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DUNE experiment
 DUNE primary physics goals :

i. Precise measurement of neutrino oscillations parameters using v,and v, beams
from Fermilab.

ii. Detect and measure the v, flux from a core-collapse supernova within our galaxy
iii. Search for proton decay in several important decay modes

» Long-Baseline Neutrino Facility (LBNF), hosted by Fermilab has
Create specific requirements

on DAQ architecture, in
terms of trigger and data

three major components: 1. Wide band neutrino beam
2. Near Detector (ND) Hosted at Fermilab and 3. Far Detector (FD)

four LArTPC detectors hosted at SURF, 1.5 km depth. buffer (slide 4)
* |n these slides we focus only on Far detector
<. Four 10kt FDs Modules in

Underground caverns for DUNE
far detectors
and cryogenic systems at SURF,
__in South Dakota.
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Far detector: Single phase and Dual phase

« To achieve the physics goals DUNE is considering two Anode Plane Assemblies (APA),

LArTPC technologies:

- Single-phase (SP): maximum drift length 3.53m and
cathode 180 kV. No signal amplification in the liquid,
so readout requires very low-noise electronics.

- Dual-phase (DP): lonization charges transferred into the
gas above the liquid and amplified in the gas phase
using large electron multipliers (LEMs). Reduces the
requirements on the electronics, longer drift, and
higher voltage cathode 600 kV. The maximum drift length

is 12m. Less channels per module.

» Here is the comparative detectors electronics specifications:

Parameter  single-phase  duabphase %"

TPC unit

APA

CRO crate

Unit multiplicity

150

240

Channels per unit

2560 (960 collection)

640 (all collection

ADC sampling 2 MHz 2.5 MHz
ADC resolution 12 bit 12 bit
Aggregate from CE 1440 GB/s 576 GB/s

Aggregate with compression

288 GB/s (5x)

53 GB/s (10x)

pre-trigger data rate of FECs and no compression

liquid

Cathode

/
Ap

Induction2

~ liquid

Collection

v

X, time

[ Eeadout

Electron
Multiplier

h\ N Extraction

Grid

/_Cathode

&= =

PMT

Y

~ zfme Liquid Argon

Charge ReadOut (CRO)
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DUNE DAQ and trigger high level design simpiified

* We need a self triggering detector for proton decays, atmospheric neutrinos and
supernova-burst (SNB) neutrinos.

« The SNB physics information is contained in a time window that is tens of seconds long

« High level design of DAQ addresses DUNE physics programs, including trigger
processing system and data buffering (data rate in backup slides)

Produce and send . A .
. Trigger Processor Global Trigger
per-channel trigger > I .
. | Farm External+internal
primitives. TPC and PDS )
Trigger Primitive Trigger algorithm candidate and includes External
Generator

(beam) trigger and trigger command distribution

Buffers the full data stream
Waits for trigger decision (pre
and post trigger for SNB).

TPC and PDS Data Bufferin <<
Read-out Data Select
Electronics V\J’ Event Building with artDaq

ccept TPC and PD

data from Front-end
Electronics

Detector Module

Triggered DATA

BACK-END DAQ
Event Building
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SP- TPC front end readout

TPC electronics can be classified roughly in three categories: Warm electronics (or interface), Cold

flange + Signal feed-through and Cold electronics.

PD Flange
Lower APA |:9_‘ Upper APA

. . CE Flange
1- Warm interface electronics crates Bias In T
2 ]
(WIECs) DCIn [[o—
- Mount.ed on the signal flanges - m Interface
- Warm interface boards (WIBs) Links | |Boards

- Power and timing cards (PTCs) e
2a- CE flange

Flange assembly with cable
strain relief and flange PCB
for cable/WIB connection

2b- Signal feed-through

CE feedthrough to pass the data,
clock and control signals, LV
power and APA wire-bias voltages

3- Front End Motherboard
(FEMB) 128 channels of
digitized wire readout
enclosed in CE Box
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SP - TPC readout FEMB

« Front-End Mother Board (FEMB) includes three types of ASICs: ( More detalls
are in backup slides)

ColdADC COLDATA
16-channel 12-bit ADC ASIC 64-channel control and
operating at 2 Msps, pipelined communications ASIC, Interface i i | I i
. . i
ADCs operating at 16 MHz. Highly between CE and Warm electronicseco o H Ll T
configurable via UART or I12C 1.28Gb/s links o et ll e W E
| |$’.’«"” | | vomumetxcotond | :_
LArASIC
16-channel ASIC for amplification v e <
and pulse shaping, Gain 4.7 to ~ S 3
25mV/fC, Peaking time 0.5, 1,2 = = 7|5
N\ .
FEMB éﬁmm%: Dt:a;: ;ii
Receives signals from 40 U "°7§'
wires, 40 V wires, and 48 X FrontEndMothertosrd | 1 |11 1 i
wires _isencenonoan [ |1
> LefIIIIIIIIImonnEOe—— i q
| Photon Detector Module (x 10) @: i_: E E_E
S Anode Plane Assembly (x150) - i
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SP - TPC readout Warm Interface Electronics

« The warm interface electronics (WIB) 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.

« WIBs are housed in the warm interface electronics crate (WIEC) attached directly to the
CE flange.

« The WIEC shown in bottom right contains one power and timing card (PTC), five warm
interface boards (WIBs) and a passive power and timing backplane (PTB)

Developed for ProtoDUNE-DP

Primary Clock/Control Path Alternative Clock/Control Path
through WIB front panal
:) through FTC :) :) D roug ontpane Power & Timing
PTC wiB Purging Port
13 x > P Compression Plate
— o o —
o o o o
LL TS TR ||
" |- Laser Enable " o 2 ArriaV FPGA
A
Reply Encoded
Data Clock+
Control
Clock
PLL 1o MBs
Encoded
\J Control
ADN2814 o MBs
MUX Prio. Fanout Clock/Data p
6:1 Enc. 1:6 ez E Fanout 14| |Fanout 1:4] 8x SHV Connectors
A 1A 1] P
Indium seal
1T BBl 1T YYVYV VYVVY
a Encoded clock/control Clock o Control to
Reply enable { ll FEMBs  FEMBs
Reply Data j

Y FowerTiming Backplane
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S

P — Photon Detection System readout

SiPM Signal Processor (SSP) are developed for ProtoDUNE-SP. It contains 12 readout
channels packaged in a 1U module. (shown in bottom right)

The unamplified analog signals from the SiPMs are transmitted to outside the cryostat
over a 25m cable. A 14-bit, 150-MSPS ADC digitizes the SiPM signal waveforms.

Separate 12-bit high-voltage DAC to provide bias to each SiPM.
Triggered by a beam event, or to provide header information when self-triggered

1 Gb/s Ethernet send the waveform through full TCP/IP  Check Zelimir talk

3

and

= i o e e ) i

Front End
Amplifier

14 bit ADC J R Processing S G/
Shaw Control
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DP - TPC readout,

White Rabbit uTCA Carrier
Hub (WR-MCH) for AMC
clock synchronization

To sync

DP TPC electronics

charge readout (CRO)

Advanced mezzanine

DAQ grand
system for charge readout  cards (AMCs)
Holds digitizing
10 AMC digitization cards electronics
reading 64 ch each
/
White Rabbit switch O uICA crate 3] - SFT Chiammey
MicroTCA Carrier Hub| e o te TGS I% A | rads ot of
opd . ————
(MCH) streams the P CR:;W IR
data from AMCs viaa  wGues e “— [ susm
optical link to DAG FE card i
dedicated optical link / arin signal feedthrough

Front-end (FE)
Analog electronics

operating at cryogenic
temperatures

chimneys (SFT
chimneys) 2.3m
long.

10 FE cards with 4 16-ch
. . FE Card | cryogenic analog amplifier ASICs

Accessible during DP Cold T anes
under operation, ) I( CRO channels 153,600
th rough SFT /d,f’/ CRP 3x1 m? sub-element (320 cl 1s) f;;ff’/ CRP 3x1 m? subel CRO continuous sampling rate 2.5MHz
P . CRO ADC resolution 12 bit
CRO data compression factor 10
CRO data flow 430 Gibit/s
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DP - TPC readout, Analog Front-end R

* Cryogenic Analog Front-end Electronics
- ASIC CMOS 0.35 ym technology
- Each ASIC contains 16 amplifier channels with differential line buffers

Analog cryogenic FE card mounted
on the extraction blade, which is a
- Digital Advanced Mezzanine Card Electronics f;srtte‘:;the SFT chimney sub-

- Digitize the data from the FE amplifiers and transmit them to the DAQ system.

- Average value of the noise RMS is around 1.7 ADC

- Include a final stage of analog shaping before the ADC input
- Each card has eight ADC chips (AD92574), 2 dual-port memories, and an PGA Altera6 Cyclone V

: S L ! et ]
. L "] ]
2.5MSPS 12 bit E 500b. 300K /,-/
p— 20 MHz [ade clack [ow jiTtar) . — El [ |==110K
o 40 MHz (2% ADC clock] e Oscillateur local HTCA >E;’ [ et
. ) : 125 MHz L
panel Blgck diagram of AMC e ) 200 ma ( ! Backplane 1000 /./‘/
300 MHz [Dpram) Clock Res clack to FPGA ¥
_ 100 1455z (DVIA] Generator _ Cryogenic FE ASIC L /
= (DO 1.8V AVDD o “ Lo MHZ(MERD ) Teika ties: so0f e
= LDO 1.8V F f lazal ) 125 MHz (MCH?) |—'7 properties: S00[ W
> DRVDD Config i | Tetke amplifier response [
% ADC Lime (MACHT) TCLKE . L
FPGA (top) and noise P L/ AN I AN PPN I O
. Time (MCH2 2 2
L ADC 14 bits Cyclone V 6X ime [MCH2) —_— rieht) at different 0 200 400 600 800 1000 1200
g Q. (fC)
Up to 40 MHz L Gbe (MCHT/MCHD) Port0/1 o
_ i v or
a8 64 voies 64x LVDS VCCINT 1.1V 1.5 10 Gbe (XAUI MCHL temperatures QO e L BB BRI /
= ] VECIO 2.5\ 500 mA * » | Portay measured at theuz_I 20001 300K ]
= VCCDAT 1.2 B 10 Gbe (XAUI) MCH2 - T 210k ]
3 VCCPGM 1.8V ? . 32y »|| Ports-11 output of 1T 1
. . . [ - Y 7
|| > + 12v differential buffer. | [=19K A
Flash 2.5V TeA 1500 =
s1M | o é — rower |¥ o - yi=5.6x+p38 ///:
=i g % 5 «——— supplies [ PWR N T
g g g
- UsB oo 21| 2 = g  1sv 1000
. <k iz ‘_I
B interface |[* Left clock & = ° L /?4_§+442
DPRAM (2.5V 525 mA) ' F
2 ;l_)o Mle IDT70V3339 x2 MAXV FPGA config HTCA =l asv 500_‘ —
= JTAG | Right cloc 25V /20mA MMC = ) 5
— 7

18V/50mA  |gisSiy) (IN2P3)
# o
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DP - TPC Light Readout 1
« Light readout (LRO)

- Collects and digitizes the signals from the PDS, Diagram very similar to CRO
- The LRO card is a 16 channel AMC containing onel6 channel 14 bit 65MHz

Photo of the LRO prototype.

ADC (AD9249) and one CATIROC ASIC. LRO channels 720
LRO continuous sampling rate 2.5MHz
LRO ADC resolution 14 bit

« The analog signals from each PMT channel are split equally into two

LRO data compression factor 1

separate branches TRO data flow 2 Gibi /s
- One path (waveform branch), through an anti-aliasing low-pass filter and the
14 bit 65MHz ADC (AD9249), produces continuous digitization of the PMT
waveform data, which are down-sampled to 2.5MHz prior to the transmission
to DAQ.
- The other (CATIROC branch) is routed directly to the CATIROC ASIC for
precise measurements of pulse charge and timing. Both paths produce data
continuously and independently
T hronizati
N s
- - 9 AMC cards
e ] = s T reading 16 ch each
— x L i s :-E : White Rabbit switch LEg ,—UTCA e
RC Fillter AT Voo S e network for clock  ===rm SyncE | WR-MCH
(optional) DOR3 SORAM ::”‘ b SynCl'Omzatlon tical link
ouero, somysomss FPGA P o LRO AMC [¢———>>
Stratix IV GX oo W 23 1 Coaxial cable bundle
ADC ASIC ey k=Sl B < [ MCH to PMT splitter box
AD9249 | [ PARISROC? || ‘2= g ~ 10 Gbit's data = —
I T ’:: 4+ 3 optical link to DAQ
VITA-57 ;
EMC Commector lock diagram of LRO prototype
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SP - Front-end Readout and Buffering (FER)

« The DP and SP have different FE readout technology, data throughout and format, we need a unified
interface to DUNE offline computing.

«  Currently, two major variations for the DUNE DAQ are under consideration. The goal is to reduce
this to a single high-level design which will service both SP and DP detector modules.

«  The first design, nominal, and second design shown next slides in a high-level way in terms of its
FER and data and trigger flow. The two variants differ largely at their FEs in terms of the order in
which they buffer the data received from FE electronics and use it to form trigger primitives.

+ Before showing them let’s have a bit more detail about REF shown in below diagram;

(1/4 APA) ( DDRY ) . Buffer data in RAM, and
stream data from RAM to

SSDs on receipt of a

Receive data from

warm interface COLDATA dump trigger command
board (WIB) =—» Interface Combiner/ . Buffer .
5x128ch @——» ~_ ' @—» Compression - (SNB candidate)
Splitter Controller
2MS/S
12bits T
S L R To Compress the data
—1— lmexyncemd —————— L -
e Bac: and Forward data
Produce trigger Triger en and trigger
primitives from TT‘&']‘E_J’ > Command primitives to the
COllection Channels Cmd Trigger Primitive Generator — Data front_end computer
— R . Pedesta| Hit > .
Filter 1 /awis | Finder Selection | (FEC)
_ ]
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SP - Front-end Readout and Buffering

Cold

Electronics

Single-Phase Module DA

WIE3
DOMNECHTS

APA 2

Single-Phase DAQ) Front-End Components (2 APAs)

Front-End Readout
for two APAs

]
— FPGA

ACTA COB 2

RCE

Data apd Trigger PHmitives

Front-End Computing

Frr—

ACTA COB N

for two APAs

Front-End Computer
(FELIX Host)

(oa

LD M Y. ......[ Daa
3 | Buffer ~—— ] Selector
7 =) x

7 = =

Single-Phase Module
Back-end Computing

NNN18 - Babak Abi

e = mgger ",
- [Ourorband,____ [ Moduke  pommanEvent Buider) Gt
| dispatcher J Eﬂ; Teeerloe [ EwE damp | Disk
command Event Builder Buffer

lllustration of data (solid
arrows) and trigger (dashed)
flow for one SP DAQ
fragment (two APAs) in the
nominal design.

Black arrows indicate normal
data and trigger flow and red
indicate special flow for
handling of a potential SNB.




DP - Front-end Readout and Buffering

CRO

uTCA Crates
3 out of 240

crate 1
(NIC

crate 2
NIC

™~

crate 3

r

NIC

crate 4
NIC

crate 5
NIC

crate 6

and trigger (dashed) flow for two
DP FE DAQ fragments.

Dual-Phase Module

lllustration of data (solid arrows) B‘"’C“"dqf:;“l}“““g
S ump
) I-\-LnlBulldLr §

- TnagtrLoglc : '_

—__|Output
Disk
| Buffer

/////

<2 [ Data

in NIC — PO __JS5D

-oul (out NIC] e

[in NIC]" > ~ -
DP BOW 1 /
in NIC IS et
mMC[" ::m: '1oul NIC /
Drata
DP BOW 2 ﬂ

inNIC]__ )

in NIC|7™ out NIC

——

\

All5

uTCA Crates

crate 1
NIC

DP BOW 3 4 A | FELIX Host)
inNIC)___ — (41) —4“”] front-End Computing
i NIC}— (out NIC] of 8 of 240 CRO uTCA crates
DP BOW 4 /" and all 5 LRO crates
Front-End Readout /|
for 8 CRO crates

N

DP BOW for LRO

Front-End Readout
for all 5 LRO crates

—1Selector

Dual-Phase DAQ Front-End Components (8+5 crates)

Dual-Phase Module DAQ
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g One servicing eight of 240

CRO crates and the other
servicing all five LRO crates.
- Black arrows indicate
nominal flow and red
indicate special flow for
handling of potential SNB.




DAQ Dataflow, Trigger and Event Builder

The high-level, nominal design for the DUNE FD DAQ

Data Flow and Trigger Primitive Production

Line thickness indicates relative
bandwidth requirements. Blue

for one front-end DAQ fragment (o 67 indicates where the full data flow
Data Source for the DAQ front-end fragment is
Front-end Readout Front-end Computer ;
Dectector Module ; o fomp! conce d to one endpoint.
TPC and PDS (few machines per frag) (one machines per frag) — —
Event Building for one DAQ partition
~1Elleoc‘3tguunf“ista] ﬁ Data Receiver Trigger Primitives (nominal]y,%ne deleclor{r_\l}lgdule)
(:D_AQ o oent) fiber Trigger + Data Receiver Data Sink
pe em Prj I'Ili!i\'E Trigger Primitives Event Builder Instance
Pipeline Sender (one per trigger command) Offline Disk Buffer
Trigger Primitives + Data out PI;I]:IIAMN); E;:g%u ]?;.gf)er F ~ # Trigger Command (input) Péfﬁ;r;gfﬂgﬂi)
SNB buffering : , Fragment query
10 Gbps qu'r trig rx 10s RAM buf Data Selector rf Lo request
- request |- -- -
||| SSD buf || SNB data trickle H T0 Gbps Nq: eind ____i-——‘__" receive

Data (solid) and trigger | ~. ' | .

( ) g8 . ' ! DAQ Event Block mjps NIC
(dashed) flows between S~ - ---- : ~

T - T

one DAQ fro nt-e nd Trigger HowTyr eng DAQ partition (nominally, one detectorymodule)

fragment FE and the

trigger processing and
event building back en
for one DAQ partition.

d DAQ fragments)

Trigger Candidate Processing Farm

Trigger Primitives
(collect from all

Trigger
Candidate
Pipeline

Trigger Candidates
(representing DAQ

partition activity)

]
1
r

,
.P

-

Module Trigger
Logic Unit

Trigger Candidates
(input from ETL unit and
DAQ partition TCF farm)

Trigger Commands (output) ft = =

]

Out-of-band SBN trigger
command dispatcher

Trigger Command
(input from just MTL)

{{(fanout to all DAQ fragment

Trigger Command

FER machines)

External Trigger Logic Unit
{one for all FD)

MTL candidates
(fanin/fanout)

Beam trigger (input)
other external (input)

Green indicates
final output of

normally triggered
(non-SNB) data.

Red indicates

special handling of
potential SNB.

The system level design of DUNE DAQ after multiple
iterations is almost fixed now and the DAQ sub-

systems and electronics are adapting to the high-level
data flow design.
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DAQ Dataflow, Trigger and Event Builder

The high-level, alternate design for the DUNE FD DAQ

Data Source

Dectector Module
TPC and PDS
Electronics
(=1-10% of total
per DAQ fragment)

—

16

Front-end Computer
(one machines per frag)

Data Receiver
Front End Buffer

Data Reformatter
and Splitter

Data Dispatcher
(fan out data)

Data Flow and Trigger Primitive Production
for one front-end DAQ fragment (out of =100)

Trigger Candidate Processing Farm

Trigger Primitives
{collect from all
DAQ fragments)

Trigger
Candidate
Pipeline

Trigger Candidates
(representing DAQ
partition activity)

Trigger Primitive Processing
And Primary Buffer Computers

(=2/fragment)

Trigger Flow for one DAQ partition (nominally, one detector module)

Module Trigger
Logic Unit
Trigger Candidates
(input from ETL unit and
DAQ partition TCP farm)

H Trigger Commands (output)

Data Receiver

Primary DAQ Buffer

and SNB Buffer
(10s RAM ring)

[}

5-100 Gbps N

SNB Buffer
(SSD storage)

{one for all FD)

MTL candidates
(fanin/fanout)

Beam trigger (input)
other external (input)

-~
External Trigger Logic Unit

Trigger
Primitive
Pipeline

Trigger Primitives

Data Selector

request

send

Event Building for one DAQ partition
(nominally, one detector module)

Event Builder Instance
(one per trigger command)

Trigger Command (input) & =~

Fragment query

request
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DAQ Event Block

Data Sink

Offline Disk Buffer

10 Gpps NIC

per detector module)

(one storage array




Conclusion

There are several large and interesting challenges in the DUNE DAQ
design, including the large data rate and volume, the long readout-
window for SNB, and the internally generated triggers. The challenges
have been met and have resulted in a solid design..

Many of the analogue and digital electronics in DUNE TPC readout are
based on components that have been demonstrated in LArTPC
detectors e.g. ICARUS, MicroBooNE, ProtoDUNE.

The back end DAQ electronics utilises both industry-standard modules
and custom systems. It allows considerable programmable flexibility in
combining FPGA and CPU features.

The ProtoDUNE DP and SP detectors are crucial for establishing
DUNE technology and we studying their performance to refine the
DUNE DAQ.

The system level design of DUNE DAQ after several iterations is
almost fixed now and the DAQ sub-systems and electronics are
adapting to the high-level data flow design.
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Back Up Slides
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DUNE Data rates

» Anticipated annual, uncompressed data rates for a single SP module. The rates for
normal (non-SNB triggers) assume a readout window of 5.4 ms. For planning purposes
these rates are assumed to apply to a DP module as well, which has a longer readout
time but fewer channels. In reality, application of lossless compression is expected to
provide as much as a 5x reduction in data volume for the SP module and as much as
10x for the DP module.

Beam interactions 0.03 800 beam and 800 dirt muons; 10 MeV
threshold in coincidence with beam time;
include cosmics

Cosmics and atmospherics 10 10 MeV threshold, anti-coincident with
beam time

Front-end calibration 0.2 Four calibration runs per year, 100 mea-
surements per point

Radioactive source calibration 0.1 Source rate <10Hz; single fragment
readout; lossless readout

Laser calibration 0.2 1 x 10° total laser pulses, lossy readout

Supernova candidates 0.5 30 seconds full readout, average once per
month

Random triggers 0.06 45 per day

Trigger primitives <6 All three wire planes; 12 bits per prim-
itive word; 4 primitive quantities; 3?Ar-
dominated
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SP - TPC readout FEMB

« TPC electronics components and quantities for a single APA of the
DUNE SP module.

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 2560
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
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ProtoDUNE SP TPC Front-end DAQ

* ProtoDUNE is running two systems, Reconfigurable Computing Elements
(RCE) designed at SLAC for a wide range of applications and Front-End-Link-
Exchange (FELIX) that was originally designed for ATLAS;

RCE : Based on system-on-chip FPGA (Xilinx Zynq) with ARM processor + 1 GB
DRAM handles 256 ch. Up to 8 RCEs in cluster-on-board motherboard in
AdvancedTCA shelf. 10 Gbps Ethernet for connection between RCE and to DAQ
server. Specific board (Rear Transition Module) for receiving optical link from Warm
Interface Board.

FELIX The FELIX is a PCle card receiving data on point-to-point links from the
detector electronics and routing those through a switched network to computers. e.g.
ProtoDUNE-SP, data from five WIBs (20 FEBs) are read out over ten 9.6Gbps links
into two FELIX cards. Similar to the RCE-based readout, the FELIX generates
artDAQ fragments to be sent to the event builder.

* Intensive R&D in various back-end DAQ electronics are planned in parallel to
demonstrate of both these systems in ProtoDUNE-SP.

» The final goal is to merge as much as possible to a single technology that
could accommodate data coming from both frontend electronics of single
phase and dual phase detectors.
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SP - TPC readout FEMB

« Presenting only the baseline FEMB and ASICs, There is one official alternative design,
the SLAC nEXO three-chip CRYO ASIC, and one fallback ATLAS-style ADC ASIC.

« Front-End Mother Board (FEMB) includes three major parts:
1. Preamplifiers + shaping circuit

- LArASIC :16-channel front-end ASIC, signal amplification and pulse shaping.

The|LArASIC|receives signals from the CR board :

-[charge amplitier|circuit with a programmable gain selectable from one of 4.7, 7.8, 14 or
25mV/fC (corresponding to full-scale charge of 300, 180,
100 and 55 fC),

- shaping a high-order anti-aliasing filter with programmable time constant (semi-
Gaussian with|peaking time 0.5, 1, 2, and 3 pg),

- option to enab adjustment for operation with either the
collecting (200mV nominal) or the non-collecting (900mV nominal) wires.

Amplitude [a.u.] S0 : Pulse Waveform Overlap of 2560 wires
T .

"‘ 1500
r ’ ’\ non-collecting mode 7 1000

[\ gain [mVAC]

78
4.7

/ Peak time [us) 5
3 [\ —o08 8
[\ —10
A 20 -1000
s 3.0

-1500
collecting mode
.

ADC output /bin

0 10 20 30 40 50 2009 10 % 3 W
Time [us] N ) Time / us
Simulated FE response measured calibration pulse response overlays for 2560

electronics channels attached to a ProtoDUNE-SP APA
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FEMB noise and performance

23

ENC in electrons (left axis) for the wrapped induction wires (red and blue curves) and straight
collection wires (green curve) as well as the temperature in degrees Kelvin (right axis) for the
temperature sensors in the CERN cold box (orange curves) as a function of cold cycle time in
gaseous nitrogen for ProtoDUNE-SP APA2. At the lowest temperature of 160 K, the wrapped wires
measured 480 e— noise and the straight wires 400 e—. This noise level is consistent with all other
ProtoDUNE-SP anode plane assemblies tested in the cold box.

2000 ENC (Gain = 25mV/fC, Tp = 2.0us) vs. Temperature 350

—2018-01-15 14:52:41

1750 + X plane lowest noise = 398+50 e”

V plane lowest noise = 4581+x24 e~
U plane lowest noise = 48§1+29 e #

1500 - 250
1250 200 5“
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SP - TPC readout FEMB

« Front-End Mother Board (FEMB) includes three major parts:
1. Preamplifiers + shaping circuit
- LArASIC :16-channel front-end ASIC, signal amplification and pulse shaping.
2. Cold ADC

- 16(2x8)channel 12-bit 16 MS/s Pipelined ADC

VDD/VSS domains.
.

Cold ADC

DIG_CLKOUT(P/N)
DIG_FRAME(P/N)
DIG_OUTA(P/N)
DIG_OUTB(P/N)
DIG_OUTC(P/N)
DIG_OUTD(P/N)
DIG_OUTE(P/N)
DIG_OUTF(P/N)
DIG_OUTG(P/N)
DIG_OUTH(P/N)

Cold ADC, block diagram

The analog samples are multiplexed by No [3—9— s,
65nm CMOS technology.

eight and digitized by calibrated 12 bit

pipelined ADCs operating at 16 MHz. -
IN7 EJ—%—

30
12-bit 16 MS/s # Correction Ef—_\)) Async
Pipelined ADC Logic FIFO

Engine

LVDS_REF
IN8 [ }—— BUFFER s, Engine
I CLK_64MHZ(P/N)
. ] CLK_16MHZ(P/N)
o CLK_2MHZ(P/N)
FIFO
. P VMONITOR
IN1S []—% s, — IMONITOR
12C_(SCL,SDA,
Ref Generation and Debug 000
and Buffers intartace
12C_ADD
VREF(P,N,CMI,CMO), BGR SSO_(FRAME, DATA[1:0], CLK)
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SP - TPC readout FEMB

‘2“"‘*“""*“ TnSkm(unhol.T T.Tn DAQ  ToSSP
T 4
¥ [
] E3(Ea
cen | I L T T
. Reset - | -
Calibrate Strobe  [F¢—r—! State colData Reset— Lozal Timing —
Machine agnastics ™ e [l PeA =
| ormemetienoug | ||
. Blasin ——| wees |
sok B Distributed = ol
50 [Ee——ree—] Register o 12C (main) SCL
H
5ol E——— Array e ke 12C (main) SDA_w2c
s Ee———— E 12C (main) SDA_c2w
12CSCL (relayed) [ sc 12€ (secondary) SCL o o o
12C SDA_w2c (relayed) [ : SDA_y 12C (secondary) SDA_w2c g
12C SDA_c2w (relayed) [} 3 SDA_c £ 12C (secondary) SDA_c2w G
Primany/Secondary ST e e e e e e e e ey : =
------------------------------- ' 2
Fast FastCommand : H : 6]
*——colData Reset- Command i
. Receiver SysClk_64MHz H ]
Clk_2mHz [ ; PO 21z start : : : :
loc! i 1]
Ch _16MHz - Ee— Divider N
Clk_64MHz E3 i il d
' [
aal (1),
ADC1 dataOut [ coldADC L COLDATA S i oF ]
ADC1 dataclkout (3} Data - " !
Capture m -
ADC1 frameStart [ T ']
HC e B iy pil
Data Frame \‘| (I g
Formation 1 Pl
Front End Mother Board ol
ADC2 dataOut coldADC 1“! : i
ADC2 dataClkOut 3} Data 128-ch CEBox (x 20) |.4 i1l
ADC2 frameStart [ EH iveli e 0o
8b10b EAPN Pipeline g Serializer Line Driver 1.28 GBPS Line 1 ——L L ]
Enmder- Stage -———— Ty R €]
1 B L il
_ 1 '
_ 8100 'REPM Pipcline eB  Serializer Line Driver 1.28 GBPS Line 2 -t T
ADC2 dataOut [ coldADC Encoder Stage i Tih
—_— = 2
ADC2 dataClkOut [ Data S i
ADC2 framestart [ Capture Ancde Plane Assem 150) |- d
Data Frame
Formation Fal Fat Fat Fan
ADC2 dataOut [} coldADC Inh'nbﬂneCr,u:lxt

ADC2 dataClkOut [ Data
ADC2 frameStart [} Capture

3. COLDATA

«  All communication between the CE on FEMBs and warm electronics, It has 2 x1.28Gb/s line for
data transfer and low speed interface for configuration and monitoring plus a line for clock and
commands input.

Both COLDATA and Cold ADC are implemented in TSMC 65nm CMOS2 using cold transistor
models produced by Logix Consulting
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Connections from Wire to Front-End

—

Filters in faraday cage Proto DUNE APA Bias Schematic Diagram

% SHVAE 7-5-2016
I:H:I | ': l:: | CESignal Flange

Bulkhaad cormectars

o APAfame L

Top R'n

End wall

Field Cage
Terminations c“];:

Electron

Diverter, V'

~6m cable length

Cryostat

B

H

—-1.5KY

—-1.2KY

J?— = connect to APA frame

AN

I

ProtoDUNE-SP APA wire bias schematic diagram, including the CR

board.

ASIC board

SS304 tube

The capacitive-resistive (CR) boards
carry a bias resistor and a DC-blocking
capacitor for each wire in the X and U-
planes.
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SP Cold Electronics Feedthroughs and Cold Cables

 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 a SP module in a
cutaway view.
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DP Chimney Feedthroughs (SFT)

» Details of the signal feedthrough (SFT) chimney design.

Emergency removable
—— flange with increased
N; gas flushing

N. 10
40-twisted pairs
Cables and

Connectors

SFT chimney cold feedthrough
flange with one of the FE
cards mounted

34-twisted pairs

N10 S

Overpressure check valve
Preliminary vacuum valve
Pressure transducer

Input pipe for N3
gas ﬂushing

/‘ In-Out pipes for

LAr bottom heat
exchanger

connector

Cables and
Connectors

rid e 8 N 10

\ N Extractable

(0 oti-oach) i blades with _ —
handles for TP T Guides for blades
Cold Signal FT cables and FE
e electronics cards
. L |
28 NNN18 - Babak Abi DAu(VE




DP - TPC Light Readout 2

« Waveform branch

- The main characteristics of the ADC used for continuous digitization of the PMT signals are shown in
table.

« CATIROC branch

- The CATIROC is a 16 channel ASIC dedicated to measurement of charge and precision timing of

negative-polarity PMT signals. It auto-triggers on single photoelectrons and can sustain a high dark
rate of up to 20 kHz/channel.

- Charge measurements are possible over the range of 160 fC - 70 pC (corresponding to
approximately to a range of 1 to 400 photoelectrons with a PMT gain ofl x 106). Timing
measurements per channel can reflect an accuracy of 200 ps.

Channels 16
Sampling 65 MSPS
Resolution 0.122mV
Dynamic range 14 bit/ 2V
Differential non-linearity typical +0.6 LSB
with min. —0.9 and max. 1.6 LSB

Integral non-linearity typical +0.9 LSB
with min. —3 and max. 3 LSB
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DP module

« The DP module with cathode, PMTs, FC and anode plane with
SFT chimneys.

Arnode deck

Sigral FT chimreys with
DAQ crates Field cage suspersion
chimreys

30 NNN18 - Babak Abi




