Power requirements for the FEMBs, WIBs, and PTCs.

Component Current Power
FEMB (assume 80% efficiency in the 12V — 2.7/3.0V conversion)
Lower APA 24A at 2.7V 0.68A at 12V
Upper APA 24A at3.0V  0.75A at 12V
WIB (4 FEMB + FPGA, assume 80% efficiency in the 48V — 12V conversion)
4 FEMBs lower APA 2.7TA at 12V
4 FEMBs upper APA 3.0A at 12V
FPGA and optical components 1.7A at 12V
Total lower APA 4.4A at 12V 1.4A at 48V 67 W
Total upper APA 4.7A at 12V 1.5A at 48V 72W
WIEC (5 WIBs + PTC)
Total lower APA 7TA at 48V 335 W
Total upper APA 7.5A at 48V 360 W

Switching power supplies controlled by the slow controls system provide power to the heaters (12 V)
and the fans (24 V) that are installed on the CE flanges. Temperature sensors mounted on the
flanges, and power consumption and speed controls from the fans are connected to the interlock
system that is part of the DUNE detector safety system (DDSS), in addition to being monitored
by the slow controls system.

Bias voltages for the APA wire planes, the electron diverters, discussed in Section 2.2.6, and the
last FC electrodes are generated by supplies that are the responsibility of the TPC electronics
consortium. The current from each of these supplies should be very close to zero in normal
operation. However, the ripple voltage must be carefully controlled to avoid injecting noise into
the FE electronics. RG-58 coaxial cables connect the wire bias voltages from the bias voltage
supply to the standard SHV connectors that are machined directly into the CE feedthrough and
insulated from the low voltage and data connectors.

Optical fibers are used for all connections between the WIECs and the DAQ and slow control
systems. The WIB reports its temperature and the current draw from each FEMB to the slow
control system, while the current draw for each APA is monitored at the mainframe itself.

To support the electronics, fan, and heater power cables, as well as optical fibers on top of the
cryostat, cable trays are installed below the false flooring on top of the cryostat. These cable trays
run perpendicular to the main axis of the cryostat and connect the three cryostat penetrations for
one row of APAs to the detector mezzanine near the cryostat roof, as shown in Figure 4.32. All
the necessary LV supplies and the bias voltage supplies are installed in these racks. Patch panels
for the optical fiber plant used for the control and readout of the detector are also installed on the
detector mezzanine.
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Figure 4.32: Services on top of the cryostat. The racks for the LV power supplies are shown in blue.

4.2.9 ProtoDUNE-SP Results

The ProtoDUNE-SP detector features a LArTPC with 15,360 sense wires with a fiducial mass
of roughly 700 tons of LAr. The system was deployed in a hadrons and electrons beamline at
the CERN Neutrino Platform in 2018 and continues to take cosmic event data. The goal of
the ProtoDUNE-SP TPC readout was to validate the concept and the design of the integrated
APA+CE readout and measure the performance of the TPC electronics system with components
as close as possible in design to those in the final DUNE TPC readout. In the case of the TPC
electronics, most of the detector components used in ProtoDUNE-SP are prototypes of the DUNE
far detector (FD) ones discussed in the previous sections. The major difference is the FEMB (and
associated ASICs), where an early version of LArASIC (P2) is used for the FE ASIC, followed by
the first prototype (P1) of a different ADC, using the “domino” architecture and implemented in
the 180 nm technology, and finally by an FPGA that provided the data serialization functionality.

Each of the six ProtoDUNE-SP APA+CE readout units consists of 2,560 sense wires, of which 960
are 6m long collection wires and 1,600 are 7.4 m long induction wires. Five of the six APAs were
tested in a full-scale cold box in cold gaseous nitrogen (GNg) with a complete TPC electronics
readout system, identical to the one deployed in ProtoDUNE-SP, before installation in the cryostat;
the sixth was installed without first going through the cold box testing. Figure 4.33 shows the
measured noise level, represented by the ENC in units of electrons, for the collection (X ') plane and
the two induction (V, U) planes as well as the FEMB temperature in the cold box as a function
of the cold cycle time. At a stable temperature of 160 K, the ENC for all three wire planes is less
than 500 e™.
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Figure 4.33: Left y axis: ENC (in electrons) for U, V, and X (red, blue, and green curves) sense wire
planes as a function of time (hours) for the APA 2 cold cycle in GN; in the CERN cold box; right y
axis: temperature (orange curve) measured at the level of the FE electronics.

After the cryostat was filled with LAr and the drift and wire bias voltages were set to their nominal
values, 99.7% of the TPC readout channels were found to be functioning properly. A total of 42
channels were found to be unresponsive. Of these:

o 14 channels were identified based on tests performed prior to the insertion of the APA into the
cryostat as having no capacitive load on the F'E electronics, suggesting an open connection
somewhere upstream of the CE system;

24 additional channels showed the same problem after the cryostat was filled with LAr (three
of these, all on the first APA, were already observed during testing in the cold box); and

« four channels were associated with the FE electronics not functioning properly: two of these
channels appeared in tests performed after the cathode high voltage was raised to 120kV,
and two more appeared when the high voltage reached 160 kV.

As discussed in Section 2.3.2.1, the number of disconnected channels due to mechanical failures in
the connection between the APA wire and the FE electronics has changed with time, with some
channels becoming again active, and others becoming inactive. Only one additional dead channel is
caused by a permanent failure of the FE electronics. If these numbers are indicative of the normal
rate of channel loss, it would imply that over the 20 years of DUNE operations at most 0.5% of the
readout channels would fail. A similar upper limit can be obtained from the operational experience
of MicroBooNE, considering also an additional scale factor for the additional ASICs immersed in
LAr (in MicroBooNE only the FE amplifier is in the liquid). Further operation of ProtoDUNE-SP,
as well as operation of SBND in the coming years, will provide additional information on the long
term stability of the active electronics components immersed in LAr.
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With the detector operating under nominal conditions, the measured ENC by the online monitor-
ing program was approximately 550 e~ on the collection wires and approximately 650e~ on the
induction wires, averaged over all operational channels. The noise increased relative to the tests
performed inside the cold box due to the larger dielectric constant of LAr relative to GN,. These
noise measurements are consistent with the ratio of the corresponding capacitances of the APA
wires. Figure 4.34 shows the ENC (in electrons) for all channels of one APA+4-CE readout unit.
The collection channels with ENC larger than 1500 e~ had a problem in the P1-ADC ASIC; this
problem had already been identified prior to their installation on the FEMBs. The channels on
all three planes with ENC smaller than 300 e~ have an open connection somewhere in front of the
CE system. Figure 4.35 summarizes ENC levels in the entire ProtoDUNE-SP detector both before
and after the application of a simple offline common-mode noise filter similar to the one used in
MicroBooNE [62]; an improvement of roughly 100 e~ is seen on all planes.
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Figure 4.34: ENC (in electrons) for all U, V/, and X (red, blue, and green curves) sense wire planes for
one ProtoDUNE-SP APA under nominal operating conditions.

The overall performance of the CE system in ProtoDUNE-SP satisfies the CE noise specification for
the SP module listed in Section 4.1.2. A comparison of the raw data from a ProtoDUNE-SP event
(Figure 4.36) to that from a MicroBooNE event (Figure 4.37 [62]) demonstrates the improvements
achieved in LArTPC performance. The ProtoDUNE-SP event was collected very early in the data
taking period when the charge collection efficiency was still limited by the amount of impurities
in the LAr; it shows very little noise and appears to be of the same quality as the MicroBooNE
event display after offline noise removal.

The S/N has been evaluated using a selected cosmic muon sample, with tracks crossing the LAr
volume at shallow angle with respect to the anode plane and large angle with respect to the
direction of the wires in each plane considered for S/N characterization. The charge deposited
on each wire in a given plane is evaluated using the pulse height (peak) of the hit found in the
raw waveform. A correction taking into account different relative angle between track and wire
direction has been applied to normalize the hit response. The noise value is extracted from the
width of the Gaussian fitted on the pedestal distribution of the waveform baseline. The electric
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Figure 4.35: ENC levels (in electrons) for all channels of the ProtoDUNE-SP detector, both before and
after the application of a simple offline common-mode filter.
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Figure 4.36: Display of the charge deposited on the collection wires (wire number on the z-axis) as a
function of the drift time (on the y-axis) for a ProtoDUNE-SP event that includes two electromagnetic
showers and a four tracks in the final state of the interaction. The color associated with each time
sample on the APA wires gives a measurement of the charge measured by the CE readout, with blue
representing the smallest charge values and red representing the largest charge values.
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Figure 4.37: MicroBooNE 2D event display of the V plane from run 3493 event 41075 showing the raw
signal (a) before and (b) after offline noise filtering. A clean event signature is recovered once all of
the identified noise sources are subtracted [62].
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Figure 4.38: Angle-corrected peak signal-to-noise ratio for reconstructed cosmic muon tracks in
ProtoDUNE-SP, both before and after noise filtering is applied [63].

field in the TPC volume was at the nominal level of 500 V/cm, and the LAr purity for the runs
considered in this analysis was about 5.5 ms as measured by the purity monitors, corresponding to
~ 35% charge loss due to attachment for tracks close to the cathode. This measurement ignores
the effect of the space charge, which introduces distortions of the electric field in the TPC volume
that may locally change the recombination factor and therefore affect the S/N value. Finally, the
measurement is made both before and after the application of a simple offline common-mode noise
filter. The distribution of the S/N for all the wires in the sample of muon tracks considered is
shown in Figure 4.38 [63]. Looking before (after) the application of the common-mode noise filter,
for the collection plane the mean value of the S/N distribution is 38 (49), for the first induction
plane it is 16 (18), and for the second induction plane it is 19 (21).

4.2.10 ProtoDUNE-SP Lessons Learned

As discussed in Section 4.2.9, the initial data from ProtoDUNE-SP show that the SP module can
meet the noise specification. The experience with the TPC electronics in ProtoDUNE-SP nonethe-
less motivates several improvements to the TPC electronics system design, some of which have
already been implemented and discussed in the previous sections. A complete list of the lessons
learned from the construction, testing, integration, installation, commissioning of the TPC elec-
tronics detector components is available [64]. This reference also discusses the plans and timeline
for addressing the issues observed in ProtoDUNE-SP. This technical design report (TDR) section
and the following cover only the main issues and the plans for their resolution and implementation
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in the SP_module.

During the commissioning of ProtoDUNE-SP, violations of the grounding rules described in Sec-
tion 4.2.1 have been observed with one of the readout boards for the PD system and with the
cameras immersed inside the LAr. The power supply used to provide the HV to the cathode plane
has also been observed to cause noise inside the detector and has been replaced. The overall success
of ProtoDUNE-SP owes much to the fact that the grounding rules were properly implemented and
that any violation was discovered and addressed during the detector commissioning.

The main problem with the ProtoDUNE-SP TPC electronics readout is the poor performance of
the P1-ADC ASICs. This problem was observed as early as 2017 while these ASICs were being
tested prior to their installation on the FEMBs. The “domino” architecture [65] used in this
design relies on excellent transistor matching, which unfortunately is worse at LAr temperature.
In ProtoDUNE-SP, this problem results in a fraction (about 3.2%) of the readout channels having
a fixed value for some of the ADC bits, independent of the input voltage. In a majority of the
cases an approximate value for the charge can be obtained via interpolation. For about 0.9% of
the channels, the problem is so severe that the only solution is to remove the channels from the
analysis, resulting in a loss of efficiency. This problem prompted us to abandon this design and to
develop the completely new ColdADC, to adapt the CRYO ASIC for use in DUNE, and to follow
the approach of the SBND collaboration and consider the COTS ADC option as well.

Initial analysis of the ProtoDUNE-SP data has uncovered a new problem with LArASIC that occurs
when more than 50 fC is collected over a period of 10 us to 50 us and the baseline configuration of
the amplifier for the collection wires is used. The feedback mechanism of the FE amplifier stops
working for several hundred ps. During this period, the readout does not function and signals
following the large charge deposited can be completely lost. A ledge is observed in the output
of the FE amplifier, followed by a slow decay and a sudden turn-on of the amplifier. Figure 4.39
shows an example of this behavior.

This problem has been reproduced in the laboratory and is being actively studied. It affects
all versions of LArASIC fabricated after the one used for the MicroBooNE experiment. The
problem occurs when the threshold on the injected charge is small and therefore affects with larger
probability the collection wires, where the 200 mV baseline is used, compared to the induction
wires, which have a 900mV baseline. After the problem and this difference between the two
baselines were observed, the decision was taken to operate the CE in ProtoDUNE-SP using the
900 mV baseline for the collection wires as well, sacrificing the dynamic range. Data from the
wires where the problem occurs can be masked in analysis, resulting in a loss of efficiency. This
problem affected a very small fraction of the events: with the 200 mV baseline about 0.1% of the
waveforms were affected, and this number became almost completely negligible after switching to
the 900 mV baseline. It should be noted that the problem occurs more often in ProtoDUNE-SP
than is expected in the DUNE SP module due to the presence of cosmic rays traveling parallel to the
APA wires. The problem could, however, affect the SP module’s ability to detect electromagnetic
showers — one of the main physics signals. Section 4.2.11 discusses the plans and timeline for
addressing this issue in a new LArASIC prototype.

During the integration of the FEMBs onto the APAs and the cold tests that preceded the APA
installation inside the ProtoDUNE-SP cryostat, multiple connectors detached from the FEMRBs,
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Figure 4.39: Waveform of a channel showing a ledge following significant charge deposition on the wire,
followed by a discharge and a subsequent jump to the normal baseline ADC value.

Figure 4.40: Image of a connector for the cold readout and signal cables, which has been lifted from the
FEMB due to the presence of excess epoxy on the connection between the cold cables and the printed
circuit board that acts as the “male” part of the connector.
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causing a loss of communication. We replaced the FEMBs on all of the APAs that had been tested
in the cold box. One additional FEMB was replaced on the APA that had been installed without
undergoing the test in the cold box. This detachment may also be the cause of the loss of the
external clock signal on one of the FEMBs that was observed after cool-down. The problem with
the connector has been traced to a mechanical interference between the PCB of the FEMB and
the epoxy deposited as a protective measure on the small printed circuit board to which the cold
cables are soldered and which forms the male part of the connector. The height of the epoxy can
cause the female part of the connector to lift from the PCB, as shown in Figure 4.40. Section 4.2.3
discusses the redesign of the connection to address this problem.
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Figure 4.41: Spectrum of the noise on the first induction plane of the ProtoDUNE-SP APAs before and
after applying a simple offline common-mode filter and partially mitigating ADC issues in software [63].

Analysis of the ProtoDUNE-SP data has made significant progress throughout 2019, leading to
many insights on the detector behavior and on the interactions between its different components.
The level of noise mentioned in Section 4.2.9 (approximately 550 e~ on the collection wires, and
approximately 650 e~ on the induction wires) was measured with raw data, without any filtering
or selection applied to the pulses on the APA wires. A simple offline common-mode filter can
significantly reduce the noise, particularly at low frequencies, as shown in Figure 4.41, which com-
pares the noise spectrum of the first induction plane of the APA before and after the filtering [63].
The spectrum prior to the filtering shows a significant increase at frequencies smaller than 60 kHz
that in MicroBooNE had been associated with the low-voltage regulators that are installed on the
FEMBs [62]. This contribution to the noise has been significantly reduced compared to initial
observations at MicroBooNE by means of RC filters that have been added on the ProtoDUNE-SP
FEMBs. Further work is required to understand why these RC filters do not completely suppress
this specific noise source, as indicated by tests performed in other setups. The noise spectrum prior
to the filtering also shows spikes at multiple discrete frequencies, and in some cases the associated
noise sources have been identified: for example, the operation of cameras inside the cryostat con-
tributes to the peaks at 310 kHz and 630 kHz; malfunctioning bias voltage supplies also contribute
to the noise. Finally, the reduced level of white noise in the spectrum at higher frequencies is due to
the application of an algorithm to partially recover from the ADC problems described above [63].
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We expect that further data analysis and tests with ProtoDUNE-SP will result in improvements
to the TPC electronics design that already demonstrates excellent performance.

4.2.11 Remaining Design and Prototyping Tasks

ProtoDUNE-SP was built with multiple goals, one of which was to demonstrate that the speci-
fications for DUNE could be met with a design that would only require a simple scale up of the
detector size. The data collected with ProtoDUNE-SP in fall 2018 has demonstrated that noise
levels well below the target of 1000e~ can be achieved in LAr, validating the detector system
design approach planned for the DUNE SP module.

Still, additional design and prototyping work is required in several areas before the start of SP
module construction, with differing levels of risk and engineering work, as estimated in Table 4.5.

For example, changing the number and arrangement of cryostat penetrations to accommodate two
CE flanges in addition to the PD system flange can be considered a relatively minimal modifica-
tion. It may require some structural reinforcement and additional finite element analysis (FEA)
simulations to estimate the proper flow of argon in order to avoid any back-diffusion of oxygen
into the cryostat (in case of leaks on the flanges), as well as to ensure an acceptable temperature
gradient in the LAr.

On the other hand, changes in the design of the ASICs, with the development of ColdADC and
COLDATA, are more involved.

The area that requires most work is that of the ASICs that are mounted on the FEMBs. LArASIC
has already gone through eight design iterations, the last three directly targeted for DUNE, and
has already been used (in two of its earlier versions) for MicroBooNE and for ProtoDUNE-SP,
where it has reached the noise levels specified for the DUNE SP module. At least one additional
design iteration is required to address the issues observed during ProtoDUNE-SP operations and to
implement a single-ended to differential converter to improve the interface with the newly developed
ColdADC. To ensure the success of the next design iteration, we are investing in the development
of appropriate transistor models for the 180 nm CMOS technology for operation in LAr, such that
the saturation effect observed in ProtoDUNE-SP can be properly addressed first in simulation and
then with improvements in design. It should be noted that, so far, approximate models that were
originally developed for the same 180 nm technology (but with different design rules) have been
used for the LArASIC development, and therefore it should not be a surprise that LArASIC may
have limitations in certain cases. The circuitry for the single-ended to differential converter has
already been developed in the 65 nm technology and needs to be ported to the 180 nm technology
used for LArASIC. Various measures have been put in place to minimize the risk associated with
the need of a further prototyping iteration; nevertheless, in Section 4.8.1 we consider a generic risk
for a delay in the availability of ASICs and argue that this delay would not have an impact on the
beginning of DUNE FD operations.

It should be noted that even if the reference design for the SP module makes use of custom ASICs
for the ADC and the data serialization functionality, a solution based on commercial components
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Table 4.5: Status of the design of the different CE detector components as well as the expected amount
of engineering and prototyping required prior to construction.

Component Status Expected work

LArASIC Advanced Fix issues observed in ProtoDUNE-SP, port differ-

- ential output from ColdADC design

COTS ADC Complete None

ColdADC See text for details

COLDATA See text for details

CRYO See text for details

FEMB Advanced Experience with multiple prototypes, final design will
follow the ASIC selection

Cold cables Very advanced  Minor modifications, additional vendor qualification

Cryostat penetrations Advanced Add CE flange for bottom APA

WIEC Very advanced  Add air filters and hardware interlock system

WIB Advanced Update design to use cheaper FPGA, modify FEMB
power, new firmware

PTC Very advanced  Add interface to interlock system

Power supplies Very advanced Investigate possible additional vendors, rack ar-
rangement

Warm cables Very advanced  Finalize cable layout, identify vendors

Readout and control fiber Very advanced Finalize plant layout
plant
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is available and has been demonstrated to work by the SBND collaboration. This solution is based
on the use of a COTS ADC and an FPGA for the data serialization, and further validation is
planned for spring 2020. We consider this solution as a fall-back solution for DUNE. Custom
solutions for the ASICs are being developed to simplify the FEMB assembly and reduce the power
dissipated by the electronics in the LAr.

The reference solution for the ADC and the data serialization is based on two new ASICs, ColdADC
and COLDATA. The first iteration of the ColdADC was submitted for fabrication at the end of
October 2018, and the chips were delivered in January 2019. Initial results from the tests of
the ColdADC prototypes have been discussed in Section 4.2.3.2. The results obtained so far are
encouraging, despite the fact that some flaws have been identified in the design. Even if one
additional design iteration is required, we think that the status of ColdADC can be characterized
as having reached the “Advanced” status.

We are also considering an alternative solution for the readout, where the three ASICs are replaced
with a single one, the CRYO chip that has a development timeline similar to that of ColdADC.
Also in this case the chips from the first submission have been delivered in January 2019; initial
results from the tests of the CRYO prototypes have been discussed in Section 4.2.3.4.2. As in the
case of ColdADC, the results obtained so far are encouraging. As soon as the noise issue observed
in the first prototype is understood, CRYO should also be characterized as having reached the
“Advanced” status.

The first complete prototype of COLDATA was submitted in April 2019 and the chips have been
delivered in July. As discussed in Section 4.2.3.3, all test results for COLDATA have been positive,
and so in this case it can also be claimed that the design of the ASIC has reached the “Advanced”
design status.

There have already been multiple iterations of FEMBs that have been fabricated and tested and
used for data taking in MicroBooNE and in ProtoDUNE-SP. The SBND collaboration is starting
the production of FEMBs based on the COTS ADC and FPGA solution. The design of the FEMB
needs to be adapted for the different ASIC solutions that are being considered for DUNE. This
development is already ongoing, as system tests where the FEMBs are connected to an APA are
part of the qualification tests. The design status for the FEMB is already at the “Advanced” level,
and it will reach the “Very advanced” level at the time of the ASIC selection. At that point, only
minor modifications may be required.

The only other TPC electronics detector components that do not yet reach the “Very advanced”
level are the cryostat penetrations, as discussed above, and the WIB, where small design changes
will be done prior to production in order to use a more modern and cheaper FPGA. Additional
changes to the power distribution scheme will be required as the number of power lines (and the
corresponding voltages) will be reduced compared to ProtoDUNE-SP. The transition to a more
modern FPGA will allow more extensive data monitoring inside the WIB, but may also require
developing new software and porting the firmware from one family of FPGAs to another.

For all other detector components, the estimate of the design maturity is considered “Very ad-
vanced” based on the experience gained with commissioning and operation of ProtoDUNE-SP.
The cold signal cables will be modified to reduce the number of connections and to address the
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issues observed with the connector on the FEMB. The design of the WIEC needs to be modified
to include air filters to minimize the possible damage from dust and/or chemical residues from ex-
plosives during the lifetime of the experiment at Sanford Underground Research Facility (SURF).
The PTC is going to be modified to add an interface to the hardware interlocks of the detector
safety system. For cables and fibers on the top of the cryostat, the only work that remains to be
done is the design of the actual cable plant, which will then determine the length of the cables.
The arrangement of power supplies in the racks on top of the cryostat is the only other remaining
design task. For many components, the qualification of additional vendors could also be considered
as part of value engineering; this will reduce the risk of vendor lock-in and help minimize costs.

4.3 Quality Assurance

The TPC electronics consortium is developing a QA plan consistent with the principles discussed in
Volume III, DUNE Far Detector Technical Coordination, Chapter 9. The goal of the QA plan is to
maximize the number of functioning readout channels in the detector that achieve the performance
specifications for the detector discussed in Section 4.1.3, particularly on noise. Minimizing the noise
levels in the detector requires that all system aspects are considered starting from the design phase,
and in this respect, the experience gained with the ProtoDUNE-SP prototype is extremely valuable
as it informs necessary design changes in the detector components. The lessons learned during
the construction of ProtoDUNE-SP. the commissioning of the detector, and the initial data taking
period have already been discussed in Section 4.2. Further operation of ProtoDUNE-SP in 2019
has provided information on the long term stability of the detector components.

Apart from the number of channels, the most important difference between ProtoDUNE-SP and
DUNE is the projected lifetime of the detector. This is relevant because a significant fraction of the
detector components provided by the TPC electronics consortium are installed inside the cryostat
and cannot be accessed or repaired during the operational lifetime of the detector. The graded
approach to QA indicates that particular care must be used for the CE components that will be
installed inside the cryostat.

A complete QA plan starts with ensuring that the designs of all detector components fulfill the
specification criteria, considering also system aspects, i.e. how the various detector components
interact among themselves and with the detector components provided by other consortia. We
discuss validating the design in Section 4.3.1 and the facilities that we use to investigate the
interactions among different detector components in Section 4.3.2.

The other aspects of the QA plan involve documenting the assembly and testing processes, storing
and analyzing the information collected during the QC process, training and qualifying personnel
from the consortium, monitoring procurement of components from external vendors, and assessing
whether the QC procedures are applied uniformly across the various sites involved in detector
construction, integration, and installation. The TPC electronics consortium plan involves having
multiple sites using the same QC procedures, many of which will be developed as part of system
design tests during the QA phase, with the possibility of a significant turnover in the personnel
performing these tasks. To avoid problems during most of the production phase, we plan to
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emphasize training as well as documentation of the QA plan. Reference parts will be tested at
several sites to ensure consistent results. At a single site, some parts will be tested repeatedly to
ensure that the response of the apparatus does not change and that new personnel involved in
testing detector components are as proficient as more experienced personnel.

All data from the QC process will be stored in a common database, and the yields of the pro-
duction will be centrally monitored and compared among different sites. The procedures adopted
for detector construction will evolve from the experience gained with ProtoDUNE-SP. A first ver-
sion of the testing procedures will be put in place in 2020, while the final designs of the detector
components are completed and new prototypes are tested. The QC procedures will then be re-
viewed during the engineering design review that precedes pre-production. Lessons learned during
pre-production will be analyzed, and a final and improved QC process will be developed before
the production readiness review that triggers the beginning of production. During production,
the results of the QC process will be reviewed at regular intervals in production progress reviews.
In case of problems, production will be stopped and the problematic issues assessed, followed by
changes in the procedures if necessary.

4.3.1 |Initial Design Validation

As described in Section 4.2, four ASIC designs are being developed for the DUNE FD single-phase
TPC readout (LArASIC, ColdADC, COLDATA, and CRYO). When a new prototype ASIC is pro-
duced, the groups responsible for the ASIC design will perform the first tests of ASIC functionality
and performance. These tests may use either packaged parts or dice mounted directly on a printed
circuit board and wire bonded to the board. The goal of these tests is to determine the extent to
which the ASIC functions as intended, both at room temperature and at LNy temperature. For all
chips, these tests include exercising digital control logic and all modes of operation. Tests of FE
ASICs include measurements of noise levels as a function of input capacitance, baseline recovery
from large pulses, cross-talk, linearity, and dynamic range. Tests of ADCs include measurements of
the effective noise levels and of differential as well as integral non-linearity. Tests of the COLDATA
and CRYO ASICs include verification of both the control and high-speed data output links using
cables with lengths of 9m and 22m as required for the DUNE FD. After the initial functionality
tests by the groups that designed the ASICs, further tests will be performed by other independent
groups; then the ASICs will be mounted on FEMBs so noise measurements can be repeated with
real APAs attached to the readout chain.

Tests of ASICs and FEMBs in a cryogenic environment are performed in LN, instead of LAr for
cost reasons, ignoring the small temperature difference. These tests can be performed immersing
the detector components in a dewar containing LNy for the duration of the tests. Condensation
of water from air can interfere with the tests or damage the detector components or the test
equipment, particularly during their extraction from the LN,. A test dewar design developed
by Michigan State University, referred to as the CTS, has been developed to avoid this problem
and to automate the immersion and the retrieval of the components being tested. Several CTS
units were deployed at BNL during the ProtoDUNE-SP construction and used for the QC on
the ASICs and FEMBs for ProtoDUNE-SP. Later they were also used to perform similar tasks
during the construction of the electronics for SBND. Several other CTS units have been deployed
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to institutions involved in developing ASICs to test the first prototypes of ASICs and FEMBs for
the DUNE FD. Two CTS units in operation at BNL are shown in Figure 4.42.

Figure 4.42: Cryogenic Test System (CTS): an insulated box is mounted on top of a commercial LN,
dewar. Simple controls allow the box to be purged with nitrogen gas and LN, to be moved from the
dewar to the box and back to the dewar.

4.3.2 Integrated Test Facilities

The investigation of the system issues that can arise from the interaction of different detector
components requires that a full system test of a slice of the entire detector is performed. These
tests are performed with FEMBs attached to APAs enclosed in a structure that provides the
same grounding environment planned for the final DUNE FD. Power, control, and signal readout
connections will be provided using cryostat penetrations similar to those planned for use in the
DUNE FD. Prototypes of the final DUNE FD DAQ will be used for readout and control of the
detector, and if possible the PD system will also be included. We have identified three such
system test stands that we can use for system tests: the ProtoDUNE-SP facility at dwordcern, the
ICEBERG facility at Fermilab, and the 40 % APA at BNL. We discuss these three setups in this
section.

4.3.2.1 ProtoDUNE-SP and Cold Box at CERN

ProtoDUNE-SP is designed as a full slice of the DUNE SP module using components with a design
as close as possible to the one that will be used in production. It contains six full-size DUNE APAs
instrumented with 20 FEMBs each for a total readout channel count of 15,360 digitized sense wires.
Critically, the wires on each APA are read out via a full TPC electronics readout system, including
a CE flange and WIEC with five WIBs and one PTC. Each combined APA and CE readout unit
follows the grounding guidelines described in Section 4.2.1 to operate in a fully-isolated way with
respect to the rest of the detector.

ProtoDUNE-SP took beam data in the CERN Neutrino Platform in 2018 and will continue to
take cosmic data throughout spring 2020. As described in Section 4.2.9; the live channel count
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(99.7%) and average noise levels on the collection and induction wires (ENC ~550 e~ and ~650e™,
respectively) satisfy the DUNE-SP requirements described in Section 4.1.2. Several lessons learned
from the production and testing of the TPC electronics and the ProtoDUNE-SP beam data run
will be incorporated into the next iteration of the system design for the DUNE SP module, as
discussed in Section 4.2.10.

Five of the six APAs were tested in the ProtoDUNE-SP cold box before they were installed in
the cryostat. These tests were critical in identifying issues with CE components after installation
on the APA. Therefore, a very similar set of cold box tests are planned at SURF with the fully-
instrumented DUNE APAs. A seventh APA was delivered to CERN in March 2019 and will be first
equipped with ProtoDUNE-SP FEMBs. This APA was characterized in October 2019 in the cold
box like the APAs installed in ProtoDUNE-SP, establishing a reference point for further tests that
will be performed after replacing half of the FEMBs with new prototypes FEMBs (equipped with
prototypes of the new ASIC designs). Tests will be performed in early 2020 using FEMBS equipped
with the COTS ADC, FEMBs with the CRYO ASIC, and FEMBs with the new sw ColdADC and
COLDATA ASICs. The cold box will also be used to study the “the effect of low temperature on the
low-voltage power and bias-voltage power cables as they are routed through the APA frame.

The DUNE APAs and the readout electronics will differ from the ones used in ProtoDUNE-SP. For
this reason, we are planning to re-open the ProtoDUNE-SP cryostat and replace three of the six
APAs with final DUNE FD prototypes that also include the most recent prototypes of the FEMBs
built using the chosen ASIC solution. If possible, ASICs from the engineering run will be used to
populate the FEMBs instead of using prototypes from a multi-purpose wafer fabrication run. A
total of 60 FEMBs are required to populate the three final DUNE APA prototypes to be installed
in ProtoDUNE-SP. A second period of data taking with this new configuration of ProtoDUNE-SP
is planned for 2021-2022. This will also allow another opportunity to check for interference between
the readout of the APA wires and the PD system or other cryogenic instrumentation.

4.3.2.2 Small Test TPC (ICEBERG)

While the cold box test at CERN and ProtoDUNE-SP operations provide important validation
of the TPC electronics for DUNE, a new cryostat (ICEBERG) has been built to test multiple
CE prototypes in a LArTPC environment. ICEBERG will be used for LAr detector R&D and
for system tests of the CE prototypes. The ICEBERG cryostat allows for rapid turn-around
in testing new configurations of the CE. One cycle, including installing new FEMBs, filling the
cryostat, performing measurements, and finally emptying the cryostat, can be completed in less
than one month. While this is slower than the turn-around that can be achieved with the cold box
at CERN, the advantage of ICEBERG is that it houses a small TPC which allows measurements
with ionization tracks, which is not possible when performing tests in the cold box. In addition,
ICEBERG enables system-wide studies with new prototypes of the PD system because the scaled-
down APA is mechanically compatible with the new design of the PD system, which is not the
case for the seventh ProtoDUNE-SP APA.

The ICEBERG cryostat, shown in Figure 4.43, is installed at the Proton Assembly Building at
Fermilab. It has an inner diameter of 152 cm and can hold about 35,000 liters of LAr, sufficient
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to house a TPC with dimensions 115cm x 100cm x 60cm. For DUNE purposes, this cryostat
will house a 1,280-channel TPC, shown in Figure 4.44, with an APA and two FCs that together
enclose two sensitive ionization drift volumes. Each drift volume has a maximum drift distance
of 30cm. The APA has been built using wire boards and anchoring elements identical to those
of ProtoDUNE-SP, as described in Section 2.2. 2.2.5. It has dimensions of 1/10" of a DUNE APA.
The APA mechanics are designed to accommodate two half- length ProtoDUNE-SP PDs ~with
dimensions and connectors that already include the design modifications planned for the DUNE

ED.

Figure 4.43: ICEBERG cryostat (left) and top plate spool piece (right).

Power, readout, and controls use equipment identical to those used for ProtoDUNE-SP. The
interface between the FEMBSs and the APA wires uses the same CR. boards used for ProtoDUNE-
SP and described in Section 2.2.5. The TPC is read out via a DAQ system (also shown in
Figure 4.44) identical to that of ProtoDUNE-SP. The power and signal cables for the detector are
routed through a spool piece installed on the center port of a movable flange on the top of the
cryostat, which is also used to support the TPC. The movable flange contains fourteen additional
ports that are available for different utilities, including HV, purity monitoring, cryogenic controls,
and visual inspection. A condenser as well as LAr fill and vacuum ports are on the side of the
cryostat, providing easy access to the detector.

The FC for the TPC is constructed using printed circuit boards and designed to provide up to
30 cm of drift length on both sides of the APA. The cathode plane is made of a printed circuit
board coated with copper and is powered with —15kV DC power. A 1GS) resistance between the
strips of the FC creates a gradient field changing from —15kV at the cathode to —1kV near the
APA. In the initial configuration, the sides of the FCs are terminated on the APA ground with
156 MS2 resistors, which is different from that which has been planned for the DUNE FD, where
the last electrode of the FCs is also connected to a separate bias voltage supply.

The ICEBERG power system that provides power to the detector, electronics, DAQ, and cryogenics
controls was designed with extreme care to isolate the detector and building grounds, following
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Figure 4.44: |CEBERG TPC (left) and DAQ system (right).

the same principles adopted for ProtoDUNE-SP and including a new 480V transformer. The
impedance between the detector and building grounds is continuously monitored. The distribution
panel, which is at detector ground, provides both 208 V and 120V lines for the TPC electronics
rack, providing both the low-voltage power to the TPC electronics components and the bias voltage
to the APA wire planes through the WIEC and SHV connectors located on the cryostat penetration.
A single WIENER MPOD provides —665V, =370V, 0V, and 820V to the G, U, V', and X planes
of the APA | respectively. It is also used to provide the —15kV to the cathode plane. A WIENER
PL506 provides the low-voltage power to the PTC, to the fans, and to the heaters located on the
flange that is mounted on the spool piece at the top of the cryostat.

The DAQ for ICEBERG is a copy of the system used for the readout of five of the ProtoDUNE-
SP APAs at CERN. The core of the DAQ system consists of two Linux PCs that communicate
over 10 Gbps optical fibers with processing units called reconfigurable computing elements (RCEs),
which are FPGAs that are housed on industry-standard Advanced Telecommunications Computing
Architecture (ATCA) shelves on cluster on board (COB) motherboards. The RCEs can perform
data compression and zero suppression. They also buffer the data while waiting for a trigger and
then send it to the Linux PCs where the data can be analyzed using the artdaq framework. A pair
of scintillators at the top and bottom of the cryostat generates a cosmic trigger for the DAQ. The
system is modular and could be upgraded to follow the overall DUNE FD DAQ development.

The ICEBERG cryostat was filled for the first time with LAr in March 2018, with ProtoDUNE-
SP FEMBs installed on the TPC. The initial data taking run uncovered some issues with the
pressure regulation system of the cryostat and with the field cage. Once these problems were
addressed, a second data taking period started in June 2019, demonstrating stable operations of
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the cryostat and TPC. The baseline performance of the ICEBERG TPC has been established using
ProtoDUNE-SP FEMBs. As shown in Figure 4.45, noise levels of ~ 300e™ have been measured
on the collection and induction wires, which are of similar length, in line with expectations given
the input capacitance to the FE electronics. A small number of channels have larger noise levels
as a result of the underperforming ADC electronics, as in the case of ProtoDUNE-SP. TPC noise
levels remained constant while the PD system was being operated, demonstrating that there is no
interference between that system and the TPC electronics. Moving forward, ICEBERG will be
used to test new FEMB prototypes, equipped with the new ASICs under development.
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Figure 4.45: ENC levels (in electrons) for all channels of the ICEBERG TPC, both before and after the
application of a simple offline common-mode noise filter.

4.3.2.3 40% APA at BNL

One additional facility where the FEMB prototypes can be connected to an APA inside a shielded
environment is the 40 % APA test stand at BNL. The 40 % APA at BNL is a 2.8 m x 1.0 m three-
plane APA with two layers of 576 wrapped (U and V') wires and one layer of 448 straight (X)
wires. It is read out by up to eight FEMBs with the full length (7m) ProtoDUNE-SP data and
LV power cables. The readout uses the full TPC electronics system, including the CE flange and
WIEC, as shown in Figure 4.46. Detailed integration tests of the ProtoDUNE-SP CE readout
performance were done at the 40 % APA. During these tests the DUNE grounding and shielding
guidelines were strictly followed. This system was also used for initial studies of the COTS ADC
option that is described in Section 4.2.3.4.1 and will be used again for new FEMB prototypes.

Each of the three setups (APA in the cold box at CERN, ICEBERG TPC at Fermilab, and 40 %
APA test stand at BNL) that can be used for system tests has advantages and disadvantages.
Only the ICEBERG TPC can be used to perform measurements with tracks, but the APA is much
smaller than the DUNE FD APA (which is also an advantage because it allows us to determine
the ultimate performance of the electronics because the detector capacitance is reduced). The
ICEBERG TPC is for the moment the only setup compatible with the new PD system design.
Tests performed in the cold box at CERN and with the 40 % APA at BNL are limited to noise
measurements. These tests are not performed at LAr temperature in the CERN setup. The
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Figure 4.46: Left: one side of the 40 % APA with four FEMBs. Right: the full CE feedthrough and
flange.

advantage of of the cold box at CERN and of tests performed in ProtoDUNE-SP is that the APA
size is the one used in the DUNE FD, while the ICEBERG detector is much smaller. We plan
to continue using all these setups for testing during the development of new ASICs and FEMBs
designs.

4.3.3 Reliability Studies

The TPC CE system of the DUNE SP FD must meet stringent requirements, including a very
small number of failures (< 1% of the total number of channels) for components installed on
the detector inside the cryostat during the 20 years of detector operation. Initial studies of the
impact of dead channels indicate that there is minimal impact on physics measurements even for a
large (~ 5%) number of channel failures randomly distributed in the detector, given the very high
granularity of the TPC. Further studies are ongoing to understand the impact of failures affecting
groups of neighboring channels, which could arise from the failure of ASICs (16-64 channels) or
FEMBs (128 channels). Reliability must be incorporated in the design of all components, and a
dedicated analysis of the physics impact of all possible failure modes, including a consideration
of the number of readout channels affected, is required before finalizing the design of all ASICs,
printed circuit boards, cables, connectors, and their supports, all of which are housed inside the
DUNE FD cryostat.

A few HEP detectors have operated without intervention for a prolonged period, with few readout
channel losses, in extreme conditions that are similar to those in the DUNE FD cryostats:

o The NA48/NA62 liquid krypton (LKr) calorimeter has 13,212 channels of JFET pre-amplifiers
installed on the detector. It has been kept at LKr temperature since 1998. The total fraction
of failed channels is < 0.2% in more than 20 years of operation.

o The ATLAS LAr accordion electromagnetic barrel calorimeter has approximately 110,000
readout signal channels, with up to seven connections and different circuit boards populated
with resistors and diodes inside the cryostat. This calorimeter has been cold since 2004, for
a total of 15 years of operation. So far, the number of readout channels that have failed is
approximately 0.02% of the total channel count.
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o The ATLAS LAr hadronic endcap calorimeter has approximately 35,000 GaAs pre-amplifers
summed into 5,600 readout channels that are mounted on cold pre-amplifier and summing

boards. The ATLAS LAr hadronic endcap calorimeter CE have been in cold since 2004, with
0.37% of the channels failing during 15 years of operation.

Since neither NA48/NA62 nor the ATLAS LAr hadronic endcap calorimeter use CMOS electronics,
the procedures used in the construction and Qg of PCBs and for the selection and QQ of connectors
and discrete components mounted on the PCBs represent the most relevant aspect for the DUNE

ED.

In addition, FERMI/GLAST is an example of a joint project between NASA and HEP groups
with a minimum mission requirement of five years, and is on its way to achieving a stretch goal
of ten years of operations in space. Although the requirements are somewhat different, examining
and understanding the various strategies for a space flight project can inform the DUNE project.

A preliminary list of reliability topics to be studied for the TPC electronics operated in LAr
environment are:

« The custom ASICs proposed for use in DUNE (LArASIC, ColdADC, COLDATA, and CRYO)
incorporate design rules intended to minimize the hot-carrier effect [55, 66], which is recog-
nized as the main failure mechanism for integrated circuits operating at LAr temperature.

o For COTS components, accelerated lifetime testing, a methodology developed by NASA [67]
will be used to verify the expected lifetime of operation at cryogenic temperatures. A COTS
ADC has undergone this procedure and has been qualified as a solution for the SBND
experiment [54].

o Printed circuit board assemblies are designed and fabricated to survive repeated immersions
in LN2

o A study will be undertaken to give guidance on how much components (capacitors, resistors,
etc.) should be de-rated for power dissipation, operating voltage, etc. in order to achieve the
desired reliability.

e Similarly, connectors and cables, usually major sources of detector channel failures, will
require a separate study to identify optimal choices.

« In addition to the QA studies noted above, a very detailed and formal set of QC checks of
the production pieces will be required in order to ensure a reliable detector. The QC plans
for the TPC electronics detector components are discussed in Section 4.4.4.

The TPC electronics consortium has formed a working group tasked with studying the reliability
of these components, which is preparing recommendations for the choice of ASICs, the design of
printed circuit boards, and testing procedures. This working group will review the segmentation
of the CE to understand which failures will most affect data taking, revisit recommendations for
the ASIC design, beyond those aimed at minimizing the hot-carrier effect, revisit the industry and
NASA standards for the design and fabrication of printed circuit boards, connectors, and cables,
and recommend QC procedures to be adopted during fabrication of the CE components. The
working group will also review system aspects, to understand where it is desirable, necessary, and
feasible to implement redundancy in the system in order to minimize data losses due to single

The DUNE Far Detector Single-Phase Technology The DUNE Technical Design Report



Chapter 4: TPC Electronics 4-211

component failures.

4.4 Production and Assembly

In this section, we discuss the production and assembly plans, including the plans for the spares
required during the detector construction and for operations, for procurement, assembly, and
quality control.

4.4.1 Spares Plan

The APA consortium plans on building 152 APAs for the first SP detector. This means that at least
3,040 FEMBs with the corresponding bundles of cold cables will be required for the integration
(3,040 power cables, 3,040 data cables, and 1,216 bias voltage cables; half the cables will be long
enough for integration on the top APAs, while the other half will be compatible with the bottom
APAs). To have spare FEMBs, the TPC electronics consortium plans to build at least 3,200
FEMBs, 5% more than necessary. If more spares are needed during the QC process or during
integration, additional FEMBs can be produced quickly as long as any components that have long
lead times are on hand. For these components, we plan to keep on hand a larger number of spares.
The ASICs require a long lead time; a plan for those spares is discussed below. For other discrete
components (capacitors, resistors, connectors, voltage regulators, oscillators), plans will be put in
place once the final design of the FEMB is available and vendors contacted.

For the ASICs, the number of spare chips is driven by the fact that fabrication requires batches of
25 wafers at a time. Given the dimensions of the current prototype ASICs, the expected number
of chips per wafer is about 700 for LArASIC, 930 for ColdADC, 230 for COLDATA, and 220 for
CRYO. These numbers are based on the assumption that Cold ADC and COLDATA are fabricated
on the same wafer. To estimate the number of usable chips for installation on the FEMBs, we
assume that 10% of the chips will fail during the QC process described later in this section, and
an additional 5% of the chips will fail during dicing and packaging. With these assumptions,
one would need at least 43 LArASIC wafers, 33 ColdADC and COLDATA wafers, and 35 CRYO
wafers for one SP FD module. Wafers must be ordered in batches of 25 which implies that we will
have a significant number of spares, meaning that additional batches of wafers would be needed
only if the overall yield of LArASIC falls below 75% or if the overall yield of the other ASICs falls
below 60%. The number of spare chips available can be reduced if wafers are purchased for two SP
detectors at a time; however, the wafers are relatively inexpensive and the chosen processes may
not be available after a few years so generous spares of these custom devices are likely advisable.

In general, for other components, we plan to procure between 5 and 10% additional components for
spares for the construction of the first SP FD module. We will need more spares for components
that have a larger risk of damage during integration and installation. For example, for cold
cables, we plan for 10% additional spare cables for the bottom APA because they must be routed
through the APA frames, but for the top APA, we foresee needing only 5% additional spare cables.
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Assuming we will have unused spares from the first detector, we will reduce the number of spares
for the second SP. FD module.

The components on top of the cryostat (power supplies, bias voltage supplies, cables, WIECs
with their WIB and PTC boards) can be replaced while the detector is in operation. For these
components, additional spares may be required during the 20 years operation period of the DUNE
FD. The initial plan is to purchase 10% additional components for spares for the first SP FD module
and use them for the second SP FD as well (i.e. effectively having 5% additional components for
spares). Once the design of the WIBs is finalized, we will decide if extra spares should be purchased
for FPGAs and optical transmitters and receivers. These are commercial components that may
no longer be available after a certain number of years of operation, which could prevent the TPC
electronics consortium from fabricating additional spare WIBs if required. This risk is discussed in
Section 4.8.3, one that could be alleviated by placing commercial components on mezzanine cards
to minimize any necessary redesign of boards if these components are no longer available. We can
also stock additional components if market trends show that the components will become harder
or impossible to find in the future.

4.4.2 Procurement of Parts

The construction of the detector components for DUNE requires many large procurements that
must be carefully planned to avoid delays. For the ASICs, the choice of vendor(s) is made at
the time the technology used in designing the chips is chosen. For almost all other components,
several vendors will bid on the same package. Depending on the requirements of the funding
agency and of the responsible institution, this may require a lengthy selection process. The cold
cables used to transmit data from the FEMBs to the WIBs represent a critical case. In this case
a technical qualification, including tests of the entire cold chain (from the FEMB to the receiver
on the WIB) is required. Another problem is the large numbers of components required. In some
cases, the number of components of a given type (resistors, capacitors) may far exceed the number
of components that the usual resellers keep in stock. This will require careful planning to avoid
stopping the assembly chain for the FEMBs, for example, because one kind of component runs
short. Figures 4.47 and 4.48 show the flow of the TPC electronics detector components through
procurement, assembly, QC testing, and finally integration and installation at SURF using a color
code to indicate the activities that are performed by external vendors, those that take place at one
of the consortium institutions, and those that take place at SURF.

4.4.3 Assembly

The TPC electronics consortium plans to minimize the amount of assembly work at any one of
the participating institutions. When assembly work is required, it will be performed by external
companies; examples are the installation of surface mount components, ASICs, FPGAs on the
printed circuit boards for the FEMBs and the WIBs, and the assembly of the crossing tube cable
supports. One of the few exceptions is the assembly of the WIECs that involves mechanical and
electrical connections at the backplane and crate supports. Other activities that require work
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Figure 4.47: Parts flow for the TPC electronics detector components installed inside the cryostat.

performed at one of the consortium institutions are the assembly of the plugs attached to the
cold cables, which are used to protect the FEMBs from ESD damage, and the preparation of the
bundles of low-voltage power, clock signal, trigger, data readout, and bias voltage cables. During
the engineering phase and for components fabricated in small quantities, like boards used for
testing other components, the plan is to have one of the consortium’s institutions assemble the
components. After assembly and testing, discussed below in Section 4.4.4, all detector components
are shipped to the South Dakota Warehouse Facility (SDWF) and later to SURF, where the final
detector assembly takes place as discussed in Chapter 9.

4.4.4 Quality Control

Once the APAs are installed inside the cryostat, only limited access to the detector components will
be available to the TPC electronics consortium. After the temporary construction opening (TCO)
is closed, no access to detector components will be available; therefore, they should be constructed
to last the entire lifetime of the experiment (20years). This puts very stringent requirements on
the reliability of these components, which has been already addressed in part through the QA
program discussed in Section 4.3. The next step is to carefully apply stringent QC procedures for
detector parts to be installed in the detector. All detector components installed inside the cryostat
will be tested and sorted before they are prepared for integration with other detector components
prior to installation. The full details of the QC plan have not been put in place yet, and the specific
selection criteria for the components will be defined only after the current design and prototyping
phase is completed. For each detector component, a preliminary version of the QC program will be
developed before the corresponding engineering design review. The program will then be used for
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qualification of components fabricated during pre-production. It will be modified as needed before
the production readiness review that triggers the start of production of detector components used
for assembling the detector. In most cases the QC program will be informed by the experience
gained with the tests of the corresponding parts fabricated for ProtoDUNE-SP. Yields from the
testing of LArASIC and of other discrete components mounted on the FEMBs are discussed below.

Some of the requirements for the QC plans can be laid out now based on the lessons learned from
constructing and commissioning the ProtoDUNE-SP detector. Experience with ProtoDUNE-SP
shows that a small fraction (roughly 4%) of the LArASIC chips that pass the qualification criteria
at room temperature fail the tests when immersed in LNy. Therefore, we plan to test all ASICs
in LN, before they are mounted on the FEMBs; cryogenic testing of the FEMBs is also planned.
The goal of testing the ASICs in LN, is to minimize the need to rework the FEMBs. This is
more important if the three ASICs solution is chosen for the FEMB. Since in this case there are
18 ASICs on the FEMB, an upper limit of 2% on the fraction of FEMBs that require reworking
translates into a requirement of less than 0.1% of the ASICs failing during immersion in LNy. If
the CRYO solution is chosen for the ASICs to be used on the FEMBs, the 2% requirement for the
number of FEMBs to be reworked changes to a maximum failure rate of 1%, given that there are
only two ASICs on the FEMBs. Based on experiences at ProtoDUNE-SPs, discrete components
like resistors and capacitors need not undergo cryogenic testing before they are installed on the
FEMBs. Capacitors and resistors are commonly sold in reels of a few thousand components,
which should be typically sufficient for the fabrication of ten FEMBs. For these components, we
are planning to perform cryogenic tests on samples of a few components from each reel prior to
using the reel in the assembly of FEMBs. Some other components installed on the FEMBs, like
voltage regulators and crystal oscillators, will have to be qualified like the ASICs in LN, before
being mounted on the FEMBs. In the case of the voltage regulators, it was found that the number
of failures were negligible and that cryogenic testing was not necessary. One component used for
ProtoDUNE-SP that we are not planning to use for the DUNE FD FEMBs, the memory card used
to store the FPGA programming, had instead a very high failure rate (> 50%).

ASIC testing is performed with dedicated test boards that allow tests of the functionality of the
chips and are also used to determine the initial calibration constants that are stored in a database
for later use. The dedicated test boards reproduce the entire readout chain where the input to
the FE amplifier or to the ADC is replaced by an appropriate signal generator, and some parts of
the backend may be replaced by a simple FPGA that is directly connected to a computer. Tests
of the FEMBs can be performed by connecting them directly to a standalone WIB, as discussed
in Section 4.2.6. Given the large number of ASICs and FEMBs required for one DUNE FD
SP detector, we plan to distribute the corresponding QC activities among multiple institutions
belonging to the TPC electronics consortium. Up to six test sites are needed for the ASICs plus
an additional five sites for the FEMBs, with each test equipped with a cryogenic system such as
the CTS. All tests will be performed following a common set of instructions.

The choice of distributing the testing activities among multiple institutions has been made based
in part on the experience gained with ProtoDUNE-SP, where all associated testing activities were
concentrated at BNL. While this approach had some advantages, like the direct availability of the
engineers that had designed the components, a strict conformance to the testing rules, and a fast
turn-around time for repairs, it also required a very large commitment of personnel from a single
institution. Personnel from other institutions interested in the TPC electronics participated in the
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Figure 4.48: Parts flow for the TPC electronics detector components installed on top of the cryostat.

test activities but could not commit for long periods of time. For this reason, we are planning to
distribute the QC testing activities for ASICs and FEMBs among multiple institutions belonging
to the TPC electronics consortium. It should be noted that this approach is used in the LHC
experiments for detector components like the silicon tracker modules where both the assembly
and QC activities take place in parallel at multiple (of the order of ten) institutions. To ensure
that all sites produce similar results, we will emphasize training experienced personnel that will
overview the testing activities at each site, and we will have a reference set of ASICs and FEMBs
that will be initially used to cross-calibrate the test procedures among sites and then to check
the stability of the test equipment at each site. All testing activities for ASICs and FEMBs will
be monitored by a member of the management of the TPC electronics consortium who will also
have the responsibility of training the personnel at all sites and conducting site inspections to
ensure that all safety and testing rules and procedures are applied uniformly. Test results will be
stored in a database, and criteria will be developed for the acceptance of ASICs and FEMBs. The
acceptance rate will be monitored, and in case of problems, the failures will be analyzed and root
cause analyses will be performed. If necessary, the test program will be stopped at all sites while
issues are being investigated. In the case of CRYO, since each FEMB will only have two chips, it
may be possible to bypass chip-level testing altogether. If the chip-level failure rate is low enough,
it may be sufficient to simply test assembled FEMBs and reject or rework those that fail the tests.

For the large numbers of ASICs required for one DUNE FD SP detector (6,000 or 54,000 chips
depending on the ASIC solution chosen), manual testing of the chips requires excessive amounts
of resources and, based on the lessons learned from constructing ProtoDUNE-SP, would lead to
unacceptable rejection factors. Ideally, the entire testing process would be performed using a
robotic system, where a robotic arm picks up the ASIC from a tray, places it on a test board,
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and holds it in place while the test is performed, followed by sorting it into a second tray based
upon the test result. The requirement that the test be performed in LNy prevents us from using
this scheme. Two of the biggest problems observed during the construction of ProtoDUNE-SP
were related to the QC of ASICs in LNy. The first one, related to condensation on the test
boards, has been addressed with the development of the CTS, discussed in Section 4.3.1. The
second one is related to placement of the chips into the sockets on the test boards, and leads to
test failures and in some cases damage to the chips and/or the sockets. To overcome problems
with the manual placement of the chips into the sockets, we plan to develop a robotic system to
perform this operation. Once the ASICs are placed on test boards, they will be moved manually
into upgraded versions of the current CTS that can house multiple test boards. At the end of the
testing procedure, the robotic system will then remove the chips from the test boards and sort
them according to the test results. Based on the experience with the tests of the ProtoDUNE-SP
ASICs, as well as from other experiments, we plan to have the sockets on the test boards cleaned
on a regular basis and then replaced after a certain number of testing cycles.

Before assembly, the printed circuit boards for the FEMBs will be tested by the production vendor
for electrical continuity and shorts. The usual approach for particle physics experiments is to
perform a visual inspection of the boards before installing the discrete components and the ASICs.
This inspection will be repeated after installation and before the functionality test, which for
DUNE will be performed in LN,. The specifications on vias and pads for the printed circuit
boards for the FEMBs are not outside the industrial vendors’ capabilities, and therefore we do
not expect these inspections to be absolutely necessary. We will perform visual inspections on a
sample of production units, with a higher rate of sampling at the beginning of the production. We
will also investigate the possibility of using other, possibly automatic, inspection methods for the
bulk of the production. After assembly, each FEMB will be tested in LNy using the current CTS
design. Nine C'TSs have already been fabricated and are being distributed among the institutions
in the consortium.

The test procedures are likely to be very similar to the ones adopted for ProtoDUNE-SP, with
the main difference that the tests will not be performed with the final cables to be used in the
experiment but with a set of temporary cables. The final cables will be tested separately as
described below. The tests of the FEMBs are performed using the CTS, which allows a turnaround
time of about one hour per FEMB. In the test, the FEMB is connected to a capacitive load that
simulates the presence of APA wires. This allows connectivity checks for each channel as well as
measurements of the waveform baseline and of the channel noise level. Calibration pulses will be
injected in the front-end amplifier, digitized, and read out. These injected pulses will also be used
to determine the calibration constants of the ADC. The test setup requires one WIB and a printed-
circuit board similar to those used on the cryostat penetration, allowing simultaneous testing of
four FEMBs. A standalone 12V power supply is required, and the readout of the WIB uses a direct
Gb Ethernet connection to a PC. The setup used for ASIC testing is similar. In both cases, the
data can be processed locally on the PC, and the results from the tests and calibrations are then
stored in a database. The plan is to have the capability to retrieve these test and calibration results
throughout the entire life of the experiment. As in the case of ASIC testing, we will monitor the
test results to ensure that all sites have similar test capabilities and yields and to identify possible
problems during production. Further tests will be performed on the FEMBs before and after their
installation on the APAs, as discussed in Section 9.4.
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The final component provided by the TPC electronics consortium and installed inside the cryostat
is the ensemble of cold cables: the cables carrying the bias voltage for the APA wires and the field
cage termination electrodes; the cables carrying the low-voltage power to the FEMBs; and the data
cables that carry the clock and control signals to the FEMBs that are also used for signal readout.
It is neither feasible nor necessary to test these cables in LNy because they will usually perform
better at cold temperatures than room temperature. We will perform checks on all cables during
production at room temperature before they are installed and connected to the FEMBs. These
tests will involve continuity checks and resistance measurements on the low-voltage power and the
bias voltage cables, and also bit-error rate measurements on the clock/control and data readout
cables. Connectors will be visually inspected to ensure that they show no sign of damage. Further
tests will take place when the APAs are tested in the cold boxes at SURF prior to installation
inside the cryostat.

Stringent requirements must be applied to the cryostat penetrations in order to avoid argon leaks.
The cryostat penetrations have two parts: the first is the crossing tube with its spool pieces, and
the second one is the three flanges used for connecting the power, control, and readout electronics
with the CE and PD system components inside the cryostat. On each cryostat penetration there
are two flanges for the CE and one for the PD system. The crossing tubes with their spool pieces
are fabricated by industrial vendors and pressure-tested and tested for leaks by other vendors.
The flanges are assembled by institution that are members of the TPC electronics and PD system
consortia; the flanges must undergo both electrical and mechanical tests to ensure their function-
ality. Electrical tests comprise checking all of the signals and voltages to ensure they are passed
properly between the two sides of the flange and that there are no shorts. Mechanical tests involve
pressure-testi