DEEP UNDERGROUND NEUTRINO EXPERIMENT

DUNE vertical drift TPC

H. V. Souza for the DUNE Collaboration

11th international symposium on “Large TPCs for low-energy rare

event detection”

December 11, 2023




Deep Underground Neutrino Experiment (DUNE)

Massive neutrino detector

Four Far Detector (FD) modules of 17 kt each using Liquid Argon Time Projection Chambers (LArTPC)
Neutrino oscillations, supernova neutrinos, proton decay and solar and atmospheric neutrinos
The experiment search to answer open question in the field of particle physics, astronomy and

cosmology (CP violation phase in the leptonic sector, octant of 0,,, mass hierarchy, etc.)

23’
Baseline of 1300 km and wide band beam, neutrinos energy from 0.1 to 10 GeV
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Deep Underground Neutrino Experiment (DUNE)

b 7 9&).

The collaboration:

1400+ collaborators
>200 institutions

35 countries
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DUNE: Far Detector (FD)

AREA OF COMPLEX:

~400x180 meters
(About 8 soccer fields)

FD1: 17 kt LArTPC Horizontal Drift*
FD2: 17 kt LArTPC Vertical Drift
FD3: LAr technology (solar v)

FD4: Module of opportunity

Fermilab

| NEUTRINO //
PARTICLE PRODUCTION

DETECTOR

UNDERGROUND

*David Rivera’s talk R
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https://indico.ific.uv.es/event/6722/overview

Vertical Drift (VD) design

lonization:

* Event reconstruction through ionization electrons.

* Requires an intense and uniform electric field

* Excellent 3D imagining with millimeter resolution

Scintillation:

* Electron recombination or self-excitation of LAr
produce scintillation light (128 nm) 4
- 25,000 photons per MeV B

 Light measurements contribute to event " |E
reconstruction and calorimetric measurements

* Provides trigger for non-beam events, enable
calorimetric for low energies

Three planes for disambiguation

External trigger or light: depth info Diagram: Leila Haegel
Max. e drift veloc.: 1.59 mm/us

A
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Vertical Drift (VD) design

3mx3.4m CRPs
with superstructure

Charge-readout planes (CRP) (anode) on top
and bottom.

Cathode in the middle at -300 kV
- 6,5 mdrift distance

CRP detail with readout
Perforated readout strips planes and adapter boards

Photon detectors placed in the cathode

Field cage transparency 70%
- Photon detectors placed behind it, on
the cryostat wall

Photon Detector

Requirement for photon detectors:
- >20 PE/MeV (avg), gives PDS energy resolution
comparable to that of the TPC for 5-7 MeV supernova (SN)
- >0.5 PE/MeV (min) v’s, and allows tagging of > 99% of

nucleon decay backgrounds with light at all points in
detector.

2
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Charge Readout ,

| Edge |!wgers
|

Signal cables to °
FEE in chimney
L]

Adapter Board |
Ground plane (0V)

Collection (+1k

Different bias in each Perforated Printed Circuit Boards (PCBs)
Induced signal on the first two views

Collection on the last view

Induction view : 952 strips, pitch 7.65 mm, angle +30°
Collection view : 1168 strips, pitch 5.10 mm, angle 90°
Readout channels per CRP: 3072

I ] l l I ] I AnOde2| 3mx3.4m CRPs

2x6.5m vertical drift

Induction 2 (0V)

‘ ; ELI : ' ‘ : ‘ : Induction 1 (-0.5kV ¢
cothons o M Gy

with superstructure

v

Shield (-1.5kV

Il
I

b,
CRP detail with readout
Perforated readout strips planes and adapter boards

Photon Detector
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Photon detectors
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LAr

Reflective surface

Photons are “trapped” inside the X-Arapuca
due to combination of two wavelength shifters

and one dichroic filter

X-Arapucas, light trapping devices, are the photon
detectors

One module: 65x65 cm?, 2x80 Silicon
Photomultipliers (SiPMs), 1(2)x16 dichroic filters
single-sided (double-sided)

4 modules per cathode unit

2x6.5m vertical drift
3mx3.4m CRPs
- with superstructure

CRP detail with readout

Perforated readout strips planes and adapter boards

Photon Detector
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Photon detectors

rti
ch liquid argon
\ scintillation

A/‘/ light
127 nm
¥ PTP
350 nm \ Dichroic Filter
A/\ \ LAr
=230 nm \WV
‘% <~ — WLS plate

LAr

Reflective surface

X-Arapucas, light trapping devices, are the photon
detectors

One module: 65x65 cm?, 2x80 Silicon
Photomultipliers (SiPMs), 1(2)x16 dichroic filters
single-sided (double-sided)

4 modules per cathode unit

2x6.5m vertical drift
3mx3.4m CRPs
. with superstructure

-

N / \\
e -
D~
N\ \&

2

CRP detail with readout '
Perforated readout strips planes and adapter boards

Photon Detector
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Photon detector readout

\%(:athode
Photon Detector LAr
XARAPUCA Tile (large area)
SIPM x8)
SiPM Passive-Hybrid ganging Stage
1
B) DCEm Ana\ogl So.F
Analog CE motherBoard Recelvel
Ahaiog °

Power and Signal over fiber are used for powering
and analog readout of the PDS in the cathode
- Allows the operation of the PDS in a high
voltage surface with non-conductive
materials

2x6.5m vertical drift
3mx3.4m CRPs
with superstructure l

CRP detail with readout
planes and adapter boards

Perforated readout strips
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Vertical Drift (VD) overview

 Detector dimension:
2mx15mx14 m

« Total of 160 CRPs (3 x 3.4 m?):
- 80 suspended at the top
- 80 at the bottom

« Total 80 cathode units (3 x 3.4 m?)

» Total of 320 X-Arapucas double sided
- Integrated in the cathode
- 13% optical coverage

« Total of 352 X-Arapucas single sided:
- Behind the field cage onto the
cryostat wall
- 6.8% + 3% optical coverage

2
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Tests in the VD-Coldbox

\3 ‘EF ~ « Coldbox is a 3x3x1 m? cryostat for LAr
| - . tests conducted at CERN Neutrino

Platform

» Dirift distance of 23 cm, with cathode
placed on the bottom and CRP on the
top

+ Tests from November 2021 to May 2023
(over >10 different runs)

» Goal of testing and validation of different
systems
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Tests in the VD-Coldbox

CRP

Time Ticks (0.5 us / tick)

ADC Reading
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» Five different CRPs tested.
Operation at 11 kV (~480 V/cm)

shows expected behaviour of

charge signals.

Less than 1% of channels failure
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Tests in the VD-Coldbox

Pedestal filtered RMS [ke ™ ]

Pedestal filtered RMS [ke ™ ]

View 0/U (Induction)

View 1/Y (Induction)
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ProtoDUNE VD
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ProtoDUNE VD

« Large-scale test of the Vertical Drift design in the
NPO2 cryostat in the Neutrino Platform at CERN

« Active volume: 3 x 6.8 x 7 m?
- 2 CRPstop
- 2 CRPs bottom
- 2 Cathode modules
 Operated at -175 kV
- 8 X-Arapucas double-sided
- 8 X-Arapucas single-sided

+ Goals:

- Demonstrate the high-level complete
functional system integration of all FD2-VD
components

- Acquisition with Cosmic muons and Beam

A
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ProtoDUNE VD

Installation completed, operation planned for 2024
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A
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Conclusions

Vertical Drift technology has evolved rapidly since the 2020, huge
development for

- Field cage, cathode, anodes, cryogenic instrumentations, etc...
- DAQ and event reconstructions

Successful and promising results from charge and light readout when
tested in the ColdBox

The Vertical Drift LArTPC design will be tested at large scale in
ProtoDUNE-VD with cosmics and beam data

Liquid Argon filling will occur during 2024

18

J‘-{h
-

Henrique Souza | DUNE vertical drift TPC



)

Thanks
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Backup
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Backup

y (m)

X (m)

LY (PEs/MeV)

y (m)

25 255 26 265 27 275 28 285 29 295
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LY (PEs/MeV)
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LArTPC: Horizontal Drift (HD) module

top and endwall
' field cage

|

.

|
BNEEE

in A\ ‘
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I
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wey I

TR
v

bottom field cage

DUNE HD FD module:

12.0m x14.0 m x 58.2 m
3.5 m drift distance

-180 kV applied on the Cathode (500 V/cm)
Fiducial mass ~10 kt i e

O
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PDS: Power and Signal over Fiber

V Cathode
. in

*  PoF and SoF technolog|e.s are / L P \LAPr

commonly used but not inside liquid

argon xARAPUCA Tile (large area)
e PoF supply DC-DC converter and SIPM flexBoard (x8)| LAr Temp.: 87.3 K

transmitter active components power

SiPM Passive-Hybrid ganging Stage
=

* SiPMs are biased through DC-DC

*  SoF transmitting the sensor signals T .
through fibers

Analog SoF
Receiver

DCEm
Analog CE motherBoard

Analog SoF .
T

AnalogDriver + Laser Diode + Opt.Coupling to Fiber

ROFE{Gans)
Receivers

()}
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Power over fiber

Low voltage (5 V) and high current PoF for DC-DC
converter, OpAmps and other active analog Multimode fiber with FC connector
electronics components.

Three receivers in parallel with efficiency >65%

PoF transmitter
806 nm 3 W laser

PoF Receiver
Gallium arsenide (GaAs)
Photovoltaic Power Converter (PPC) on heatsink

A
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Signal over fiber

e Board requirements
Efficiently transmit single photo-electron signals
(also the signals from LAr scintillation, but this is
mostly limited by the dynamic range)

First prototype

Amplitude

I\\||H‘II\\III|III|III‘\II

Amplitude ~ 50 - 100 pV
Rise time ~ 20 to 80 ns
Discharge time constant ~ 100 to 300 ns

’III|III|IIIM

Bandwidth ~ 30 MHz
Signal-to-noise ratio > 4
Dynamic range ~ 1000 photo-electrons

IH||H\II

Time
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Signal over fiber

DCem board (2 channels/board)
- Fabry Perot 1310 nm lasers FC connector
- Voltage gain ~x20 to x40
- Laser optical power output <2 mW

Integrated Photovoltaic Power Converter (PPC)
Integrated DC-DC converter
NTC resistor to enable warm and cold operation
Low-Drop Out Voltage Regulator (LDO)

Driver current:

InGaAs
pin diode

PoF vdd = 5.0V DC offset + AxG/R
Constant -
e | —>{ Lo \A
+
»AAA = 0L =
J\jc % i . IDC:-DC - : Receiver
R, *1“[ A R Cop Oub2 \2 P ﬁ "33%".’2'“‘ v—
.”*.—':C . 9  — G» fiper to
A * warny receiv
«KAKA = ® gt V! ﬁ
P c = ADC and
C R R -_
1 l 1 ] I DAQ
. AARA [ l First Stage Second Stage OPA354
cdf Ty [Pusel Amplification Amplification BFP650
B GND THS4131 OPA354
| x4 4
4
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Signal over fiber

+ DCem board (2 channels/board) - Integrated Photovoltaic Power Converter (PPC)
- Fabry Perot 1310 nm lasers FC connector - Integrated DC-DC converter
- Voltage gain ~x20 to x40 - NTC resistor to enable warm and cold operation
-  Laser optical power output <2 mW - Low-Drop Out Voltage Regulator (LDO)

,ﬁ, B [

DUNE FD2 PDS Cold Electronics Motherboard

DCEM Rev 1.0 3,18,2022

6. Deverling - rnm

R Rivera - 5%
= 1 Accel (=

Fares totienai erator E

ucss
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Signal over fiber

Koheron PD100 low noise photodiode

« single channel commercial solution - found early 2021
« Indium gallium arsenide (InGaAs) photodiode

« DC-coupled

« 0.9 A/W - 3.9 kV/A amplification

Koheron output signal vs laser power (warm)

600 pW maximum input at 100 MHz —— m=1662.16 b= 2.03
. 1600
« + 6V bias, ~40mA -
2 1400
3.9kQ T_é: 1200 +
50 Ohm < 800
A N o
A 0) PD out c
I e
2 400 -
InGaAs
photodiode .
0:2 0j4 0:6 0:8 1.I0
Laser power (mW)
A
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PoF and SoF operation

CERN Neutrino Platform coldbox:

3x3x1 m?3 cryostat for LAr tests

Cathode placed on feet, TPC is mounted on
the coldbox cover (23 cm drift distance)

Target: operation of PDS system in LAr

PD with signal and power transmission through
fiber, operating on an HV surface
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PoF and SoF operation

Cathode HV OFF

* Photon Detection System principle successfully
demonstrated
- Power and readout done through fiber only at
liquid argon
- Operation stable with High Voltage on and off
- No interference in the TPC performance

3000~
E Noise HV OFF HV OFF
~E Mean = -0.05 mV L
Ir Noise HV = 10kV . m
@ 2000/ Sigma =0.77 mV Ty Cathode HV ON -
g o HV = 10 kV
1000; Mean ='0.02 mV
- Sigma=0.71 mV * +
500/ L e - F

I NS NI S N -
—(9.005—0.004—0.003—0.002—0.001 0 0.001 0.002 0.003 0.004 0.005

Volts
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SoF operation

LED flashes also made possible for single photo-electron calibration

Normalizeg count
o o
—
2 )

0.008

0.006

0.004

0.002

[ hcharge H
| Entries 22543 ||
Mean 1.331e+04
= ’J‘ Std Dev 1.145e+04 [
2 [ ndf 372.9/286 |
seline 0.01234 + 0.00026
N ubaseline 55 84 +£22.89 [
- Obaseline 1156 +20.6 H
N A, 0.01196 + 0. 00024 L
By 5262 +29.
oy 1473 + 35 H
- A, 0.01056 + 0.00021 ||
gz 1.058e+04 + 2.194e+01
= 2 1519 +424 R
- A, 0.008147 + 0.000183 ||
O3 1433 £ 43.9
A, 0. 005255 +0.000126 [
— Oy 705 +68.2 |
Ag 0.003225 + 0. 0001 20
I Og 1604 + 93.1 ]
— Ag 0.001861+ 0.000076 |
Og 2034 £ 152.0 ||
A, 0.001 205 + 0.000080
— Oy 750+ 131.2 H
- Ag 0. 0004985 + 0 0000472 ||
g 779 £ 236.5
== Aq 0.0003343 + 0 0000233 [
g 4156 +40.4 ||
v W \ mﬂq Ly
1 It 1 L 1 \M L L L L q%(
0 10000 20000 30000 40000 50000
Charge (ADC*nsec)

Arapuca detector in the LArTPC
membrane

20 SiPMs hybrid ganged

Bias through copper (37V)
Argon2x2 board (namely A1)

Signal-to-noise ratio ~ 4.9
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Average photo-electrons

. S o08[" h2p. ' ]
PoF and SoF operation g, o e E P
= 0.7—| Mean x 69.51 ]
£ — | Meany 0.2084 .
o , , < o6l |StdDevx 7964 =
Full chain linearity up to ~ 250 — 300 PE using LED - [StdDevy 02401) E W
calibration light 05— ' =
250 T T T 1 7 T T T | T L — T T T T 0.4i— \
— - E 10
- 2/ ndf 6.837e+04 /10 . =
200(— PO ~42.54 £ 0.01436 B I E
- p1 9.475 +0.001687 - - 10
B N 0.1:—
: ~ ~ 0 50 100 150 200 250 !
L - ] Photo-electrons
100— E E .
- - i - Light output regulated
- - E through voltage (up to
“F 3 s | 30V) or pulse width
B :2 : 6 B LéD%ohag;(j) = SPE Chal’ge 0.3 Vns
| L é | L 1|0 TR R 1|5 L | 2\0 [ R ! 2\5 [ T ! 3|0 L (measured)

LED Voltage (V)

4 N
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Backup slides
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Backup slides

X-Arapuca
100
N =
= e /\verage Polarization
e \verage Polarization 90
90 o w—=S-Polarization
e S-Polarization

80 \/ ~—P-Polarization 80 |~ = P-Polarization

70 70
£ g\?, 0
8 “ Transmittance I Reflectance
B 3
& 4 ‘g
g :

30

20 \

10 \

0 : : ‘ A e e

325 345 365 385 405 425 445 465 r T T l - ;
Wavelength (nm) 325 345 365 385 5 425 445 465 485
Wavelength (nm)

The device makes use of a dichroic filter in combination with two wavelength shifters (WLS)

A
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Backup slides PTP — p-Terpheny

SiPM — Silicon photomultiplier

X-Arapuca
ZA: B | : Dichroic fiter cutoff g rﬂc\e
£ 0.02— ! - harged P
2 B : - liquid argon
§ B I — PTP spectrum || / \ scintillation
R o0.015— ! — EJ-286 spectrum [ light
E | -
2 - : —
0ot : - 127 nm
- ! - N PIB
- @ : 350 nm \ Dichroic Filter:
0.005| : i LAT
: : ] =
- | - 430 nm \V
- | . ‘% S~ —/ WLS plate
| , — LAr
%o 350 400 450 Wa\?&%ngth (mi?o Reflective surface

The device makes use of a dichroic filter in combination with two wavelength shifters (WLS)

4 %
35 Henrique Souza | DUNE vertical drift TPC V. DUMVE



Backup slides R

[ DC offset + AXXSIR
«  ARGON2x2 (2 channels/board) Bt
-~ V=51V, 1 <35mA (<100 mW/ch) AN
- FP 1310 nm lasers FC connector _\/f.d’

Voltage gain ~20 amplicagen  Aenincoton
- Optical power < 0.1 mW at receiver

I' IuF +30V +5.0v +5.0V -5V
NOIE: = RIS I
Cx & Cy can be a cap = sles =l 3 ol L L
orlohm resistor I T I e I TE ST
IND O & = — — —_—
TPy .3 5 3 G G = S
N Rie 499 ; i FH GND +5.0V GND G GND
i E A
i RI7 a2 () o BLPASOIB32TXTSAL
T _J_pI “100 Z A e 3 L)
g R0 499 ] v r;m;q Part
< o 0 Ay NOTE: L
= £
——C3 TISAID Sl ZJopasssaipna =y
RIS — 1" SHUNT
I b L1 1%nH
Delaull CHI configuration (NC) = B = =
Cx ={) ohm resistor GND Ao GND GND
Cy =0 ohm resisior o ris o GO SpF
RI6.R17 = DNP €5 33pF Default: s i |
o | AC Coupled:  DC Coupled: e Ik
15 Cz: luFeap  Cz:0ahm resistor
x: DNP

CAN
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Backup slides
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Backup slides

* By fully potting a
pigtailed laser we did not
see the power output drop
* potting is not trivial

v

* There seems to be a lens
inside — usually the laser
beam has a focus point
~few mm from lens

nAerrgyue oousd | UNE verucdl urit 1o

N=30-40% sp|der

|
a) b b)
n=10-20% n=30%
y— = ] : \ = >
- : ' = -——:_
4 x i : J
(o) d)
n=40% n=80%
N ——k : ——%:
= = *: Ty !
—l 1 —

e) f) .

Lasers usually come with some
kind of lens — not clear how LAr
affects the focus

V-

-

AXVE



Amplitude (A.U.)

Backup slides

1

wvf_res
Entries 2248
Mean 1127
Std Dev 711.9
X2 / ndf 0.6194/619
p0 1.153 £ 0.583
p1 19.72 £ 9.65
p2 0.05714 £ 0.02794

1207 £ 645.4
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Scaling factor = 60.4

This would mean 60% of light

with 10 kV (430 V/cm)
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