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1. What is the Super-FGD?



T2K\ The Super Fine-Grained Detector

New neutrino active target for
T2K Near Detector

»2-million 1-cm3 polystyrene
cubes
+**2 tons fiducial mass
**high granularity
++*3D tracking
» ~60k optic fibers + SiPM

= 60k readout channels
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2. Electronics overview and
requirements
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.I_Zlk\ SFGD electronics overview

55’888 SiPM channels = 16 Crates, 14 FEBs each
OCB (1 per crate) and MCB: S/C, data concentration, sync, trigger

.. X16 crates
Sensors: MPPC64 (x881) |
- =
o DAQ PC
.. Xx14 FEBs & MIBs =
4
HV — : © MCB
D 0 — Sync +
Analog trigger
signal

Focus of this talk: FEB:
Amplification, shaping and digitization of 256 channels

03/10/24 Lorenzo Giannessi



T2k\

256 channel charge + timing readout

» 8 CITIROC by Omega [1]:

32-ch read out chips

Types of read-out:

**Timing: constant threshold trigger output
**Charge: dual gain peak detector (HG, LG)
Programmable devices:

**Timing and analog thresholds: 10(+4)-bit
**Gain for charge readout: 6-bit

**Shaping time: 3-bit

[1] CITIROC by Omega
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Lorenzo Giannes

.......

aue|dydeq ol


https://www.sciencedirect.com/science/article/abs/pii/S0168900220310251

Configuration and slow control

»FPGA ARRIA 10

+*Data concentration and S/C

**400 MHz sampling rate for timing
measurement

**ROC configuration
**Housekeeping
**Remote programming
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To detector
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T2K\ FEB architecture

Digitization, power, housekeeping

»Two 8-ch 12-bit ADCs for charge digitization

» Sensors for temperature, voltage and
currents

i

»Supervisor chip

»DC-DC mezzanine board

» 16 3v3-1v8 level translators
»EEPROM for calibration data

To detector
aue|dydeq ol
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3. Requirements and
performance tests

Validation of the FEB design against detector requirements
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TZ}E\

»Dynamic range: 1 — 1000 p.e (or 100 fC — 100 pC)
»Energy resolution < 1 p.e. in HG mode

» Electronics cross talk below 1%

» 1 ns timing resolution

Challenges:
~1 year for production + hardware testing + installation

Limited space inside UA1 magnet
~10 years expected lifetime

03/10/24 Lorenzo Giannessi

Requirements
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T2k\

Dynamic range

Limited by non-linearity of the CITIROC
response.

Upper limit: LG linear limit
LG linear limit > 1000 p.e

FEB low-gain signal response (ch 0)
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RMS (HG) [p.e.]

Dynamic range & energy resolution

Energy resolution (HG output)

Electronic noise degrades energy resolution.
Study RMS of the signal in HG mode.
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RMS vs Amplitude (FEB ch 0) in the linearity regime

— ~a. —m@— HG=48: 23.0 ADC/pe

I u = HG=28: 10.9 ADC/pe

T2K Work
. in progress

| Gain settings

—=— HG=36: 13.6 ADC/pe
—m— HG=44:18.4 ADC/pe
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b ] —m— HG=56: 42.7 ADC/pe
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Ly o by by T
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TZJQ\

Electronics cross talk:

<0.5%

Only intra-ROC
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Cross talk & timing

Channel-by-channel timing delays:

~1ns

—> Need time calibration or FPGA
programmable delay

-
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Timing difference w.r.t. CHO [ns]
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T2k\

Performance tests /
design validation

July
2021

@»»

Production of first FEB
prototypes (v1)

03/10/24

History of the Super-FGD FEBs

Lorenzo Giannessi
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T2k\

History of the Super-FGD FEBs

Performance tests /
design validation

®
July March
2021 2023
)
&
o [
Production of first FEB Green light for mass
prototypes (v1) production

03/10/24
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14



T2k History of the Super-FGD FEBs

Performance tests / Mass production
design validation testing (QC tests)
® ®
July March
2021 2023

@2 (@ >

o [
Production of first FEB Green light for mass
prototypes (v1) production

03/10/24 Lorenzo Giannessi
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4. Mass production testing

Hardware quality check for the FEB mass production

16



re serial testing

T

,1'_2:/52\ Hardwa

Mass production: 240 FEBs -> serial hardware
testing

Challenge: need to speed up the testing (and
repairing!) process.

Solution: custom QC test bench with
“symptom - HW issue” diagnostic.

03/10/24 Lorenzo Giannessi



T

T2k Hardware serial testing

» Table-top setup, 6 minutes

»99% hardware coverage: Safety
**Analog traces
“*Sync, clk, trigger, busy
**CITIROC configuration, S/C
**HV/T sensors + calibration

Loopback
tests

N Analog
» Custom auxiliary board input

» Flexible: edit software to
test specific hardware
problems

CITIROC
config

Sensors
calibration

» Locate HW problems

03/10/24 Lorenzo Giannessi



T2k\

Some problems are easy

to understand and fix

»Bad/cold soldering

» Missing/wrong passive
component

»Shorts on surface
components

03/10/24

Hardware serial testing

Noise 1D ADC(HG)

Missing resistor

o 3 5 2 = 3 B £ 8 8 8

All channels

Shorted components

allCH_HG
ies 29226

ean
Std Dev

8.
84.38

Lorenzo Giannessi
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Hardware serial testing

\

\

Short circuit in connector
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Others can be nasty...

»Shorts under connectors
» Cold-soldered BGA

» CITIROC to be replaced
»Bad PCB routing

Ship back to manufacturer:
major delay

20



T2k Yield recovery

Initial plan: 222 FEBs installed + 10% spares
First QC test campaign: 80% vield

Run full
QC test

Run feature- ]
Investigate

issue

specific QC
test

Replace
component /
resolder / figure
out FW fix

Take-home message: A custom, versatile QC setup is more work, but ends up
saving time and resources.

03/10/24 Lorenzo Giannessi 21



T2k\

History of the Super-FGD FEBs

Performance tests /
design validation

July
2021

©»©

Production of first FEB
prototypes (v1)

03/10/24

Serial hardware testing

(QC tests)

March
2023

Green light for mass
production

HW problem solving

and total yield recovery

November
2023

Technical run, 80% of
the electronics installed

March
2024

@
N\

100% of the electronics
installed (6% spares)

Lorenzo Giannessi
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12K\ 5. Conclusions

» FEBs for the Super-FGD performances validated and 240 FEBs successfully tested (repaired)
and installed

+** Custom, table-top QC test bench proven to be essential

\ Super-FGD

N

-
WL

First neutrino beam run of T2K phase Il (June 2024)

03/10/24 Lorenzo Giannessi 23
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Back up

Lorenzo Giannessi
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T2k The T2K Experiment

T2K is a long baseline neutrino oscillation : Am?,,
experiment g
Sensitive to 8¢ through electron (anti-) neutrino 1. o s
disappearance = Amly =24 X107V
Sensitive to Am?;, and 6,5 through muon (anti-) - o
neutrino appearance 2 . f
] _ . 10,05
»Near detector is being upgraded with 3 new 2
subdetectors (Super-FGD, High-angle TPCs, TOF) 1
**Super-FGD: new neutrino active target I s OA 0.0° =
2 I % OA2.0° 1
Super-K: = L ®NO0A25° 1
b S '\vs."‘\ 4
Mt. lkeno-Ya ff = 0.5 il
H : 1,700 m below sea Ieveliw‘”m — (_ . N ”e) . 4‘
§ 295 k I iy il
m E 0‘ A %914 - 3
E, (GeV)

03/10/24 Lorenzo Giannessi 25



T2k\

Distributes
analog signal
over 256
channels.

FPGA configuration,
DAQ settings, SC

<
<

Data and
sensors

Sets T and HV
sensors for LV
calibration.

Multiplexer

y readings
HV

Auxiliary board

board

(KALADIN)

Analog signal

Pulse generator

(GPIO)

LV

Data (USB)

LV and HV power supplies g

03/10/24
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Hardware serial testing - scheme

Control LV, HV and
pulse generator
(USB)



T2k Hardware serial testing

» Safety:
Test HV current limiter circuit

»>Slow control Safety
Test slow control lines (FPGA to backplane, FPGA to CITIROC, ) with

loopback circuits (FPGA driven) Slow
»Analog input control
Test all channels against open/short circuits. Check ADC output validity

range. Evaluate noise and baseline — extensive use of Kaladin board Analog
> ROC configuration input

Check that the FPGA is able to configure the CITIROCs with different
’érlgger Sonﬁgurations (ability to control the CITIROC programmable
evices

> Sensors calibration

Calibrate the HV and T sensors and check that the calibration
constants are stored in the EEPROM. Measure RMS (RC filter test)

ROC
configuration

Sensors
calibration

03/10/24 Lorenzo Giannessi
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T2k Global testing

Global results on T/HV sensors precision [gain equalization]
»RMS values of the T and HV sensors to evaluate overall performances

0
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Gain equalization:
55mV/°C HV gain change in MPPC sets requirement on RMS(V)

03/10/24 Lorenzo Giannessi 28



Linearity range & resolution - setup

Pulse generator + RC
filter

03/10/24

Lorenzo Giannessi
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T2k\

»32 channels
Types of read-out:

»Timing: constant threshold trigger
output

»Charge: dual gain with peak detector
(HG, LG)

Programmable devices:

»Timing and analog thresholds:
10(+4)-bit

> Input DAC for MPPC voltage tuning:
8-bit

» Gain for charge readout: 6-bit
»Shaping time: 3-bit

03/10/24

FEB architecture - CITIROC

Channel 31

omnegan | | " |

Common to the 32 channels

T|OR32 H
@

Channel 0 Charge measurement
. E 5 | 3] .
I: B-Eitinaut _{ :'" - ‘"_:" . il.n Low_gain
_f_ Preamp low galn L eo | imutiphered butoet multiplexad autpur
| [pEige
“ D AN || ‘--_J'H - High_gain
- gn gain "
PFreamp high gain -l_ PD _r Imhulf.in - dz] multiplexed output
r

B Charge_trigger

B Time trgger

e OR32_charge
P OR32_charge _OC

P OR32_tme_OC

Lorenzo Giannessi

[1] add CITIROC reference here
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T2

» Full crate “burning test”
> BER tests (OCB-FEB)

» OCB-FEB communication
» MCB-OCB communication
» DAQ stability tests

03/10/24
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Other tests
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Connectivity
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FEB 256-ch —!
T° MPPC #3— GLOBAL
CITIROC #7 HV
Ch224-255
o ﬁ:@ Sonng
HV tuning
CITIROC#6
Ch192-223
T MPPC #2—
CITIROC#5
Ch160-191
HV #5 HV=f(T
HV 44—% tuni(ng} +
CITIROC#4
Ch128-159
T° MPPC #1
CITIROC #3
Ch96-127
HV #3 g% :E HV=f(T")
HV #2 tuning
CITIROC # 2
Ch64-95
T MPPC #0—
CITIROC#1
Ch32-63 v
HV #1——2 g Iﬁ HV=F(T")
HY #1 tuning +
CITIROC#0
Ch0-31
32




T2k Linearity & energy resolution

Dynamic range

FEB low-gain signal response (ch 0)

- — o —— ] - e
—I----___
_ -
_,.,-'-"".--FF e -
-~ _--"_- =

LG Amplitude [ADC)

Can seiirge

—#— DG LE =3 ARG e =1
—i— [ACLE = 2 WO = 1
T2K Work il DA LE = 38 A0 Ep e = 1.4
. —&— [DACLG =l ARG G = 16
In progress —— [ L =8 SO = e
—i— DAL LG = @ ADCp A = 33
—— DAL LG = 6 ADCp A = 54
il [ LS = 08 AL = A3
—— DAL LG = il ADCR A = G

1500

100

I f'l|||"I||I||f'lIlf'IIII]IfIlIf'IIlf'IIII

2500 3000
Input charge [p.e.]

3
:
:
3
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T2k\

Energy resolution (HG output)

Linearity & energy resolution

RMS vs Amplitude (FEB ch 0) in the linearity regime

ZE' 06—
= -
0] —
£ o551
= osE —+—
r 05—
0.45 —
0.4 — Gain settings
— HEG=28: 10.9 ADC/pe
— —— HG=32: 12.2 ADC/pe
0.35— —+ HG=36: 13.6 ADC/pe
— —— HG=40: 15.5 ADC/pe
03— —— HG=44: 18.4 ADC/pe
— —— HG=48: 23.0 ADC/pe
— T Work ——— HG=52: 31.2 ADC/p8
0.5 — inprogress | ——— HG=56: 42.7 ADClpe
— —— HG=60: 68.2 ADC/pe
-
D.E i I i i i | i i i I i i i I i i i | i i i I i i i I i i i I i i | i i | i i i I i
20 40 60 80 100 120 140 160 180 200 220

03/10/24

Lorenzo Giannessi
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,1'_2:/52\ Ha rdar, test: RC filter

» Calibration of HV and NTC sensors D B
“*Check passive components ot \g

IVIRD
Fa £920
100M

MDPC BOARD 0 — 3w3AD

e Ve 2K
s A oo

22 25 3 - R .
1 . ADGE49 2 > .

S0AIDGK
AP
v IVIAD
2 .
BIEEsEVESD =c cazs

HV RMS fail HV RMS pass

bl
m

HV RMS [LSB]
L]
L T 1171 T

b
&
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T2/ Hardware test: HV current limiter

HV CURRENT LIMITER

HV BKP IN]|

»We want to make sure that the resistor in the
current limiter circuit is 150KQ.

X |V | <20V to not damage transistor

Q2

»The GS threshold voltage is between -2.5 and - S —
45 V 1 2.2k 3 HV_SET<0>
>V is computed as (given R=R586): —
Vo= ( R ) (V  (47+R) ) ”
GS_ ' ps\ (47+R+0.022) /] ~\" PS (47+R+0.022)
Vps: voltage set on Power supply
% 150K
* For the same V,g, if the resistance changes, the voltage S
applied on the GS terminals of the transistor change. =
* With higher R, the V¢ necessary to enable the transistor is
h Ig h er SPECIFICATIONS T = 25 °C, unless otherwise noted
Parameter Symbol Test Conditions Min. | L':'r::s I Max. Unit
Static
Drain-Source Breakdown Voltage V(eRr)Dss Vas=0V, Ip=-250 pA
Gate-Threshold Voltage Vasith) Vps = Vgs, Ip =- 250 pA

03/10/24 - = LUICIIZU JIaliiicoadi



T2k Gain uniformity

»Measured gain (ADC/mV) for all 256 FEB channels

30

p1
p1

LG

15

10

Illllllllllllll[llllllllll

PN [N T T TN TN NN TN TN ST TR NN TN TN TS SN (NS NN ST TN TN NN TR SN SUT S N SR
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e A

RMS<1.5%

RMS<2%

ADC/mV averaged over channls
ADC/mV averaged over channels

o 10 20 30 20 50 [=20]
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=

LowGain ADC

Linearity range (LG)

— LG =0
Request: 1%
4000 [ — LG =4
— LG =8
3500 — — LG =12
= LG = 16
3000
— — LG = 20
2500 — LG = 24
= - LG = 28
2 L
it === ; — LG = 32
o 7 Additional, small (<2%) LG - 36
N ¥
— non linearity effect — LG = 40
1900 LG = 44
500 ;j — LG =48
1 LG = 52
1 | 1 1 1 | 1 ‘ 1 1 ‘ | 1 ‘ 1
% 200 400 600 800 1000 1200 LG =56
injected amplitude (mV)| LG = 60
< 100 & 4000=
E 2 =
ot 900 ‘1 percent | = - =
£ - " E 350
g =
> 800 g8
£ g B 2 percemt £ 3000
& 700 7_ g
:5 500 ; L ) - 3 percent E 2500
= [
500m= 200
400;_ 1500
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Linearity range (HG)

HighGain ADC

Request: 1%
4 % - HG =0
4000
— —— HG =4
3500 [ — — HG =18
— —HG =12
3000 [ HG = 16
— ~— HG = 20
2500 [ —
— HG = 24
2000 [— - HG =28
— — HG = 32
1500 | — HG = 36
— —~— HG = 40
1000 [
= - HG = 44
500 | — —~ HG = 48
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0 [ L 1 ‘ 1 L 1 ‘ 1 1 1 ‘ 1 I 1 1 I L 1 | 1 1 ‘
o 20 40 60 80 100 120 ] 140| — HG =56
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S 1o O 4000
E N 1 percent g E
§ C E 3500 -
Z 80— . ¥zpercem | 2 F
£ C _ £ 3000—
g g E
. B kS v | = C
< L - 3 percen 5 25000
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L 2000 —
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T2K\ Electronics overview

16 crates — 14 FEBs per crate — 256 read out channels per FEB

»Master Clock Board (MCB): e cate—| FATP Detector
’:’ 9 CLK, SYNC to OCB T DAQESINC ] N Eth cable—Y TOF Detector
. SFGD Detector
» Optical Concentrator Board (OCB) |, — - e e
<> CLK, SYNC to FEB o S i | — F-‘
<+ & Data from FEB ] E—
= - Data to DAQ PC )
’:’S S/C to and from FEB ND28BOETH| o b1 e
SWITCH [0
> Front-end Board (FEB) - L,:;:: |
& CLK, SYNC from OCB o - |
<»-> Data to OCB ] Qﬁ—“ﬁ P
S S/Cto and from OCB j Anamgsum/c/ )
c th Cable ; UECMBCB Jsm |,,,<_,LK T ‘oA OCB: Optical Concentrator Board
> Ba Ckpla ne . 16 crates of 14 FEBs FEB: Front End Board

+*OCB-FEB interface and power distribution

03/10/24 Lorenzo Giannessi



OVERVIEW: 16 crates — 14 FEBs per crate — 256 read out channels per FEB

Beam Line & ext synchro |
Master Clock Module Slave Clock Module
MCM (SCM-SFGD)
Clock = Clock
|BEnM fCosmic Trigger] »| Trigger/Event
PPS » PPS/spare
Coincidence MCB_Busy
Cosmic Trigger
Module CTM
S TripT Cosmic
SFGD Cosmic

ND280 DAC Midas backend

HATPC Detector

TOF Detector

#14 FEBs per crate

- l : i
' I #1
FEB 256-ch

——————Eth cable—}
CLE+REST +DATA_TxHx +F‘|...|I_‘iLh‘
Eth cable—}
DAQ&SYNC | | TN
\97I:th cables
— ™ Master
R L
-yl Clock
; 3
E Board : Eth cable
g B |2
| Coax cable
ND280 ETH it cable
SWITCH |
@ i
L LT
5 I Pl TV
=
“| [oaapc SC PC APy
r 1 —
_',_':_ S %
=~/
. - Analog SUM
From MCB: SYNC + CLK uipiR/

To MCB:

16 crates of 14 FEBs

DA

BUSY + HITS_OUT

5FGD Detector

OCB: Optical Concentrator Board
FEB: Front End Board




TZJQ\
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Firmware

5M = state machine
FIFD = 1st-IN, 1st OUT memory
a:—lml FPGA FIRMWARE DPRAM = Dual Port RAM
L * READOUT SINCHAG co K
ﬁ h d
TIMING : Attributes | & TAGGING
2.5ns, no latency counters L F=[100MH1]
. FIFO - r =L
Ay TIMING Readout . YOMIH
counters Hit CH ? sM | =™ FFo . = LT
Fi GSTART |t
xgi' ?@Pﬁ 8 CITIROCs B DQ(UQQ}‘_-E{. NC-IN
Slow Or Fast e HOUSEKEEPING
N Y * ¢ 12¢
- ADC - Threshold - FIFO ;anrs READERs
M 5M 12C ADC +
Temp.
1 ﬁm }{% 2x128-ch base lne compare i
ADC DATA LINK PHY
g<ch 4 CITIROCs COM. COM.
I
_DaH Bbu"'l.l:b . GT
LGHG SI‘.OW Cﬂmﬂl FPGA l".ﬂml |
1
ADC init ‘I_m Encoder _L-_- UARTTX I
+P‘mmmf (v HFO) S S/CTX
wcantrot Slo Ag:: trol - DPRAM B
5P HV-DAC e I._ Decoder [ UARTRX lg—c '
+ + comp loop FPGA FPGA | {+ FIFO) SCTH
HY e HV-EN Reger direct [4—
control registers

Lorenzo Giannessi
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T2k Example of “FW fix”

»Problem: CITIROC (group 1) configuration fails QC test symptom:
> Cause: reflections on the ROC-FPGA bidirectional level ? |
translator

**Due to change in design between FEB v1 and v2

»Solution: increase current on FPGA pin out

**Design improvement in v3 (adding capacitor, change level
translator) :

OI o ISOI o 100 IISOI o .200.0.h. 25|0
Test S/C signal:
Normal behavior Faulty FEB 4 mA on FPGA pin-out:
E C— L - -
___________ r._-_-_-_-_-_-_.-_ e e = rL=o ="~ I T T T T e S —
e (e ] B LU | ul | i P any i —
. . " Me asure 1:m _|:3T i3 P3 Fi
Measurn P maeaniC3) P2 sdewi(3 Bl & a8 P1-maardC3) P2 sdewl 3
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LA __FEB architecture

Hard EEPROM DEBUG
HY ek PRO :
; T
LED
USR LEDs ‘:c'_,disable-
WP e}

41V DAC 5P| (8.ch) 4DIPSW]

& Dout + CLK + FSLVDS pe) | Seria
FAST e
°F

j———Val ev1 LVDS :2 x(4 ROC)
——RAZ ch. LVDS : 2 x{4 ROC)

Nor32t_oc : 2 x(4 ROC)—————
Nor32_o¢: 2 ¥4 ROC——————3

HGAG x (4 ROC)

CITIROC

UART TX « EN
UART RX.

=1 GTx (not used In SFGL
1LVDS
1 GRx{nat usad in SFGD)

VFPGA core « T FPGA~
internal ADC internal ADC

il L | Norz2toc = gevos ]l
Trig out ai :
nalog sum (&bits) ; { L
<o % o
& N
‘ ' 7 CLK e cu-—|
100MH

FEB Housekeeping 7
ADC 8inputs [~ e

mezzaovorava) | | prcacare) | | ozveem | | OSC buffer
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Typical light yields in SFGD

= = = = = = =
=
=
=} =
=
= =
= .
== [ [
" = =
= =5
0.1y
0.09]
0.08]
lectron ad electron
0.06;
0.054
0.04;
photon 003 photon
0.021
0.01]
0 L e i U i T Ly ) .
0 5b 100 150 200 250 300 ch = = o0 = = 00
p-€. p.e.
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