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SuperKEKB e*e” B factory @ KEK (Tsukuba, Japan)

Design parameters
— TargetL=8x 103 cm=2s7!
— LER4 GeV (e*), HER 7 GeV (&)
* Belle2 detector at beam collision point

* Physics beyond the Standard Model at the intensity frontier
— CKM matrix elements, CPV studies, rare B,D, T decays and more
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Aerogel Ring Imaging CHerenkov Counter Q),

* Goals — TLAN
— Particle Identification in end cap NN > - : \
— K/m separation > 46 in momentum range NN i '

1-3.5 GeV/c \‘ AN KLM

* Requirements
— operation in 1.5T magnetic field
— limited available space ~280 mm

— radiation hardness
« 1MeV eq. neutron fluence: 102 n/cm?
» Total ionizing dose: 1 kGy

SVD+PXD
Focusing aerogel Photon
radiator detector
A * Proximity focusing aerogel RICH
< harged ~ <n>=1.05
T P — Oc¢(1) = 307 mrad@ 3.5 GeV/c
Cherenks D —  B¢(1) -6¢(K) = 30 mrad@ 3.5 GeV/c
photons — pion threshold 0.44 GeV/c, kaon threshold 1.54 GeV/c
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e 420 x 144-channel Hybrid APDs
— Custom design with Hamamatsu

Bi-alkali

Specifications

L),

Photon Detector & Readout Electronics =+

o

Bias Dixelated APD
300V

Package 73X 73mm2
sensitive area 64%

# of pixels 144(36 x 4chips)
capacitance 80pF

weight 220g

peak QE 28%
bombardment gain | 1500
avalanche gain ~30

total gain ~45000

_ Photon
phntncathodel LW IHV ~ 7-8kV
I

Front-end Board _ Spartan-6

HAPD Front-end Board LX45

IASC M

FPGA Merger Board
I 5-6 FEBs per Merger Meréer Board
Mergers aggregate data from FEBs to Belle2Link
and manage FPGA configuration via JTAG

trigger
in

Virtex-5
LX50T

@2.5Gbps
BellezLink
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Configuration SEUs in FEB FPGASs Lol

Spartan-6 devices use Boron as p-type dopant

B0 (20%) has a high o for thermal neutron
capture => single event upsets (SEUs) in
configuration SRAM

1B+n—7Li + a + Y (94%)
Sli+a (6%)

3.5 kbarns

Previous irradiation tests at the TRIGA reactor
of Jozef Stefan Institute (Ljubljana, Slovenia)
— 250 kW research reactor from General Atomics
— 107 n/(cm?:s) in dry room
— neutron spectrum similar to Belle Il spectrometer
— extrapolation at Belle Il: 8 SEU/h per board, or 3.3
kSEU/h overall
In October 2019 runs, nearly 5% of front-end
FPGAs were affected by configuration SEUs in
24 hours

=N

Dry room

for irradiation

TRIGA layout
] /,_J
91.4 cm (typ) — 1984 em—»| ~— Standard concr:
C 1]
. o

274 cm

Bulk-shielding Boral
experimental
Aluminu
1 tank (empt
366em- " EMPY) wﬂn’:\

Boral

Polyethylene ~——
N Air
Aluminum———
casing

L Heavy concrete é
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Repairing FEB Configuration On-the-fly Q).

e Star read-out topology

 FEB FPGASs are programmed
with the same bitstream =>
" redundancy at system-level

Z ldea

2 — Parallel readback of FEB
(Spartan-6) configuration
from Merger (Virtex-5)

— Real-time 4-out-of-6 bitwise
majority voting on JTAG
streams (TDOs) for error
detection

— Quick single frame
reconfiguration for error
correction

—~—

\

-

-—

e

HAPD

FEB #0

L]
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HAPD

Spartan-6
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ITAG
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The Configuration Consistency Corrector - cz Q.

rroai
Core To voter * Features 2
- — Majority voting configuration of up to 6 FPGAs
6/ Minority i c n StreamS
6JTAG| | \ioter / Mux | 1o | 6x16-bit SEU |, s 2 - N '
ports 3 ! counters 5 S — built around Xilinx PicoBlaze6 processor
\ X6_ 4206 | [Scratchpad RAM - = ° — runs at 127 MHz (Belle2Link clock in Merger)
2 | jrac ‘: VS x6 (LUTM) | pataRAM |_ — 3.3s scrubbing period
= PORTA| (BRAM) |PORTB . — ~1 ms single frame repair time
o s
T 10 L 9 * 6JTAG ports, two |10 modes
c |« > < Picoblaze and o . .
@ Ports glue logic |« Program = 1.  Single-port Read/Write (used for
a PORTA|  ROM s configuration repair)
B UART (BRAM) il 2.  All ports Voted Read / Broadcast Write
— JTCKG “— (used for readback)
* BRAMs store

L — Frame buffers (260x8b)

: . — Target FPGA frame addressing device-specific
* No memory needed for golden bitstream and no a priori information (1252x8b)

e oo Eaan sis |~ P Pogom (056,13
® Hnx ITI | | -0 | .
& P 16-bit upset counter for each target FPGA

limited at 1 bitflip per frame
 UART or JTAG IO for debug/control

Architecture derived from
R. Giordano et al., “Configuration Self-Repair in Xilinx FPGAs,” doi: 10.1109/TNS.2018.2868992
R. Giordano et al., “Custom Scrubbing for Robust Configuration Hardening in Xilinx FPGAs,” doi: 10.3390/instruments3040056
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The Configuration Consistency Corrector — C3 (2).Q.

To voter rroai

Inputs and outputs

Core
56| o oo™ | [exiehiesau], }" : * Triple Modular Redundancy
orts 3 il counters 52 . .
p;{. 6 for £3 for logic and scrubbing for
X IDITCK, Scratchpad RAM _
1 itaG || Ll ) vataram | BRAMSs and scratchpad
PORTA (BRAM) |pPORTB -
L 10 ] bicablaze and - 8 e Periodic reset of uP for
7 orts glue logic < Program - . .
— PomTal ROM i internal registers cleanup
. a6 | * Runs in background, no
[ S ———— disruption of user design
| T o] oupus implemented in FPGA
] i Voter '
inputs (e ' * UART for scrubber control
| '_I | BRAM Voter and |Ogg|ng of UpSEtS
—1 Core | & Scrubber .
Scratchpad i ; ) ' d eta I IS
RAM voter BSCAN n
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Scrubbing Logs

FPGA no.
Otob

Extract from upset logs

frame address

04> Vv \

BEGIN VOTING
5D3F02C6.045253 FPGA 02

04> Vv
BEGIN VOTING
5D3F02CA.02A464 FPGA 02

02> Vv
BEGIN VOTING
5D3F02CE.08C5A7 FPGA 01

/TEEBFOZCF.O6CE5F RDCHECK |

5D3F02C6.054449 RDCHECK |
S5D3F02C7.049A29 RDCHECK |

SD3F02CA.QOEF51B RDCHECK |

/

FRAD 0x030D001IC 0 000D:0->1 01CD:0->1
COMPLETE

COMPLETE Bit offset Upset polarity

FRAD 0x000BOO1C 0 00D1:0->1 0116:1->0 024E:0->1
COMPLETE

FRAD 0x00070007 0 025B:0->1 0263:0->1
COMPLETE

detection time stamp (unix time hex)

For each upset, the C3 sends a text line on UART with
— unix time stamp, FPGA no., frame address, bit offset(s), polarities

Very useful for testing and debugging, but the same info could be used to study correlations
with of upsets to the radiation environment or to reset FEBs only when essential bits are hit

R. Giordano - RT2020
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L),

C3 firmware standﬂ?n‘e Implementatlon DOAL

V5LX50TV e

* (C3has a small logic footprint
e In V5LX50T just 828 slices (11%) and 9 BRAMs (15%)

C3 firmware standalone

Slices: FFs 1,068 28,800

Slices: LUTs 2,005 28,800 6
Slices: overall 828 7,200 11
BUFGs 3 32 9
BRAM 36k 9 60 15
BSCAN 1 4 25

R. Giordano - RT2020 11



Implementation (2) Q).

. roat
Readout + C3 firmware
%Array‘l El@
Readout + C3 firmware
M CEMETNEN - implementaton of erger
Slices: FFs 14932 28,800 firmware w/ C3
. * Fits V5LX50T resource
Slices: LUTs 16,159 28,800 56 oL
availability
Slices: overall 5977 7,200 83 — Slices at 80%, BRAMs at 58%
BUFGs 10 32 31
BRAM 36k 35 60 58

BSCAN 1 4 25




DAQ Personal Computer handles TRIGA roai
- FPGAs Configuration
- C3 Control via UART =
- Data readout NE:

/t Merger JITAG
" { Data Readout

7FM : | FEB JTAG
|| UART

Platform
Cable USB

Remote terminal
on DAQ computer
in reactor control room

Merger Power Supply

4 10-m CAT6 cables
v i Cable length dictated

3.8V
1.5V by reactor layout

FEB Power Supply

'

3.8V 2.0V 20V

power
cables

R. Giordano - RT2020



Dry Chamber Q).

roat
Reactor Platform

6 FEBs: 2 layers
Bottom 4, top 2

I TOP OF THE REACTOR

Merger

Prepared two chained trays:
one w/ Merger & one w/ 6
FEBs

* Sledge for sliding DUTs in and
out irradiation channel for
quick irradiation start/stop

e Reactor always on during test

Dry chamber section

R. Giordano - RT2020 14



Test Results: Cross Sections

L),

roai

* 29runs, total irradiation time 14 hours, on average 29 minutes per run

Total # of C3 failures
Total # of upsets (bitflips) in 6 FEBs

Average upsets rate detected by C3 per FEB (1/s)

Mean # upsets per FEB
Total # of upsets Merger

(io:t
3.8-10°
1.26_
‘431012

7
,' 1.1-103

\
Mean # of upsets per 6 FEBs between C3 failures *3.8-10* .

Mean # of upsets per FEB between C3 failures

Mean # of upsets per Merger between failures

-—

6.3-103
1.1-10?

R. Giordano - RT2020
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Failure cross section

=1.6-10"*
OFEB «_

Oc3

upset cross section

Upset cross sections

OMERGER

= 1.7 -1072
OFEBs

Assuming same neutron
fluence on merger and FEB
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Impact on Readout: C3 Vs SEM

e Failure defined as readout

interrupted or data corrupted

e Two sets of runs

— Assingle C3 implemented in

Merger

— A SEM implemented in each FEB

(total of 6 SEMs)

in Merger in FEBs

# of runs w/ readout testing

Test time (h)

# of read out failures

Average upset rate per FEB (1/s)
Readout MTBF (s)

Readout MTBF (upsets)

13

8.0

13
1.26
2.2:103
2.8-103

11

4.8

10
1.26
1.7-103
2.2-103

FEB #0

Spartan-6

FEB #1

Spartan-6

FEB #4

Spartan-6
FEB #5

Spartan-6
FEB #2
FEB #3
Spartan-6 /

Single C3

Merger

FEB #0

SEM

FEB #1

SEM

FEB #2

e

Virtex-5

L),

roai

6 SEMs

SEM

FEB #3

SEM

MTBF,,
MTBFggys

R. Giordano - RT2020
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FEB #4

SEM

FEB #5

SEM

30% improvement
moving from SEM to C3
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# of upsets

# of upsets

L),

Upset Correction Capability: C3 vs SEM  rou

Residual Upsets at Verify - C * Residual upsets in FEBs at the end of the run

100
o | o ° * SEM lets upsets accumulate over time
. * (3 avoids accumulation
20 ¢ . : ‘ — Small amount residual related to stop (or
. ; 3
CoR fallyre) of C° at the end of the run before
Run duration (s) Ve rlfy
®FEBO ®FEB1 ®FEB2 © FEB3 @FEBA @ FEBS
Residual Upsets at Verify - SEM Residual Upsets at Verify - C3 Vs SEM
2500 2500
2000 : . 2000 /,/'/ : o SEM
1500 o o3 8 1500 P 8 o2
1000 a S 1000 e 8 % -
500 N 500 | ___'_ ___________________
o '@ APUIC S W — S — ]
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 3000
Run duration (s) Run duration (s)
FEB1 ® FEB2 ®FEB3 @FEBA @ FEBS 17
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Number of Upsets per Frame ROAL
B . %99:4% R P e Distribution of the number of

*

bitflips per frame (multiplicity) in
each SEU event detected by C3

* Average multiplicity 2.24 upsets
per SEU event

* 65% of events have multiplicity > 1
(not correctable by SEM)

*
10.8

10.6

Counts
o - N w BN (@)] »
*
Cumulative distribution (%)

Notice _
the ' * Total events 165k
log scale ¢ N * Includes also few tens of events w/

up to 256 flips, likely configuration
SEFIs

Cumulative distribution




Integration in Belle Il ROAL

SEU map of FEB groups
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e (3 fully integrated and running in Belle Il TDAQ since the middle
of 2020 spring run

 SEUs monitored via EPICS slow control system

— Detected SEU map and SEU trends related to last two weeks of 2020
spring run
— Up to 20 SEUs per FEB group

* FEB firmware is now robust against SEUs, in the view of SEU rate
increase with the foreseen SuperKEKB luminosity increase
(2:1034->8:10%> cm2s1)

EPICS Archiver Appliance Viewer

30s 1m 5m 15m 30m 1h 4h 8h 1d 2d 1w 2w 1M ©M YTD 1Y Live

——— ARICH:CPR:4001:Merger:0:seu_count_c3
—— ARICH:CPR:4001:Merger:1:5eu_count_c3

20 ——— ARICH:CPR:4001:Merger:2:seu_count_c3
——— ARICH:CPR:4001:Merger:3:seu_count_c3
——— ARICH:CPR:4002:Merger:0:seu_count_c3

15 = ARICH:CPR:4002:Merger:1:seu_count_c3
ARICH:CPR:4002:Merger:2:seu_count_c3

——— ARICH:CPR:4002:Merger:3:s5eu_count_c3

10 ARICH:CPR:4003:Merger:0:seu_count_c3
= ARICH:CPR:4003:Merger:1:seu_count_c3

—— ARICH:CPR:4003:Merger:2:seu_count_c3 T T I | 1
5 ——— ARICH:CPR:4003:Merger:3:seu_count_c3 II II |=|| , Il T 111
——— ARICH:CPR:4004:Merger:0:seu_count_c3 111 | || | | [
——— ARICH:CPR:4004:Merger:1:seu_count_c3 — |J: || T |”|I|I|| |I ll AmE || 'II': 1 -4 T o ||J l
0 — ARICH:CPR:4004:Merger:2:seu_count_t c3_dIH:Ul LIl I i I | N -
wn1z s T T un 17T T wune Iun 21 Jun 23 Iun 25 un 27 Tun 29 ul 1
2020

nnnnnn

ULE)]
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Conclusions and... ROAL

Developed a scrubber (C3) to majority vote configuration across FPGAs
connected in a star topology

Fast detection by means of parallel readback and correction by partial
reconfiguration

Completed a radiation test at a nuclear reactor

Results show
— o of upsets in Merger almost two order of magnitude lower than in FEBs
— o of failures in C3 almost four orders of magnitude lower than upset o in FEBs

— C3limits accumulation of upsets in configuration memory and improves MTBF of
data read out w.r.t. Xilinx SEM by 30%

— No hard failures of Merger (Virtex-5) or FEBs (Spartan-6)
System installed and fully operational in Belle Il
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