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

• Number of working channels > 99% (continuity, isolation, tension) 

• Wire pitch (frame flatness, tension) ± 0.5 mm 

• Plane spacing (frame flatness, tension)  ± 0.5 mm
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length, and choice of wire material. This section details the design of an individual APA. We1

begin with an overview of the key fundamental parameters of the anode plane assemblies and their2

connection to the physics requirements of the experiment.3

1.2.1 APA Design Parameters4

Each APA is 6 m high, 2.3 m wide, and 15 cm thick. The underlying support frame is made5

from stainless steel hollow tube sections that are precisely machined and bolted together. A fine,6

conducting mesh covers the rectangular openings in the frame on both sides, to define a uniform7

electrical ground plane (GP) behind the wires. The four layers of sense and shielding wires at8

varying angles relative to each other completely cover the frame. The wires terminate on boards9

that anchor them as well as providing the connection to the TPC readout electronics. Starting from10

the outermost wire layer, there is first an uninstrumented shielding plane (vertical, G), followed11

by two induction planes (±35.7 ¶ to the vertical, U, V ), and finally the collection plane (vertical,12

X). All wire layers span the entire height of the APA frame. The two planes of induction wires13

wrap in a helical fashion around the long edges and over both sides of the APA. Figures 1.2 and14

1.3 illustrate the layout of the wire layers. Below, we summarize the key design parameters and15

the considerations driving the main design choices for the anode plane assemblies. A tabulated16

summary of APA specific requirements are also provided in Table 1.1.17

Table 1.1: Specifications for SP-APA

Label Name Specification
(Goal)

Rationale Validation

SP-FD-1 Minimum drift
field

> 250 V/cm
( > 500 V/cm )

Lessens impacts of e-
Ar recombination, e-
lifetime, e-di�usion and
space charge.

ProtoDUNE

SP-FD-2 System noise < 1000 enc Provides >5:1 S/N on
induction planes for
pattern recognition and
two-track separation.

ProtoDUNE and
simulation

SP-FD-3 Light yield > 0.5 pe/MeV
( > 5 pe/MeV )

Rejects nucleon decay
backgrounds from cos-
mogenic events near
cathode.

SP-FD-4 Time resolu-
tion

< 1 µs
( < 100 ns )

Enables 1 mm position
resolution for 10 MeV
SNB candidate events
for instantaneous rate <
1 m≠3ms≠1.

SP-FD-5 Liquid argon
purity

< 100 ppt
( < 30 ppt )

Provides >5:1 S/N on
induction planes for
pattern recognition and
two-track separation.

Purity monitors
and cosmic ray
tracks
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SP-FD-6 Gaps between
APAs

< 15 mm between
APAs on same sup-
port beam; < 30 mm
between APAs on dif-
ferent support beams

Maintains fiducial vol-
ume. Simplified con-
truction.

ProtoDUNE

SP-FD-7 Drift field uni-
formity due
to component
alignment

< 1 % throughout
volume

Maintains APA, CPA,
FC orientation and
shape.

ProtoDUNE

SP-FD-8 APA wire an-
gles

0° for collection wires,
35.7° for induction
wires

Minimize inter-APA
dead space.

Engineering cal-
culation

SP-FD-9 APA wire
spacing

4.669 mm for U,V;
4.790 mm for X,G

Enables 100% e�cient
MIP detection, 1.5 cm
yz vertex resolution.

Simulation

SP-FD-10 APA wire
position toler-
ance

± 0.5 mm Interplane electron
transparency; dE/dx,
range, and MCS calibra-
tion.

ProtoDUNE and
simulation

SP-APA-1 APA unit size 6.0 m tall ◊ 2.3 m
wide

Maximum size allowed
for fabrication, trans-
portation, and installa-
tion.

ProtoDUNE-SP

SP-APA-2 Active area Maximize total active
area.

Maximize area for data
collection

ProtoDUNE-SP

SP-APA-1 APA unit size 6.0 m tall ◊ 2.3 m
wide

Maximum size allowed
for fabrication, trans-
portation, and installa-
tion.

ProtoDUNE-SP

SP-APA-4 Wire plane
bias voltages

The setup, includ-
ing boards, must hold
150% of max operat-
ing voltage.

Headroom in case ad-
justments needed

E-field simula-
tion sets wire
bias voltages.
ProtoDUNE-
SP confirms
performance.

SP-APA-5 Frame pla-
narity (twist
limit)

<5 mm APA transparency. En-
sures wire plane spacing
change of <0.5 mm.

ProtoDUNE-SP

SP-APA-6 Missing/
unreadable
channels

<1%, with a goal of
<0.5%

Reconstruction e�-
ciency

ProtoDUNE-SP

• APA size. The size of the anode plane assemblies is chosen for fabrication purposes, com-1
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Outline

• Quality Assurance:  

Detailed description of what we have learned from protoDUNE, 
as this gives us confidence (QA) for DUNE 

• Quality Control:  

Detailed description of the protocols for DUNE and what we are 
planning to improve before production 

Still trying to understand some tolerances in order to have strong 
justifications to reject an APA
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Quality Assurance

• Long history of wire plane construction (MicroBooNE, 35t, protoDUNE, 
SBND) 

• Two Production Sites (PSL and Daresbury) have extensive 
experience with APA construction from protoDUNE (6+1 APAs) 

• Robust construction process developed and tested  

• Plans to construct 3 more APAs to test any modifications: 
➡ Larger size frames 

➡ New wire geometry boards 

➡ Final tuning of wire-winding machines

4



Quality Assurance (protoDUNE)
• Extensive information and documentation available from protoDUNE 

APA construction 

• Results presented here are based on the 6 constructed APAs and on 
the tests at CERN during integration
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The dead channel count, only 0.27% overall, is uniform across planes and across all six APAs made1

at the two di�erent production sites.2

Table 1.5: Summary of dead channels per plane in ProtoDUNE-SP due to the APAs themselves.
Total Channels U-plane dead V-plane dead X-plane dead Rate
15,360 17 13 12 0.27%

Table 1.6: Summary of dead channels per APA in ProtoDUNE-SP due to the APAs themselves.
Channels / APA APA 1 APA 2 APA 3 APA 4 APA 5 APA 6
2,560 11 6 8 3 4 10

1.3.3 Final Design Prototyping and Test Assemblages3

To confirm modifications made to the APA design and production process since PD and work4

through the multi-APA assembly procedures, several prototypes are planned for 2019-2020.5

6

A 7th ProtoDUNE-like APA is in its final assembly stage at Daresbury Laboratory in the UK, by7

utilizing an upgraded winding machine with a new interface arm design. The APA will be shipped8

to CERN for a test of the CE. In addition, work is in progress to implement a new winding head,9

with automatic tension feedback and control on the wires. Similar upgrades will be implemented,10

by middle of 2019, on the winding machine at PSL.11

12

A top and a bottom version bare APA frame will be built and shipped to Ash River by early13

Spring 2019 for a full test of the APA-doublet assembly procedure and the routing of the CE14

cables through the APA side beams, following preliminary cable routing tests carried out at PSL.15

The Ash River setup will also be used to test the routing of the PDS prototype cables inside the16

APA frames and the cable connection between the lower and upper APA.17

18

In addition, three fully winded APAs, two from the US and one from the UK, with pre-installed19

PDS cables, will be built by middle 2020 for a final test before mass production begins. This will20

allow a test of all APA components, including the larger size frames and geometry boards, and a21

final tuning of the winding machines. The three APAs will be shipped to CERN, integrated with22

CE boxes and PDS detectors, and tested in the cold box. The three APAs can be later installed in23

ProtoDUNE-SP, by replacing the detectors of one of the drift volumes, for a final test with beam.24

1.4 Interfaces25

The interface between the APA consortium and other detector consortia, facilities, and working26

groups covers a wide range of activities. Table 1.7 summarizes the interface control documents27

under development. In the following sections, we elaborate slightly on the interfaces with the28
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Number of disconnected channels

All well below 1%! 
Below 0.5%



APA Frame Flatness

6

APA flatness

 Below 5mm requirement



Frame Flatness (and wire plane spacing)
• Wire plane spacing is very important to ensure transparency of the different 

layers. A tolerance on the wire plane spacing of ± 0.5mm is required. 
• Detailed mechanical studies of frame distortions have been performed for 

different bending modes (twist, bow, fold)

7

When considering a frame one only needs to look at one of the five 
“cells” of the frame. 

Each of these cells is separated from adjacent cells by combs that 
maintain correct wire spacing - so the wire movement in one cell is 
unaffected by movement in the others.

All cells are 2300mm across; the longest in the other direction is 
1270mm.



Frame Flatness (and wire plane spacing)
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Actual plane spacing measurements (protoDUNE)
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Actual plane spacing measurements (protoDUNE)
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Wire tension (protoDUNE)

• Wire tension measured with laser-diode system 

• All wires were measured at Production Sites 
(horizontal APA) 

• Requirement: 5 +/- 1 N 

• ~10% of wires were measured for tension at 
CERN before integration (vertical APA) 

• Small sample of wires were measured      
before and after a cold test

11
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Figure 1.18: Comparison of wire tensions upon arrival at CERN versus at the production sites for a
sample of wires on each of the ProtoDUNE-SP APAs.
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Figure 1.19: Comparison of wire tensions after the cold-box test versus before at CERN for a sample
of wires on each of the ProtoDUNE-SP APAs.
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Only few % difference in Hz for handful of wires 

Laser Method
‣ Inducing vibration on wire then 

using laser and photodiode + FFT 
to extract fundamental wire 
frequency 

‣ Laser method at fastest:  
4 wires/minute 

‣ Method could be improved with 
more automatized data 
acquisition software with less 
operator input 
- Could have ~4x time gain 

‣ Method could also be parallelized 
with multiple independent heads 
- Additionally significantly reducing 

time

Sebastien Prince                                                 6



Wire tension (protoDUNE)
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Wire tension (on ~10% of wires)
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Figure 1.19: Comparison of wire tensions after the cold-box test versus before at CERN for a sample
of wires on each of the ProtoDUNE-SP APAs.
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± 1N

At production = Horizontal APA                       At CERN = Vertical APA 



Lessons learned from wire tension at protoDUNE

• Tension measurement is extremely time consuming and new 
method need to be developed if all wires will be measured 
(current plan with the laser method is only 10% of wires 
measured at ITF)  

• A new winding head with a more precise control of the tension 
during Production will be highly beneficial 

• Tension was increased from 5N to 6N to decrease the risk due 
to tension relaxation 

• Tolerance of ±1 N may be too tight. This is currently under 
investigation with protoDUNE data

13



Quality Control procedures at Production Site

1. (bare) Frame flatness. Use precise survey measurements to assess 
the flatness. Bolted frames allow for some adjustments (+ shims) 

2. Wire boards are inspected, measured and tested (see Andrew’s talk) 

3. Wire winding:  
➡New winding head will allow for better precision of tension 
➡After each layer, visual inspection, full wire tension measurement 

of all wires and continuity/isolation tests (can re-tension at this stage) 

4. Survey APA flatness and measure wire plane spacing after the 
completion of the wiring 

5. Fully functional (>99% channels) APA shipped with “traveller 
document”

14



Note on Frame Flatness QC (and wire plane spacing)
• We have concrete tolerance values for each of the possible 

deformation (twist, bow, fold) to keep the wire plane spacing within 
0.5mm 

• Exact tolerance on multiple frame distortions is harder to quantify, but 
we know that they are not directly additive  

• We also can measure directly the plane spacing post-construction 

• If there are small deviation outside the tolerance, we still have a 
mitigation strategy to use higher bias voltage to ensure transparency. 
This will be studied in detail with dedicated protoDUNE data soon
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Quality Control procedures at Integration location

1. Unpack the APA and visual inspection 

2. Survey APA flatness and measure wire plane spacing 

3. Measure wire tension and wire continuity/isolation to ensure > 99% 
channels 
➡ Current plan with laser method: 10% of wires have tension 

measurement 
➡ Alternative plan with electrical method: 100% of wires are 

measured (preferred and currently under investigation) 
4. After integration with cold electronics and photon detectors, the 

APA is inserted in a cold box

16



Quality Control procedures post-integration

• Once the cold electronics and cables have been installed, we 
cannot really assess the quality of the wires alone anymore (e.g. 
cannot measure tension with the electrical method) 

• Cold tests of the electronics inform the state of wires 

• Noise measurement in cold could inform on wire tension. 
Studies are currently undergoing about using cold electronics 
output to correlate to tension. Nothing concrete yet, but since 
integration happens underground, re-measuring wire tension is 
less critical and may not be relevant.

17



Wire tension measurement methods

• Default: Laser method 
➡ Extremely tedious and time consuming (same 

as whole wiring time) 
➡ Schedule allows only ~10% of wires to be 

measured at ITF 

• Alternative: Electrical method 
➡ Could significantly reduce measuring time 

(exact time under investigation) 
➡ Would allow for 100% of the wires to be 

measured at all sites 
➡ Potentially provide continuity and isolation 

tests for free (under investigation)
18

Laser Method
‣ Inducing vibration on wire then 

using laser and photodiode + FFT 
to extract fundamental wire 
frequency 

‣ Laser method at fastest: 
4 wires/minute 

‣ Method could be improved with 
more automatized data 
acquisition software with less 
operator input 
- Could have ~4x time gain 

‣ Method could also be parallelized 
with multiple independent heads 
- Additionally significantly reducing 

time
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Details on the electrical method (proof of principle)

• Use DC + AC voltages on adjacent wires to 
induce motion in sensed wire (motion 
frequency ∝ tension) 

• Principle demonstrated by Manchester on 
3mm wire pitch 

• Voltages required for 5mm seemed high

19

Electrical Method
‣ Injecting AC±DC voltage on two neighbouring wires to 

excite in-between wire at resonant fundamental frequency 

‣ Allows to measure the tension of tens of wires in seconds 

‣ Method demonstrated at Manchester with 3-mm pitch 
wires 
- Need to understand behaviour with 5-mm pitch which would 

possibly require DC bias voltage of several hundred volts 

‣ Solution would consist in solution boards attaching to wire-
carrier boards or CR boards

Sebastien Prince                                                 9
https://doi.org/10.1016/j.nima.2018.09.031

Electrical Method
‣ Injecting AC±DC voltage on two neighbouring wires to 

excite in-between wire at resonant fundamental frequency 

‣ Allows to measure the tension of tens of wires in seconds 

‣ Method demonstrated at Manchester with 3-mm pitch 
wires 
- Need to understand behaviour with 5-mm pitch which would 

possibly require DC bias voltage of several hundred volts 

‣ Solution would consist in solution boards attaching to wire-
carrier boards or CR boards

Sebastien Prince                                                 9
https://doi.org/10.1016/j.nima.2018.09.031



Plans and progress towards the electrical method
• Harvard team has been working on 

optimizing the method for DUNE 

• Using test bench, results from 
Manchester were reproduced with 5mm 
pitch with DC of  200V and 400V 

20

Homemade Testing Bench

Sebastien Prince                                                 5

SBND boards

3 soldered wires

SHV and BNC 
connector panel 
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Plans and progress towards the electrical method

• Idea is to use an analog board mounted on FPGA to input known 
wave form and allowing to read out the same frequencies, to reduce 
the noise and speed up the frequency scan. Still under development. 

• Mitigation: New wire board design allows for higher voltages (~400 V)
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Summary
Quality assurance  
• QA has been developed over extensive experience with APA fabrication, 

especially during protoDUNE construction (7 APAs) 
• Robust demonstration of the construction method 

• Continued protoDUNE data analysis to ensure that APAs are fully functional and 
investigate any potential correlation to wires (e.g tension) 

• 3 more APAs will be constructed before production starts to address any 
modifications or update from protoDUNE construction 

Quality Control  
• Detailed QC protocols are in place 

• ProtoDUNE data analysis will inform the exact tension tolerance (currently ±1N) 

• Electrical tension method under development to increase our QC scope 

• Mitigation strategies are also under investigation to allow robust decisions on 
APA acceptance 23



Backups

24



Plane spacing measurement 
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Electrical method

26

Electrical Method
‣ Injecting AC±DC voltage on two neighbouring wires to 

excite in-between wire at resonant fundamental frequency 

‣ Allows to measure the tension of tens of wires in seconds 

‣ Method demonstrated at Manchester with 3-mm pitch 
wires 
- Need to understand behaviour with 5-mm pitch which would 

possibly require DC bias voltage of several hundred volts 

‣ Solution would consist in solution boards attaching to wire-
carrier boards or CR boards

Sebastien Prince                                                 9
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Homemade Testing Bench
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Waveform 
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DAQ and Data Analysis

‣ Matlab-based DAQ using oscilloscope ongoing 
- Still more work towards automatization is needed 

‣ Amplitude of fitted sinusoidal signal as function of 
frequency shown 

- 400 V DC, 80 V AC 

‣ Resonance at 44.3 Hz, giving 4.96 N (wire tension at 5 N) 

‣ Built a pulley system to reduce friction
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Electrical Method
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Electrical Method
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Electrical method automatisation
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Non-conformance documentation 
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Frame Flatness (and wire pitch)

• Wire spacing is controlled by the wire 
boards where they are soldered and 
support combs 

• Mechanical studies on slide 6 
incorporate the wire spacing 
requirements 
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Chapter 1: Anode Plane Assemblies 1–21

Figure 1.14: 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.

physical anchor. Gray epoxy 2216 by 3M4 is used for the glue. It is strong and widely used (so1

much data is available), and it retains good properties at cryogenic temperatures.2

1.2.6 APA-to-APA Connections3

The TPC readout electronics require that the APA frames must be electrically isolated. Figure 1.154

shows the design for mechanically connecting APAs while maintaining electrical isolation. In a5

vertical stack the two APAs are connected through a G10 connecting link that is attached to both6

frames with a special shoulder screw. The links connect to the side tubes with the special shoulder7

screw shown which screws into plates welded to the frame. The link pieces are manufactured from8

G10 to electrically isolate the two frames as required by the FE electronics. Adjacent APAs are9

kept in plane with each other by a pins at the top and bottom of the side tubes. The pins are10

made up of a screw and an insulating sleeve. Each pin engages a slot in the adjacent side tube.11

Figure 1.15 shows both the vertical and side connection schemes.12

Once installed in the detector, a physical gap of 12 mm exists along the vertical connection between13

all adjacent APAs at room temperature. Since the APAs are suspended under the stainless steel14

detector support system (DSS) beams, which contract similarly to that of the APA frames, the15

gaps between most adjacent APAs stay about the same (12 mm) in the cold. The DSS beams,16

however, are segmented at 6.4 m length, and each beam segment is independently supported by two17

DSS feedthroughs, one of which does not allow lateral movement. As a result, the gaps between18

DSS beams open up in the cold by another 17 mm, making the physical gaps 29 mm as shown in19

Figure 1.16.20

4
3M™ https://www.3m.com/
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Chapter 1: Anode Plane Assemblies 1–20

Figure 1.13: 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 glued1

to the edge of the FR4 boards. The polymer used for the strips is Vectra e130i (a trade name for2

30% glass filled liquid crystal polymer, or LCP). It retains its strength at cryogenic temperature3

and has a CTE similar enough to FR4 that di�erential contraction is not a problem. The wires4

make a partial wrap around the pin as they change direction from the face of the APA to the edge.5

1.2.5.4 Support Combs6

Support combs are glued at four points along each side of the APA, along the four cross beams.7

These combs maintain the wire and plane spacing along the length of the APA. A dedicated jig8

is used to install the combs and also provides the alignment and pressure as the glue dries. The9

glue used is the Gray epoxy 2216 described below. Before the jig can be removed and production10

can continue, an eight-hour cure time is required after comb installation on each side of the APA.11

Figure 1.14 shows a detail of the wire support combs on a ProtoDUNE-SP APA.12

1.2.5.5 Solder and Epoxy13

The ends of the wires are soldered to pads on the edges of the wire boards. Solder provides both14

an electrical connection and a physical anchor to the wire pads. A 62% tin, 36% lead, and 2%15

silver solder was chosen. A eutectic mix (63/37) is the best of the straight tin-lead solders, but16

the 2% added silver gives better creep resistance. The solder contains a no-clean flux, and does17

not need to be removed after soldering. Most of it is encapsulated when subsequent boards are18

epoxied in place. At room temperatures and below, the flux is not conductive or corrosive.19

Once a wire layer is complete, the next layer of boards is glued on; this glue provides an additional20
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