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Long Baseline Neutrino Program: LBNF/DUNE
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An international flagship experiment to unlock the mysteries of neutrinos

Three major discovery areas
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Origin of Matter

DUNE scientists will look at the differences
in behavior between neutrinos and
antineutrinos, aiming to find out whether
neutrinos are the reason the universe is
made of matter.
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Unification of forces

DUNE'’s search for the signal of proton
decay—a signal so rare it has never been
seen—will move scientists closer to
realizing Einstein’s dream of a unified
theory of matter and energy.

Black hole formation

DUNE will look for the gigantic streams of
neutrinos emitted by exploding stars to
watch the formation of neutron stars and
black holes in real time, and learn more
about these mysterious objects in space.
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Development of LArTPC for Neutrino Experiments

A BNL is leading TPC readout electronics SYSTEM design

I Including MicroBooNE and SBND as part of the Short Baseline
Neutrino Program

Single-Phase 35-t prototype

4y, ICARUS

‘\.\::.‘f‘\fulu %LU\LLLL} L
\\\\I:j\ \?", Y ’11
Y 0::, i

10/17/2023 S.Gaoi CE for LAITPC 4 (r‘ Brookhaven =g SN



Liquid Argon TPC

Liquid Argon TPC

Anode wire planes:
WY

A7

m.i.p.ionization:

Charged particles passing 6000 ¢/mm
through detector ionize

the argon atoms, and the ~
lonization electrons drift | pane

In the electric field to the

anode wall on a timescale

of milliseconds. The anode

consists of layers of active

wires forming a grid. —

Egrift ~ 500V/cm A N
S time

A 3 Wire Plane readout with Excellent Space and Energy resolution
A 3D-imaging: full event topology reconstruction

A Higher sensitivity to neutrino physics and for some of the proton decay
channels (e.g.p A K)
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Signal Formation:
Induced Signals from a Track Segment

Grid |

U 0 : ) ‘ ) ) / clj 12 ,‘4 t; :3 11{1 1‘2 114 115 1‘3 2In
_ | [us]
Charge signal is very small due to there is

no electron amplification inside Lar.

DUNE style wire arrangement: 3 instrumented wire planes + 1 grid plane
Raw current waveforms convolved with a 0.5ggussiarto mimic diffusion
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Signals in LAr TPC

A Charge Slgnal IS very small Induced Current Waveforms on

i There is no electron amplification inside LAr 3 Sense Wire Planes

T A3mm MIP track should create 210keV/mm x 3mm 0° track, 0.6us rms "diffusion”, 3x3 cell
[23.6eV/e = 4.3fC

T After a 1/3 initial recombination loss: ~2.8fC

I Assume the drift path to equal the charge life time,
reducing the signal to 1/

I The expected signal for 3mm wire spacing is then
alfC=6250 e, ¢é dabrthieor 5m

icollectidon signal - - -
I The induction signals are smaller

I The time scale of TPC signals is determined by the
wire plane spacing and electron drift velocity , (~1.5 { yb NBIljdzZA NBYSy (i G2

70 75 80

Drift Distance [mm]

mm/ es at 500 V/cm) Minimum lonizing Particle (MIP)
- .y | track cleanly from electronic noise
Noise Sensitive! SOGSNEGKSNB oAGKAY
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Noise (ENCQJsTPC Sense Wire and Signal Cable Length
MIP Signafor 3x3 and 5x5 mm Sense Wire Spacing

The expected signal for 3mm Signal for
GANB &aLJl OAy3 Aa UKSy £ CHP (1/e drift)
S> X PpyR ¥R 3x3 5%5
GKS a02ffSO0A?Z2 a A 34 0%
8000| ~Ts00a
10kton DUNE LAITPC - .
with warm B .
electronics (300K) &, 4~ {000
ENC ~6x®erms &
2000 i 2000

20

DUNE: Total ENC shall be less
than 1/9 of the expected worse
case instantaneous charge

arriving at the APA from a MIP.
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Cryogenic Electronics is the Optimal Solution
for Large LArTPCs

Cold el ectronics for n Gl ant

Chambers 15t International Workshop towards the Giant Liquid
Argon Charge Imaging Experiment (GLA2010)

Veljko Radeka® HuchengChen Grzegorz Dertuch2 Gianluigi De Gerommo
FrancescoL annl Shaorw Li 1, NeenaNambiar , SergioRescid, Craig Thorn™,
Ray Yarema®, Bo Yu!

! Brookhaven National Laboratory, Upton, NY 11973-5000, USA
> Fermi Nationa Laboratory,

"Correspondence, e-mail: radeka@bnl.gov

Abstract. The choice between cold and warm electronics (inside or outside the cryostat)

invery large LAr TPCs (>5-10 ktons) is not an electronics issue, but it is rather amajor cryostat design
issue. Thisis because the location of the signal processing e ectronics has a direct and far reaching
effect on the cryostat design, an indirect effect on the TPC electrode design (sense wire spacing, wire
length and drift distance), and a significant effect on the TPC performance. All these factors weigh so
overwhelmingly in favor of the cold electronics that it remains an optimal solution for very large TPCs.
In this paper signal and noise considerations are summarized, the concept of the readout chainis
described, and the guidelines for design of CMOS circuits for operation in liquid argon (at ~89 K) are
discussed.
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Veljko Radeka

A https://www.bnl.gov/newsroom/news.php?a=220971

Brookhaven's Veljko Radeka Recognized by International Committee

Veljko Radeka joined Brookhaven Lab's
Instrumentation Division in 1962 where he T

has held numerous roles, including Division
Head. For more than four decades he led and
positioned the division as a world class
organization. His unique contributions to the
field of instrumentation are internationally
recognized and encompass a broad range of
scientific applications. Veljko is still a very
active member of the scientific community,
and his work has inspired colleagues and
other researchers around the world.

gK"cnyc{u"hgnv"vjcv"v)jg"rwtrqug"qgqgh"kpuvtwogpyVvec
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so that they can perform important work that is the basis of all nuclear and particle
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Hucheng Chen

A https://www.bnl.gov/newsroom/news.php?a=221373

Brookhaven Lab's Hucheng Chen Named a Battelle 'Inventor of the Year'

Honored for designing particle detector electronics that can read out signals under super cold conditions

August 15, 2023

4Ocp{"ejcnngpigu"eqog"yk
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from industries, and special R&D studies are =
Il

required to address these obstacles. Over the past

decade we have developed the design rules, used :
cryogenic models, and realized stringent test :
programs following the integral system design
concept. This all ensures the long-term reliability of
devices, which need to last for the entire lifetime of
vig"gzrgtkogpv. "qghvgp" 42"

|| < : ; 7 # A
1 o

Brookhaven Lab's Hucheng Chen, named a Battelle "Inventor of the Year." shows two electronics boards he designed for particle detectors. The Front-End Link eXchange (FELIX), shown on the
left, is a readout electronics board for the ATLAS, ProtoDUNE-SP. and SPHENIX experiments. On the right is the Front-End MotherBoard (FEMB), which operates at cryogenic temperatures for
DUNE
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Advantages of Cryogenic (nCq

digital signal

A Having front-end electronics in the
cryostat, close to the wire electrodes
yields the best SNR. Noise is
iIndependent of the fiducial volume.

A Highly multiplexed circuits with fewer
digital output lines not only greatly
reduce the number of cryostat
penetrations, but also give the
designers of both the TPC and the
cryostat the freedom to choose the
optimum configurations
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NnCol do El ectronics as an Opt.

Noise (ENCQJsTPC Sense Wire and Signal Cable Length
MIP_Signafor 3x3 and 5x5 mm Sense Wire Spacing

The expected signal fadmm

~

6 ANB & LI OAG=H250\ & G F Signal for

eZ X (1/e drift)
KS 3x3 5x5

u 10%—

ProtoDUNESP « No limit on the cable length
ENC ~600 erm aL%ngth[ , Ie.,ength within the cryostat after the
2 5 \ s signals are amplified and

MicroBooNE
ENC ~400 e rms

digitized at the sense wires.
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A Brief but Long History of CE Development

Advancement of
Cold Electronics A
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CMOS FE+COTS ADC+F
CMOS-E+ColdADC+COLDAREA

BNL pioneered LAr based detector
technology in 1974 [1

Physics/Engineering expertise which has
made essential contributions to various
programs, e.g. ATLAS, MicroBooNE

Unique experience in cryogenic electronics
and micro-electronics

The R&D effort makes the experiments
possible; the experiments, in turn, feed
information back into the R&D process

Cryogenic/Cold electronics development is
making continuous advancement, from
JFET to CMOQOS, from analog front-end to
mixed signal ADC and FPGA

A strong cold electronics team is built
up as a core BNL competence, in close
collaboration with other institutes, to
realize various LAr TPC experiments

[1] W. Willis, V. Radeka, Nucl. Instr. Methods, 120 (1974)
221
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Performance as ASIC is submerged in LN,
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ProtoDUNEsS

A ProtoDUNES provide critical validation of technology, detector

performance and Iong -term stability
5 ' P“"““- T ”

- l:ltP
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Suecess made pOSSIb|e by CERN Neutrino Platfc
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A BNL focused on ProtoDUNE-SP Cold Electronics R&D (both electrical and
mechanical), production, installation and commissioning

~
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ProtoDUNE-SP Phase |

A NPO04 experiment at CERN
I 400-ton fiducial LArTPC

A Slngle phase TPC prototype

Use full scale components of DUNE far
.

Sit in H4 beam line

detector module
6 full-size APAs plus 3 CPAs
A 2 x 3.6m drift regions
Total 15,360 TPC channels
RUN | has been completed in 2020
RUN Il is planned ~2022

A A key test of:

Components

Construction methods
Installation procedures
Commissioning

Detector response to particles
Confirm modeling and simulation

10/17/2023
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ProtoDUNE-SP Phase | Cold Electronics System

Warm interface electronics sowcowol 4 gore s~ CE flange
Warm Interface Electronics Crate (&) o CIHH Flange assembly with cable
Diagnostic Interface | OTRX olx — . .
Warm Interface Board (30) Dcf’ = |—yJ ﬂz 1 strain relief and flange PCB
Power and Timing Card (6) o] Toowta o - - ] = for cable/WIB connection (6)
1 1 BiasIn — (OIS ]
Power and Timing Backplane (6) Ay -s\
_ Signal feeethrough
LAr Copper Cold Cables ¢SS LIALISComflatt K wmn €
il e e et D o ( I flanges and crossing tube
| e (/ cable (CTC) support (6)
- T N
7" @J P E : j% i 5?:\/\\\ Cold cable
> 16-ch FE ASIC (x8) 16-ch ADC ASIC (x 8) iii i i ] d LV and data cable (120+120)
Analog Mother Board FPGA Mezzanine :E: E E E tO FEMB and APA WlFb'aS
= 128-ch Front End Mother Board Assembly (x 20) Eﬁ-\\i\:i\ SHV Cable (48)
P _.:::::::::::::::::::::::::::::'r-’:lz_-:-::_:- : E E 9
| TPB Coated Light Guide (x 10) @: i_i E E_E \\
s o Assembly (c6) |- ~. Front End Motherboard
A - - - - - - - . (FEMB) 128 channels of
Membrane Cryostat

digitized wire readout
enclosed in CE Box (120)

10/17/2023 S.Gaoi CE for LAITPC 19 k;\ Brookhaven (\

National Laboratory



voltage regulation (COTYS)
(< 100mV dropout)

Front end ASIC ADC ASIC FPGA (COTYS)
~ 8mWich.

il
?

overall 128:4
multiplexing

R&D produced key components
to form a complete cold front
end readout chain for LAr TPC
experiments

20 10/17/2023 S.Gao'i CE for LAITPC @ sokiavey DRXVE



One WIEC for One APA Reac

PD Fange

out

Faraday

DCIn

Optical
links

APA

10/17/2023

S.Gao i CE for LArTPC

FEMB (inside CE box) LAPR
. mXxZ.om
Cold Side

Signal Feedhrough Assembly

Power & Timing
Card (PTC)

Flange Board, WIB, PTC, PTB
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Integration Test Stands at BNL and CERN

Cryostat (red)

DCS Room

[ Warm test ]
¥
[ Cooling down ]
st W
[ coldtest(-150K) |
i W
Cold box with 40% APA [ Warming up ]
40% APA: 2.8m x 1.0m, 1024 wires [ wamtest

DUNE APA: 6m x 2.3m, 2560 wires

10/17/2023 S.Gaoi CE for LAITPC 22 (r‘ Brookhaven =g SN



ENC Projection Based on 40% APA

1000
Y=23*X+ 117
800} ProtoDUNE-SP V+150pF .
Induction Plane ~600e
© ProtoDUNE-SP / e
o 600 Collection Plane ~500¢e U+82p]:7. {_/,,/ . U+150pF
@ f,/"x Y+150pF
o V+82pF
S 1) ’/,,«
J -
S 400} g
Ll __..-;”, v
. o
no wire ,,a-"‘"f'r Y
i
200 e
LN2
0 . _
50 100 150 200 250 300
Input Capacitance / pF

A 40% APA

Ve

A  ProtoDUNE APA A DUNE Far Detector

A U/V wire: 4.0 m i
A Y wire: 2.8m

Note: 82pF and 150pF mica
capacitors are added on some wires

T Y wire: 6.0m

U/V wire: 7.39m

A Same APA as ProtoDUNE-SP
A Threshold: 1,000 e-
A Goal: as low as possible

10/17/2023 S.Gaoi CE for LAITPC
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CERN Cold Box Integration Test

APAZ2(201801) Cold nitrogen gas withdwesttemperature reached 159K
=

[ Cooling down } [ Cryogenic temperature } [Warming up}

2000 ENC (Gain = 25mV/fC, Tp = 2.0us) vs. Temperature

TT0206 *

+~2018-01-15 14-33:59 +2018-01-16 01 -00-40 - +2018-01-17

»
00-03:99
H

17504

Settings. ENC at 159K:
Gain: 25 mViC U-plane: 481 e
V-plane: 481 e

TT0205

i
1500

TT0204

Tp: 2us

12501 X I . 39 8 -
-plane: e )
| v R
v — 53 s 2
a 1000 =" 150 ®
WY s
= &
w £
e TT0202
750 1 100
TT0201
500 { e
%M—#— v TT0200 (K)
4 TT0201 (K)
H H »  TT0202 (K) -
250 | mmm ENCof X plane E H e TT0203(K) | ° TT0200 ‘
mm ENC of V plane H : + 2252; E::;
EEE ENC of U plane H H x  TT0206 (K)
0 ; . - ; ‘ ! ! s ! 7
0 10 20 8 30 40 50 60 ® 70 80

Time / hour

1. Uniform gain (77 €bin) is applied for calculating noise of all channels
2. HV Bias voltages were off
3. Data are read out chip by chip over local diagndStié&port.
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Shower Event under 7GeV Beam

g e e Run 5194 .
2040n . Charge scale
' limited to
A monitor - GeStt26¢d o7¥F/
software glitch . for monitoring
(minor) o

TDC Counts
)

. ONline Monitoring (Raw data)
3000 - s - - s

Pseudo Channel

NG

0 Pseudo Channel 480

~ - n
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Excellent Performance of the ProtoDUNE-SP

AHigh yield
A99.74% (15320 of 15360) of TPC
channels are active

A Only 4 inactive cold electronics
channels when commissioning started

A 2 more inactive cold electronics after >1
year running

ALow noise
A92.83% TPC channels are good with
excellent noise performance
A Raw data: Collection ENC ~560 e -
Induction ENC ~670 e -
AGood stability

A No measurable degradation is observed
over a year

ACE is demonstrated as the promising
technology towards DUNE LAITPC

2000 APA3 Noise Distribution(Raw data after ADC stuck code removal)

—— XPlane, ENC=543 + 44 e~

Noise distribution — oz

1500 e, ENC =623 + 47 e

ENC/e
=
w [=]
(=1 (=]
o o

0 500 1000 1500 2000 2500
APA Channel Num

U Plane, Raw

==« V Plane, Raw
....... Collection Plane, Raw

U Plane, Noise-filterd

Arbitrary Units

V Plane, Noise-filterd

C ion Plane, Noise-filterd

SNR

i o wl.._n_.n...._l’.'..—v I ]
0 20 40 60 80 100 120 140
Angle-Corrected Peak Signal-to-Noise Ratio

DUNE:ProtoDUNE-SP Run 5770 Event 59001

10.0

Chargejtick/channel {(ke)

100 200 300 400
Wire Number

A 6 GeV/c electron candidate
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NPO4 (ProtoDUNE-SP) CERN Beam Test
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SBND Highlight

A BNL delivered the cryogenic electronics for TPC charge read out

SBND in a cryostat holding 26&ton LAr and consists of four 2.5 m (L)
x 4 m (W) Anode Plane Assembles (APAs) plus 2 Cathode Plane
Assemblies (CPAs), which has  2m drift regions and 11, 264 TPC
(Time Projection Chamber) readout channels

“mobile™
cryostat lid

cathode
plane down

the center field cage support

beams span
between APAs

“fixed”
cryostat lid

plate Two APA frames

per side
25mx4mea.

UN wires

jumped along
this edge

Two separate
2 m long drift
regions

membrane
cryostat support
structure

ENC fe~

The Short-Baseline Near Detector (SBND)
reached full voltage on the Time Projection
Chamber Wednesday, July 3. The detector has
been operating stably since then and will collect
neutrino data through the end of this year
accelerator run

First SBND neutrino events

270

1:00 UTC

ENC/Temperature vs. Time Distribution

1000 350
—4— Temperature at Top CE Board RTD
200 ~—}— Temperature at Middle CE Board RTD 300
800 —}— Temperature at Bottom CE Board RTD
700
600
500
400
300
—}— ENC of EAST APA Y
200 & o el " "y & O H 0 Fu” Image
QS I
sv v 6"’\ o":\’ &Tb 6‘"" q&" el
R o "%% o
~ 0 0 A F B
800 WEST APA: ENC Noise Distribution (2024-04-08 22:05:30)
i !
600 ] i i
\w . : 1
o 4004 i
2 1
o
200 1 u ; v .
i i
0 T L L T
0 1000 2000 3000 4000 5000

Channel NO. (Data_is_FromFEMB_Detector_Noise_14 mV/fC_2.0 us)

Zoomed in image
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Single-Phase LArTPC for the First DUNE Far Detector Module

Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from
Fermi National

Accelerator Laboratory

o i Outer:
3 65.8 m (L)
18.9 m (W)
ez O 17.8 m (H)

support syst(

e it sk Inner active volume: 14.0 m (W)12.0 m (Hx 58.2 m (L)

Deep Underground
Neutrino Experiment

4850 Level of § X
Sanford Underground Each module > 10 kt fiducial

=™ FD sits in 1.5 km underground

Membrane
cryostat

DUNE 1t Far Detectol,ArTPCE
150 APA units
384,000 channels
24,000 FE ASICs/24,000 ADC ASICs
6,000 COLDATA ASICs PRI
3,000 Front End Mother Board assemblies . NS
Aim for 30 years operation without
replacement and maintenance

kﬁ Brookhaven =3z =
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3x3 m2 PCB Anode 2 x 6.5-m vertical drift

Electronics
Interface board

HV protection -

Arapuca PDs =

Bottom CRPs
Field‘.;:;g“é
Builds on experience gained with Dual Phase PCB-based charge
detector and long e-lifetime achieved in ProtoDUNE readout
A Bottom Cold Electronics i.
- CE requirements are similar between HD and VD | Patch panei
A Share the same or minor-modified FEMB design TS~ . ——
- 80 CRPs to be readout T
A 24 FEMB per CRP (charge-readout unit)
A ProtoDUNE-VD

- 2 CRP readout by CE (48 FEMBSs in need)

30 10/17/2023 S.Gaoi CE for LAITPC () Brookhaven



CRP5A Integration Test at BNL

A CRP5A: 3.0m x 1.5m, 1536 readout channels (12 FEMBS)

R R |
\ A

Promising noise performance at LN2

ENC Distribution
: —— ENC

1000
800 -

600 -

T
1
1
T
I
[}
I
1
I
400 + '

ENC/ e-

200 +

0 200 400 600 800 1000 1200 1400 1600
CH# (According to CRP mapping)

HV BIAS 0m900mV baseline, 14mWCgain, 2.0us peak time

31
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Cold Electronics in need

FD1 FD2
anode unit 150 APA 80 CRP
Electrodes (charge readout) 384,000 245,760
LArASIC 24,000 15,360
ColdADC 24,000 15,360
COLDATA 6,000 3,840
FEMB Assembly * 3,000 1,920
Cold cable bundles 150 80
Feedthrough 75 40
CE flanges 150 80
WIEC crate 150 80
WIB 750 480
PTC 150 80
PTB 150 80

*: require at least 10% spares

DUNE Production has started afteArASI®RR in March 2022

32
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Evolution of Cold Electronics towards DUNE

__ == _ ProtoDUNESPFEMBwith Cold
‘ ! FPGAsuccessfullyverified the
feasibilityof digitizedreadoutat
7-89K

SBND FEMB with Cold FPGA
and COTSADC proves high
resolution readout can be
achievedat 77-89 K

Cold
Cable
4 | <cms iE= = q
PA WEE=
i i;—b SEe = FPGA

l 16-ch FE ASIC 1-ch ADCx 16 d
P
128-ch Analog Mother Board FPGA Mezzanine

Front End Mother Board Assembly (x 88) 4

o o o o o o o o

Ao A o
Membrane Cryostat

SBND (Cold FPGA + COTS ADC)

L=
v
ld Cables

FEMBWwith three cryogeniequalified
ASICELArASICColdADCCOLDATA)
well addresseghe long lifetime (30
years) and reliability requirements
of DUNHar detector,

2" Anode Plane Assembly (x6) | <

DUNE (3 Cryogenic ASICS)M

< Brookhaven = u
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The Monolithic FEMB with 3

A Perform digitized readout of 128
TPC electrodes in liquid Argon

- 8x LArASIC (P5B)
A 16-ch programmable charge
amplifier
A Enhanced ESD protection
- 8x ColdADC (P2)
A 16-ch, 12-bit, 2 MS/s ADC
A INL<5LSB, DNL<0.3LSB
- 2x COLDATA (P4)
A Used to be FPGA in ProtoDUNE-I

A Serializer and controller
2 x 1.25 Gb/s TX data link per chip

-ASIC

To FT&WIEC
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128 CHs FROM Anode planes (APA or GRP)
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The Monolithic FEMB -HD and FEMB -VD
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|0-1826-1B used in ProtoDUNHBD |0-18651D used in ProtoDUNKED
Samtec ASP-191865-03 connector MiniSAS connector

The only difference between FEMBD and FEME/D is data cable connector!

National Laboratory
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FEMB Performance

A FEMB with P5B LArASIC, P2 ColdADC and P4 COLDATA meets DUNE requirement

1400 1 —_— 150 F _+_ RT 2.0%
Qj - p _+_ LN 18%
12001
1056 :
1000
_ 857 2
= 8001 722 688 .
% — ; %
0007 2 408 472 475
400 | - ! Uﬂ%%
200 1 0.2%
0 ' ' r ' + ° Crosstalk jus(rmuuou
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
peaking time / (us) The overall crosstalk is < 0.1% at LN2 temperature
05 for both single ended and differential interfaces,
except CHO (affected by CH7) and CH8 (affected
04 by CH15), which are still < 1%.

%.2f%%
o
w

Integral non-linearity (INL) of 16 channels on the monolithic FEMB
at LN2 temperature. The INL < 0.1% can be achieved for most
channels up to the full dynamic range of 80 fC, except CHO and

INL =
=}
[N}

01 CHS8 have slightly larger non-linearity. Overall the measurements
show that the INL of the monolithic FEMB is well below the DUNE
0.0 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 reqUIrement Of 1%

CH # of Chip#3
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Warm Electronics and Cryostat Penetration

PDS Flange
Cable strain

relief
brackets

Power & Timing

Card (PTC)
Cable strain
relief

Warm Interface Boards
(WIB) ,x6

Power & Timing
Backplane (PTB)

Kapton
heater with RTD

PCS cable
" strain relief
plate
FD2: 80 Warm Interface

Electronic Crates FD2: 40 penetrations
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Warm Interface Board

TIMING SYSTEM
SLOW CONTROL or ANALOG

BAD LGNS . age N e *  Receive data 4 FEMBs through
i - 1 cold cables

« Send data to DAQ system
through fiber optical links

* Receive power and timing
iInformation from PTC through
PTB

 Distribute power, timing and
control to 4 FEMBs through
cold cables

« Slow control interface through
GbE

. _Monitorintg and calibration
Interface for diagnostic
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