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CMS . o
'lonization chambers

(¢4
* lonization chambers consist of two metallic electrodes: T 7{
anode and cathode g

LTI T T % e
* Between which an adequate voltage difference is applied. o é Fedi@g\) i
()

* Such detectors can operate filled with various gases
(including air), typically at a pressure around 1 atm.

Recombination

region Full collection region
 If an intense flux of ionizing radiation (either X-rays, or p~rays 0.25 -

or charged particles, which produce in the gas a certain . X . .
number of ion-electron pairs) impinges in the region between o
the electrodes, the resulting current, measured as a function 3 0151
of the applied voltage. 5
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CMS

'lonization chambers

At low voltages (roughly below 1 kV, depending on the
specific geometry and gas used), it will grow until
reaching a kind of saturation region — usually called a
“plateau.”

In this region, practically all primary electron-ion pairs
produced by the impinging ionizing radiation are
collected on the electrodes.

At voltages below the plateau region, some electron-ion
pairs recombine, and this is the reason why the collected
current is lower than the saturated value.
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CMS

Single-Wire Counters

A free electron, drifting in the gas under the influence of the o F O
electric field, experiences various types of collisions with the e

4 ) QA Qf
classified into two categories: °* (.3 G}/’ @)

atoms and molecules surrounding it, which can roughly be
1. Elastic O O

2. Inelastic. .\6

EIeCtron avalanChe mUItlpllcatlon In gases was fIrSt Legend:.—eIectron,O—atom ormolecu\e,@—excited atom or molecu\e.@—ion
observed, and then carefully studied, by John Sealy

C disch
Townsend between 1897 and 1901. 10000 oo e

1000 Geiger mode

Electron avalanche multiplication 100

This process starts at some critical value of E/nA (E being the
electric field strength and nA the gas number density, that
is, the number of molecules or atoms per cubic meter),
which depends on the geometry of the gas-filled space in 0.1
which this phenomenon takes place and on the gas filling it.
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Single-Wire Counters

The development of avalanches depends on their size. When
this is sufficiently small, it can be safely assumed that the
local electric field is almost entirely due to the external
electric field (which, for instance, depends on electrode
configuration, and applied voltage).

However, it must be noted that the electric field inside an
avalanche, generated by the spatial separation between the
“head,” negatively charged, and the “body” of the avalanche,
positively charged, is opposite in direction with respect to
the external field.

For sufficiently large avalanches, this “space charge field” —
as it is usually called — cannot be neglected anymore, and
affects avalanche development.

Space-charge effects, play a very important role in the
operation of some resistive detectors; in particular, when a
parallel-plate configuration with quite thin (order of a few
hundred micrometers) gaps are used.

Legend: @ — electron, O — atom or molecule, @ — excited atom or molecule @ —ion

Corona discharge
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2| Single-Wire Counters

* Increasing the applied voltage beyond the proportional
region, in the interval labeled as “Geiger mode”, the
amplitude of all pulses from the detector becomes almost
equal to each other, independent of the primary ionization nO.

* Depending on the gas, in this region, or with another further
galn Increase, a continuous discharge Ca||Ed ”corona Legend:.—eIectron,O—atom ormolecu\e,@—excited atom or molecu\e.@—ion
diSCharge” appears. Corona discharge
10000

1000 Geiger mode

* Geiger mode is just an unstable corona discharge so there is

not a clear distinction between the two operation modes. e

10

Current (a.u.)

* large resistors, 100MQ or larger, were always used in the
electric circuits of single-wire counters, connected in series :
with the high-voltage power supply.
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0.1

0.01
0 0.5 1 1.5 2 25

Voltage (kV)



CMS

Single-Wire Counters

IEM

Proportional mode

* The first gaseous detector able to record individual e
photons and elementary particles was the avalanche Dielectic Primary 1 o
counter, invented by Rutherford and Geiger (1908). O
node wire Townsend L
* Itis a metallic cylinder (with a typical diameter of 2-3 cm) " velanche T Y
in the center of which a thin metallic wire with diameter (@) e - signa
around 0.1 mm or below is stretched. Geiger mode
* A positive voltage is applied to the central wire while the 7, 100 MQ to 1 GO
cylinder is connected to the ground. Ei)v
Corona discharge v
() signal
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" Single-Wire Counters

IEM

Proportional mode

Window
* A corona current (which is typically a few microamperes) SRR
causes a significant voltage drop AV, of even a few hundred  Dielectiic Primary 1
volts, on such resistors, consequently reducing the voltage slections -“’Mjﬂ »
across the detector and temporarily lowering the electric : ) -
. . 1 ownsen I
field in the gas. Anode wire avalanche _r Av
(@) O Signal
* As a consequence, leads to the interruption of the corona Geiger mode
discharge. In this counter, the output signal is taken 3
measuring the voltage across the quenching resistor; 7, 100 MQ to 1 GO
therefore, a voltage drop AV of the magnitude mentioned O
would indicate the passage of an ionizing particle. Y
Corona discharge
) () Signal

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023 9/51
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RPC detectors

Charged particle
* As the technology in particle physics detectors progressed, new high

Conductive
energy physics experiments demanded not only high spatial resolution i Y
and fast electronic readout but also better timing characteristics. Clusters
* An interest in parallel-plate geometry detectors, offering a minimal ggfgﬁﬁjw
jitter and thus excellent timing, appeared again after the invention of N conuce T D
coating
the so-called continuous operation spark counters (Babykin et al., 1956; > Gurentor
~ measurin
Parkhomchuk et al., 1971). @ Gas chamber devico
* A very practical and successful implementation of these concepts, later Charged particle
on, brought about the birth of the RPCs in the 1980s (Santonico and S oot
. ® O Vv
Cardarelli, 1981).
* Its electrodes are not made of metal, but of materials with a relatively Streamer
high electrical resistivity, typically in the 101°-10'? Q.cm range, made Resistve
with 1-2 mm Bakelite or glass plates. = ® D
* The outer surfaces of these electrodes are coated with a conductive or \Sg’;?n“;“"e
semiconductive layer to allow a reliable connection with an external Currentor

charge
i i N measurin
applied constant high voltage. (b) / Gas chamber g

device
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RPC detectors

Charged particle

* The first stage of avalanche development, before reaching the electrodes, Gt
is quite the same as in classical spark counters, and if the total charge in p T o
the avalanche approaches or overcomes the Rather limit, the avalanche Current
transforms to a streamer. et Sk
1. In contrast to metals, the resistive cathode plate is unable to feed the streamer with a P = D
high current density since, generally, high resistivity materials are not efficient electron AN Conducive
emitters. E:hu;[ggtor
2. Moreover, the anode plate is not an ideal dielectric, but rather a high resistivity layer, (© Y ™ Gas chamber measuring
which, under the applied high voltage, becomes positively charged.
* Therefore , when an avalanche or a streamer reaches the anode surface,
this gets locally discharged. This causes a local reduction in the electric A
field intensity, drastically reducing the charge supporting processes. Avalanche touching the
/v TEA\ resistive anode of the RPC
* Both phenomena contribute to the restriction of the discharge current, l‘/
even if most probably the local partial discharging effect is dominant. F‘Pca“"i _|
NGRS LD

Low resistivity coating An area on the resistive anode
for the HV feeding affected by the charging up effect
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RPC detectors

Copper strips for pulse takeout

Detecting strips e

_— Insulating PVC plate

Resistive
plate

HV conducting paper foil

Bakelite electrode plate

Resistive PVC frame
late
P - Gas input
HV Al foil s Copper —— |
r f0|I\ ( Bakelite electrode plate

The basic idea of the modern RPCs:

1) Planar geometry (with the consequent advantages of time resolution);

2) Use of resistive materials for the electrodes (which allowed detector self quenching and no need for a pulsed
operation mode and high-voltage (HV) removal after the passage of an ionizing particle and the subsequent
discharge);

3) Application of the HV to the electrodes via a signal-transparent resistive layer;

4) The idea to produce detectors that are easy to build, in order to make them suitable to cover large surfaces.

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023 12/51
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RPC detectors

Copper strips for pulse takeout

— Insulating PVC plate

-

Resistive
plate

HV conducting paper foil

Resistive PVC frame

late
P Gas input
HV Al foil Copper  =—

Bakelite electrode plate

=

Layout of original Santonico and Cardarelli’s RPC
(1) Bakelite electrodes (2 mm),

(2) Gas gap (2 mm),

(3) HV electrodes (200 um of graphite),

(4) Mylar insulator (50 pum), Bl
(5) Readout strips,

(6) Resistor, and

(7) Readout electronics.

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023 13/51
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RPC detectors - Assembling RPCs
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CMS

RPC detectors - Assembling RPCs

@ The Strips are visible in this
image.

@ The RPC-Digi format takes
into account the strips fired in
a given roll.
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15/51



CMS

Compact Muon Solenoid

Present RPC System Ingredients

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023 16/51



CMS

Present RPC System Ingredients

Muon subsystem Drift Tubes | Cathode Strip Resistive Plate
(DT) Chambers (CSC) | Chambers (RPC)
|| range 0.0-1.2 0.9-24 0.0-1.9
Number of chambers 250 540 Barrel 480
Endcap 576
Number of layers /station r-¢: 8;z: 4 6 2 in RB1 and RB2
1 elsewhere
Surface area of all layers 18000 m? 7000 m? Barrel 2300 m?
Endcap 900 m?
Number of channels 172000 Strips 266112 Barrel 68 136
Anodes 210816 Endcap 55296
Spatial resolution 100 ym 50 - 140 ym 0.8-13cm
Time resolution 2ns 3ns 1.5ns"
Fraction of working channels 98.4% 99.0% 98.3%
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CMS Experiment
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CMS

RPC in CMS Experiment

Iron yoke layers

Ring: In the barrel the ring could be -2,1,0,1,2
referring to each wheel in the barrel system.

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023
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CMS

RPC in CMS Experiment

Disk: In the Endcap, with rings 2 and 3 installed and with the
space devoted for the ring 1.

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023 20/51



Teis,

'RPCin CMS Experiment

Station:

1. Inthe Barrel the stations could be 1,2,3,4 they are
shown in the yellow part of the following plot. And
represent each cavity in between the iron yoke
layers.

2. Inthe Endcap there are just 4 stations 1,2,3,4 they
represent the disk.
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'RPCin CMS Experiment

mﬁ".l-‘-‘l;

H.
_J:_?..
Sector:

1. There are 12 sectors in the barrel, sector 10 is show in the
image below.
2. One wheel has 12 sectors
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Present RPC System Ingredients

On-detector Electronics

RPC Strips, Coaxial cables,
Cooling and Gas Pipe

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023
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CMS

Present RPC Link System

Control & diagnostic
(CCU chain) 40 MHz

Control Board
LVDS cable

Link Board

Optic Links
1376 Link Boards 90 m @ 1.6 GHz
in 108 Boxes,

Steered by 216 Control

Boards

splitting)

(e

| Control software & databases |

Device drivers

CCU ring

Token ring

I2C channels
12C, PIO, memory, .
JTAG, trigger Front-end devices

492 fibers (before

Upgrade Motivation

RPC signals synchronization, timing
resolution is 25ns

Data transmission speed is about
1.6 Gbps

Control, diagnostic and monitoring
of the Link system has been
designed based on CCU ring
(combination of copper cable and
fiber optic), very susceptible to
electromagnetic interference

Present RPC Link System - Upgrade Motivation

@D,

IEM
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CCU ring is not very fast, the bandwidth (40 MHz) share between 12 control boards

Most radiation hard electronic components are obsoleted

Electronic aging, presently the Link system at the end of LS2 is already 13 years old
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> RPC Phase-2 Upgrade Project for HL-LHC @D
Present RPC Link System I:Im]ﬂ

) 1 B Control & diagnostic 1 CERN  European Organization for Nuclear Research CEHNL};;(;zT%;g:‘z;
Contol Bourd [ Present RPC Upgrade Project scope s
LLfis B * New electronics for the legacy detectors.

LVDS cable

* Replace all off-chamber electronics.
Optic Links * To improve timing resolution for existing RPC
i iosbee 492 fibers (before (Ih|<1.9).
Steered :v 26 Control splitting) * Electronics production in 2023-2024.
;
E— https://cds.cern.ch/record/2283189/files/CMS-TDR-016.pdf  :

The Phase-2 Upgrade of the
CMS Muon Detectors

TECHNICAL DESIGN REPORT

| Control software & databases | CC U ri n g

Token ring

I2C channels
12C, PIO, memory, .
JTAG, trigger Front-end devices

25/51
Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023


https://cds.cern.ch/record/2283189/files/CMS-TDR-016.pdf

CMS,/ |

RPC Phase-2 Upgrade Project for HL-LHC
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Link System L:;]:a?j‘s:zr
ESR/PRR Installation
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/(D

DT hits

iRPC

Hits TDC data
GBT:4.8Gb/s

Hits TDC data
1pGBT:10.24Gb/s

Hits TDC data

GBT:4.8Ghb/s

£
g
o

TCDSv2

xDAQ
Clusters iRPC

RPC+DT
clusters

Super primitives

Y *y *Y

BMTF OMTF EMTF

SLB: Slave Link Board

MLB: Master Link Board

CB: Control Board

B/O/E MTF: Barrel/ Overlap/ Endcap Muon Track Finder

R (m)

RPC Phase-2 Upgrade Architecture and Layerl
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Overview of the Electronics

New Link system Features :

1. 14 Layer PCB, 40 x 28 cm?

FPGAs are KINTEX-7, XC7K160T — Industrial Version
Muon hit time, TDC timing Resolution : 1.56 ns
Master Link board output data rate : 10.24 Gbps
Control Board communication with RPC Backend
electronics: 4.8 Gbps

Input Voltage: 4.0V (3.8V -5.1V)

Current:3A ->2A

Power Consumption: 12 W ->8 W

Embedded internal buffer (DDR3) : 4 Gbyte
Optical Transceiver: SFP-10G-SR

Radiation Mitigation: TMR + Internal Scrubbing

Scrub Rate of entire FPGA (Real time SEU detection and
Correction) : 13ms (31,770 times faster than the rate of
SEU at the tower racks)

SEU at the tower racks : Every 413000 ms

A

s ) el e

8. Safety Systems:

Over & Under Voltage Protection, FPGA Over
temperature Protection, Transient Voltage Suppressor
ESD Protection (15 kV)

New Link system Upgrade Phase-l|

LVDS cables i imterabetsietimbetr —_

wott §= 1

oard .

-

Slow Control,
2.56/5.12/10.24 Gbps
216 Links

Hit data Links
10.24 Gbps

- > I 492 Links

Resistive Plate Chambers
Up to 6 layers of detectors.
480 chambers in Barrel, 648 in Endcaps

1276 Link Boards
in 108 Boxes,

Controlled by 216 Control Boards




cvs. Hardware Prototype of New Link Board(V2.r0)

External SPI External LV Linear Power-up

FLASH ADC Regulator Units Sequencing

Front Panel 5
LED Indicators L,
: = o
USB JTAG/UART | S5 K S
/ L - - :_-' -FE__ =4 %
Ethernet 1G ﬂ% | C
N a ~
SFP+ (10G) ' % ‘é
SFP+ (10G) ﬁ E
GTX BUS ) E G
1) .
Low speed | S = Baia % ~
BUS @ o 20 A st i i §
\ [0 e —— (o
| L = Pl _ =

| Clock 256 M x 40 bits || KINTEX-7 LVDS-LVCMOS

Jitter Cleaner Distribution Unit || DDR3 (XC7K160T-2I) || Converters LV Protection | -
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CMs. Hardware Prototype of New Link Board (V2.r1)  [@2)

External SPI External LV Linear Power-up
FLASH ADC Regulator Units Sequencing
| |
Front Panel s2i%ce
LED Indicators e _ : , : : > 0 DC 0N C
USB JTAG/UART | & . L S G G Boarc
Ethernet 1G || — ' }J ; i 5 o L ot
SFP+ (10G) || -.if HiESE SEAry i || Wt gy T ~quencing issue
SEP+(10G) [N i H : 10 ] podily cock
GTX BUS . M 4 Add 3 fe .
Low speed | > nde ) - e
BUS m » [ ] e 0 a
I ° ) @ =
@)
Clock 256 M x 40 bits || KINTEX-7 LVDS-LVCMOS

Jitter Cleane-r Distribution Unit || DDR3 (XC7K160T-2I) || Converters LV Protection




tvs.! Hardware Prototype of New Link Board (V2.r1)

FLASH ADC Regulator Units | | Sequencing
() ' (+]

Front Panel
LED Indicators

USB JTAG/UART

ARRERRARERARERAA004

Ethernet 1G

SFP+ (10G) s
ﬂq

SFP+ (10G) ==

SRR RN

GTX BUS g :

"FEEEEREEERRRERERRELE

@D,

IEM

SAANT 96 X STVNDIS LNdNI Od¥

o
Clock 256 M x 40 bits || KINTEX-7 LVDS-LVCMOS
Jitter Cleaner Distribution Unit || DDR3 (XC7K160T-2l) || Converters LV Protection
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CMS -
. System Requirements

1. Signal Conditioning: Single LVDS signal (pair of wires/pins) for each RPC channel (strip). RPC .
Link System Card Packs

hit is a pulse of 100ns.
* Each LB receives 96 RPC channels i.e. full Endcap RPC (3 eta rolls),

e orone roll of barrel RPC.

2. Impedance Matching: According to the LVDS standard, the line should be terminated on the
receiver side by ~100 Q resistance inside the LVDS line receiver chips.

3. Time-Stamping: The signals are asynchronous, and the rising pulse edge brings information
about the RPC hits timing (the signals are not synchronous to any clock). Time-Stamping unit,
implemented in the FPGA, measures the arrival time of the rising edge of the pulses to the
corresponding bunch crossing.

f
Lo
!
v
¢

4. Latency Compensation: The RPC signal and received TTC clock has been delayed concerning
the main bunch crossing and should be fixed first. RPC signal delay and TTC clock phase shift
compensator.

5. Data collection and transmitter: Data of 42 fired strips at each bunch crossing are selected and
buffered by the data collector inside the Link Board FPGA. Crossing data of 6 hits from one
Link Board will be sent to the Master Link Board. In the Master Link board, its data and the
data of two adjacent Link boards are collected and merged. At Final, data of 18 hits of current
bunch crossing will send to the next layer of the trigger. * Link System Front Panel
* 16 Layer PCB

* Board will be cover by an insulator layer

* Master/ Slave Link Board: The system is built with Slave Link Boards and Master Link Boards, the
PCB is the same, but the firmware is different.
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“> | Time-Stamping

 RPCsignals time Stamp

The first step of the RPC signal processing is the measurement of RPC signal arrival time and assignment of this
data to the phase compensated LHC/CMS clock (40 MHz).

LHC/CMS 40 MHz Clock | ] I D D

«— A1 - Phase difference (configurable)
Phase Compensated _|

LHC/CMS 40 MHz Clock —

BCO - =
Coarse Time(BCN) BX _ 1 2 3 4
Fine Time(TDC) Sub-BX I 1] i 1] I I
0 3 1315
RPC Signal F_I Ap2 RPC Signal Skew (Fixed)
Adjustable window S

Aax

TDC 0 0 0 0 Hit time 0

Hit time = BCN + fBCN + A1 + A2




“> Time-Stamping — TDC Transfer Function

TDC Function
T T T

15 -t T TDC Function
1a bl ——Ideal ' 15 : \Id : T T T T T Y
- - -Skew1 L, |7 'dea 1
13k Skew2 » 14 |- -uSkewt 1
- - -Skew3 “ 131 uSkew2 1
121 Skew4 R (N el -uSkew3 J
H 12 !
. 1
! 11h i
. 1
101 ol Jl
' 1
= 9 9 ,: 1
ol o £ | :
é é 8 ’: ﬂ:
o 7 & 7p B
=
? : , s i !
6L - - 6 1
L _: ,‘."_/_ 4 ] Ly ) {
5 i L ~ 5 ' :
1 g 1 — ~
.l ..~ Offset Error = 1.5 ~ 3 ns an Offset Error < 50 ps :
e 1 1 |
T T L . ] 3h 1
. 1
2F 2h 1
. 1
Lt . e i L R 10 _,I
1 “ ]
P L o I 1 L L L I 1 L L
00 2.5 5|0 7‘5 1(; 0 12‘ 5 15|.0 17‘_5 2(;_0 22‘_5 25.0 0 2.5 5.0 75 100 125 150 175 200 225 250

Bunch Crossing Period (ns) Bunch Crossing Period (ns)

v" TDC resolution is 1.56 ns. The gain error is zero but the offset error is not.

v" TTC clocks and RPC hit signals have delays w.r.t the origin of the LHC clock. This cause a fixed offset error on
the TDC transfer function.

v In Link Board, the TDC data is compensated with two parameters; 1) Macro steps: 1.56 ns, and 2) Micro
steps: 48 ps. Figure left, Macro step offset error compensation, and Figure right, Macro + Micro steps
offset error compensation.
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“Y> | Data Collector, Multiplexing, and Transmission

BX Number

SubBX_of Trigered_RPG
Trigered_RPC_index6

RPC_valid1 =
RPC_SubBX1 —4Rits _p |

RPC_valid2 =
RPC_SubBXx2 —4bits .|

Total Number of bits

SubBX_of_Trigered_RPC, = (6 X 11) +12=78
Trigered_RPC_index2
. SubBX_of_Trigered_RPC l .
RPC_valid96 ——p ; ) To Master LB via
RPC_SubBX96 bz - |  T19°Ted_RPC_indext Vv Yy vV VvV V V V Y GBT (84-bit frame)
7bit | abit | 7bit | 4bit | 7bit | abit | 7bit | abit | 7bit | abit | 7bit | abit 12bit |
N A /k /k /L /k ) BXNumber
' Y ' ' ' Y
Hit 1 Hit 2 Hit 3 Hit 4 Hit 5 Hit 6
* Data of UP to 6 fired strips (activated channels) are
transmitted per BX clock cycle. MLB
e Bursts with up to 42 activated channels can be '
transmitted without data loss. SLB left » Mux « SLB Right
* In Burst cases, channel data are transmitted with a delay. V
Transceiver 17 hits / Bx

BX



CMS

_ RPC Signal and Data processing — Data Transmission gﬁ)

* Frame structure /1-Iit-1 .. Hit-6

Header No. Strip Sub-bx BCO BCO
+ FEC (1..96) SLBR SLBL

SLB Right (66 bits) MLB (66 bits) SLB Left (66 bits)

* Frame Fields

Overhead electronics: Header (2 bits) + FEC (20 bits)

Hit information:
* The number of fired strips could be between strip no. 1 to strip no. 96. Size of this field is 7 bits.
* The Sub-BX or fractional part of the hit time of a fired strip. The size of this field is 4 bits.

Master LB Bunch Crossing: Sets as a reference and keeps in the BCN MLB.

Bunch Crossing Offsets: The Bunch crossing in the Slave LB Right and Left has an offset w.r.t the Master Link
Board bunch crossing. These offsets keep in the BCO SLBR/SLBL fields.

Frame size: 256 bits
Total Number of data bits: (3 x 66) + 12 + 6 + 6 = 222 bits
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Radiation Effects in Electronics D
Radiation Effects
Cumulative Effects Single Event Effects
lonization Displacement Permanent Transient Static
(TID) (Fluence) /N /\
Single Single Single Single Single Single
Event Burn Event Gate Event Event Event Event
out Rupture Latchup Transient  Functional Upset
Interrupt
Non-Recoverable Errors
Single Multi
Bit Bit / Cell
Recoverable Errors  Upset Upset
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"~~~ Response of devices to radiation

Single Event Effects

Table 1. Non destructive SEE phenomena.

Interrupt -SEFI

Upset - SEU! corruption of the information Memories, latches in logic
stored in a memory element devices

Multiple Bit Upset | several memory elements Memories, latches in logic

- MBU corrupted by a single strike devices

Functional loss of normal operation Complex dev. with built-in

state/control section

Transient - SET

impulse response of certain
amplitude and duration

Analog and Mixed Signal
circuits, Photonics

Disturb - SED

momentary corruption of the
information stored in a bit

combinational logic,
latches in logic devices

Hard Error - SHE

unalterable change of state in a

memory element

Memories, latches in logic
devices

Table 2. Destructive SEE phenomena.

Latchup - SEL.

high-current conditions

CMOS, BiCMOS devices

Snapback - SESB

high-current conditions

N- MOSFET, SOI devices

Burnout - SEB destructive burnout BIT, N-channel Power
MOSFET
Gate Rupture - SEGR | rupture of gate dielectric | Power MOSFET's

Dielectric Rupture
SEDR

- | rupture of dielectric

Non-volatile NMOS struct.,
FPGA, linear devices...

Cumulative Effects

Table 3. Typical TiD degradation modes in devices.?

device Degradation mode

MOS Shifting of threshold voltage

BIT Current gain degradation

Digital circuits | Increased leakage current (Iccop, Icc-sb), reduced retention time
(DRAMs and SDRAMs)

Linear devices

Increased Offset voltage and bias current

Table 4. Typical DD degradation modes in circuits.

device

Degradation mode

CCD/APS

occurrence...’

Reduced responsitivity (Increase of dark current, RTS

Bipolar Linear devices

Gain degradation

Solar cells

Reduced efficiency (output power, short circuit current)

Laser diode

Threshold current increase

Reference: R. Velazco et al. (eds.), Radiation Effects on Embedded Systems, 201-251. © 2007 Springer.
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CMS

»Two main standards are widely used
within the framework of SEE testing:

» 1) ESA/SCC 25100: Single Event effects test
methods and guidelines

» 2) JEDEC JESD57: Test procedures for the
measurement of Single-Event Effects in
semiconductor devices from heavy ion
irradiation

»The SCC standard applies to proton and
heavy ion testing whereas the JEDEC
standard only addresses heavy ion
testing.

Requirements

Test Method Standard for Semiconductors

ESA/SCC 25100

D,
IRM

JEDEC JESDS57

Scope

Single Event effects test method
and guidelines

Test procedures for the
measurement of Single-Event
Effects in semiconductor devices
from heavy ion irradiation

Radiation HI : range > 30um, range large compared to the
sources and 102> Flux > 10’ ions/cmZ2.s depth of the collection region,
characteristics | p+ : 20-300 MeV 102 > Flux > 10’ ions/cm?.s

10°> Flux > 10" ions/cm2.s LET up to 120 MeV/mg.cm?
Dosimetry Uniformity +10% over the device | Energy +10%

area Uniformity +10% over the

Flux +£10% device area

Flux £10%

Testing Sample size > 3 (same dtc) Measurements at onset threshold,
requirements 5 measurements at different 10%, 25%, 50% and 75-80% of

effective LETs (HI) or Energies
(p+, normal incidence)

Max fluence of resp. 10" and 10"
part./cm?.s for HI and p+ or a
meaningful number of events

the saturated o,

Max fluence of 10’ ions/cm?2.s for
“hard” devices, 10° ions/cm2.s or
100 events whichever comes first
for “soft” devices

Tilt angles limited to 60°



%7 Electronics validation Strategy €D,

IRM

e S N S,

Obtain the SEU cross section of
1 FPGA resources (Configuration
Memory, BRAM, MGTs, FFs)

6 cpan: 6.89 X 10°15 (cm?/bit)
Ogram: 6-15 X 101> (cm?/bit) -
Ocry: 7-27 X 10712 (errors/lane/cm?/bit)

DN NERN

Estimate of the Upset rate within v

2 the CMS radiation environment )
3 Cold-Test, Fault injection in Lab v" Firmware mitigation will be started after Q Evaluation of the rad-hard techniques
and completion of the firmware integration

U Evaluation of the rad-hard techniques
adopted during the experiments must
prevent build up of errors in different

4  Hot-Test, (SEE) v" Proton Beam / Heavy lon cocktail - SIFGS [P
Q Irradiations are done in vacuum

and for most of the ions naked
chips are needed.

v Cobalt- U Check the fault resilience of all electronics
. v 300 krad 60 or X- active devices such as FPGA, Digital and
5  Full Electronics Test (TID) v 1.3 x 101 (proton/cm?) without TIFR Ray Analog ASICs, under X-Ray at 1 MeV

Neutron Equivalent energy. Exactly similar
to Medical irradiation treatment.

[1] Radiation testing campaign results for understanding the suitability of FPGAs in detector electronics,
10.1016/j.nima.2015.11.033, 2015.
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CMS

Main features of TID radiation types.

» Radioactive Cs137 and Co60 sources deliver gamma

. Radiation type Main advantages Main drawbacks
rays, two strong advantages: Electrons High dose rate available Costly
1. theve ry wide ra nge of dose rates available (accelerator) Representative of some orbits | Not adequate for low dose
: - rates
2. the fact.that ’Fhe total dose is well controlled in — High dose rate availanie b so
the device thickness. (accelerator) Representative of some orbits | Costly
X rays (photons) High dose rates available Dose enhancement effect
. Low cost Not adequate for low dose
» As photons delivered by Co60 have a large energy, rates
1.17 and 1.33 MeV, dose uniformity is ensured. Cs" & Co” sources | Very large dose rate range Heavy shielding necessary
(gamma rays) Dose uniformity Non-dominant in orbit

» This advantage can be lost if the irradiation facility is
not correctly filtered and delivers a sizeable ratio of
low energy scattered photons inducing dose
enhancements. Consequently, it is necessary to take
care to correctly assess accurate dosimetry and use
adequate filtering methods.



CMS /!

Goals of the SEE Experiment

» A SEE experiment aims
v'evaluating in real-time the device’s response under consecutive exposures
with several beam characteristics.
»The final objective

v'is to obtain a good description of the device behavior and an accurate
measurement of its radiation response (o(E) or o(LET) for each error mode) to
enable the calculation of reliable in-flight SEE rates.



CMS

How to measure the SEE

Number of SEE
Fluence

6 (LET) = (units in cm?)

LET (6) = LET (0°) / cos ©

Number of SEUs = Fluence x 6 (LET)

6 (LET) Correlated with LET

LET Correlated with Particle or lon beam Energy and Atomic mass of
target material
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CMS

Linear Energy Transfer (LET) @D

SEE Cross Section

)

EIEEEEEEENINENEEENENNENEEEEEN

Q-~ '
——\\9{- -E———
[ 1
< Ed I
) o
A LT
e | \ | |
i B I
E (MeV/ra LET (MeV/mg.cm?)
|
30 MeV proton beam -> LET 1.469 X 102 MeV cm2 mg-1 6 (LET) = A0 RO 500 025 (units in cmZ)
Fluence
_3000x103° cm™2 8
CHL-LHC = {5103t emzs1 — 20 X 10%s LET (8) = LET (0°) / cos ©
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M Kintex7 Flip-chip Package

Metal  goder ) |

Die Thermal cap b _
umps
Paste\ / P U}derﬁn XILINX &
~—< y 7 yd B E X -7
FFG676ABX 1913
DD5864415A
Substrate

OAVAVAVAVAVEVAVAVAY)

Solder balls /

» Schematics of a flip-chip metallic » Link and Control Board > Kintex-7 K160T Die after
Kintex-7 FPGA Flip-chip removing metal cap

package
metallic Package

45
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CMS

SEU — Kintex/

‘Compact Muen Solenoid

" Configuration Bit Upsets . Flip—flop SEU BlockRAM Upsets
10 T T T T T 10 T T T 10_B T T T T
T
=]
a

& N <

s s 5

= = [ =4

8 2 s

810 E B 107 ¢ .
(73] s} (73]

W @ w

] 1] [

o g =4

(5] s} (&)

10’10 1 L | | L 10_12 1 I I I L 10'10 1 1 L L
0 20 40 60 80 100 120 0 20 40 60 80 100 120 o 10 20 30 40 50
Linear Energy Transfer [Mev—cn?img] Linear Energy Transfer [MeV—cmzfmg} Linear Energy Transfer [MeV-cn‘?lmg]
Fig. 1. Weibull curve for configuration memory cell upsets. Lyp=1.9 Fig. 3. Flip-flop memory cell SEU event Weibull curve. Ly=0.6 [MeV- Fig. 5. BlockRAM SEU Weibull curve. Ly=08 [MeV-cm*mg].

[MeV-cm*/mg]. G=1.43e-8 [cm’/bit]. W=125.3 [MeV-cm’/mg]. $=0.78. cm’/mg]. G =3.0e-8 [cm’/bit]. W=58 4 [MeV-cm’/mg]. $=1.74. Ge=7.94e-9 [em*/bit]. W=5.0 [MeV-cm*/mg], S=0.7.

Mitigation Technique: Mitigation Technique: Mitigation Technique:
Scrubbing TMR ECC
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CMS

SEL — Kintex7

‘Compact Muen Solenoid

VCCAUX Current, TAMU April 2014, Run 21 Micro—Latch Events
12 T T T T T T T -3
10 T T T T T
py
LR 7 107k 1
s 7 107 1
08 [~ B 10'3 k- N
L
o 1 5 10° E
= c
.o -
E o7l 1 10" | §
X n
L _ g 107 1
o8 o
-10
os B 107 E
=11
aal | 10 1
10 12 i
Q3 a
10_1‘3 1 L L L 1
02,0 P P ™ - o = m pe - P 0 20 40 80 80 100 120
Test Run Time [seconds] Linear Energy Transfer [MeV—cn‘Fa’mg]
Fig. 6. Curent strip chart taken during a SEL test run at TAMU, April Fig. 7. Weibull curve for current-step events observed during SEL
2014. Seven or eight SEL cuwrrent-anomaly steps are clearly visible. testing. Lg=1.9 [MeV-em’mg]. 0.=3.16e-4 [em’/Dbif]. W=33.4 [MeV-
Nominal current for this rail is 210£16 [mA]. em’/mg]. $=3.8.

Mitigation Technique:
RESET, Flash-reloading,
Power recycling
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M7 Test facilities and domain of application

* SEE characterization of devices requires real-time
testing under exposure (functional testing mainly),
and the use of particle accelerators.

* TID assessment implies the full parametrical
characterization at different step of dose levels
received (sequence of irradiation/testing phases).
Mostly, 60Co sources are used for irradiating.

* DD testing is quite similar to TID characterization as
parametrical measurements and functional checking
occurs at different received fluence levels (leading to
an equivalent displacement damage dose - DDD6).
However, DD testing requires the use of particle
accelerators.

ESA-SCC
22900.4

MIL-STD 883E
Method 1019.6

ESA-SCC
25100.1

JESD57

ESA-SCC
22900.4

TID

TID

SEE

SEE

DD

Total dose, dose rate

Total dose, dose rate

LET/range (heavy ions),
Energy (protons)

LET/range (heavy ions)

Energy



“">/| Radiation Consideration in HL-LHC

Neutron Fluence at CMS tower racks

* Link System will . x10°
Tower racks. = " Preliminary —&— E(n) > 20 MeV
© 799 Phase-2 geometry : E{"} < ngM:VB
- Amongallracks, & F : (n) > 100 Ke
the onesinfront & 600C L = 3000 1o B-Em <4146V
of the YE3 and TR 750 cm < R < 800 cm
YE1 are at higher -
exposure. 400
u YE3
0 -
’ 0: Epithermal Neutrons
200 YE1 . Fluence at YE3 tower racks
- N I < 16 x 1011 n/cm?
100 _!iII_IIIIIIIIIIIIIIIlIIIII||II|||IIIIIIIIIIIllI||IIl|l'“"“““=. YE1 YES
0 ; o 20 MeV neutron Fluence
U U AU0 oUC 800 1000 at YE3 tower racks
CMS FLUKA Study v.3.7.20.0 Zlecm] | <2x10% n/cm?
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“">/| Radiation Consideration in HL-LHC

Absorbed Dose at CMS tower racks
e Link System will

. > 12
installontheCMS (5 - CMS-FLUKA Simulation o
Tower racks. o [ Preliminary ® 4000 fo’ o
8 10— Phase-2 geometry 4 3000 fb’
 Among all racks, - 750 cm < R <800 cm '.:
the ones in front al— YE3..‘- A
I ®
of the YE3 and i s,
YE1 are at higher - ° 4 R
ox 6— “ at YE3 tower racks
posure. = YE1 .. A
- N <6 Gy
- )
A %% " “:: ot
: a' .‘ l‘*
Cee Lt e AN
2 ® e e “A& w A4 A
Ehany et 0
i | ] ] | ] ] ] | ] | ] | ] ] | ] ] ] | ] ]
% 200 400 600 800 1000
CMS FLUKA Study v.3.7.20.0 Z [cm]
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The CHARM Irradiation Facility

CHARM: cem High Energy AcceleRator Mixed Field/Facility
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CMS /!

- The CHARM Irradiation Facility Layout

IRRAD

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023

4

53
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' The CHARM Irradiation Facility Layout
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- The CHARM Irradiation Facility Layout

~- -

(b) A screen-shot from the FLUKA geometry

(a) A photo of the target table.
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X .V\

- The CHARM Irradiation Area Il

CHA

RM

facility
2015/2016
T T 1
1 Scale 2
m
[— Target

=== Proton Beam

Patch Panel

Movable shielding
[ concrete
[ 1ren

Positions
B Rack
B Montrac
B General

Wall

- Marble

Patch Panels

N
- Concrete [ Iron L &\&

Target Type
NT
Al
Target
arge Al
Cu

- No Target

- Aluminium Hole

- No Target

Shielding configuration 123 4

C - Concrete (1,4) Example:

- Aluminium

I - Iron (2,3)
O - Qut = Not inside (1,2,3,4)

]

Target type Shielding
configuration
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. The CHARM Radiation Environment

HEH flux (cm-2h-1)

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023

@D,

IEM

In the downstream
locations (10-13)
HEH fluxes of
~10” cm”h’
(roughly one year
in the LHC tunnel)
can be reached in
one hour
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1 Muon Solencid

The CHARM Radiation Environment

of the mixed-field environment, is that of a quasi-uniform

spill lasting roughly 350 ms, which is repeated every 10 600
seconds. Although this would indeed be a pulsed beam for sool.
Target storage zone 400~
3001 5
Target BLM1 BLM2 E £
= a
= 200|- o
=
24 GeV/c 100 |-
proton beam
0+
e = - — - _
Movable Dlll'[lp ~100 1 L 1 L L | 1 L
shieldings: 100 0 100 200 300 400 500 600 700 800
1. Concrete
2. Steel
3. Steel oo 600 T T T - T T T T T
4. Concrete 12 .
500 - 4
o
400 - 1 10128
. O =
Optical mo _ 300+ - 1014 ©
Fibre £ 5
Gool Go = 200} _ 1015 o
1 I =
Standard racks/ test Additional test 1001 |
positions locations
oL ]
Fig. 1: Top view of FLUKA geometry of the CHARM test
area. Two BLMs are installed at 1 m above beam height, one 10 e 0 100 200 300 40 500 600 700 800
Z [em]

next to the target and one behind the movable shieldings. There
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@D,

IEM

The simulated 2D TID
distribution at beam
height is shown for
two configurations:
Cu0O000O0 (top) and
CuCSSC (bottom).
Paper Link
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https://ieeexplore.ieee.org/document/9762483

CMs,

1 Muan Solenoid

Wall grid (Position GO)
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CHARM Preparation Area IPM

(JSeptember 2022: Dry-Run test for one week

A copy of Patch Panels A copy of Patch Panels
in the Control Room e F in the Irradiation Area

Link Boards for m Control Boards stay in
LV Cables Irradiation Test control room to read
(28 meter) data
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CMS

Irradiation Test Setup in CHARM

(JOct. 12-Nov. 1st: Irradiation Test for
RadMon Link Board No.1

3 Weeks Standard Radiation Internal Scr'ubbing
v’ CHARM location GO measurement (0ols e, ' b
D e ey e
v" Thermal neutron flux: 2.7 x 10°> (cm2 s1)
v High energy hadron flux: 1.4 x 10° (cm2 s'1)
v Target for 10 years HL-LHC
v' 4000 fb
v Location of Installation on CMS tower racks
v TID <6 Gy
v Total High and Low energy neutron flux
<1.8x10%(cm2s1)
v" Hardware Test Setup on the Charm
v" Two Link Boards is chosen for this test.
v Link Board and Control Board is designed based
on the same electronics devices and their

e e b
= e =

! : Z Ner” 8 Link Board No.2
circuits are very similar above 90%. For this e : - - Internal Scrubbing

TMR Firmware

reason, we decided to test only Link Boards. iRPC FEB Redundant Link

v" Each board has a redundant optical Links and an
/ . .
Ethernet interface (added in week 3" of the test) CAEN power module, set a limit on the current to

v In the Link System, Loss of connection is see the over-current and record the latch-up
consider as a failure



"%\ Irradiation Test — FPGA Firmware

* Link Board firmware covers almost all logics and

primitives expected to be used for HL-LHC.

* We have evaluated two mitigation techniques on the Link
Board FPGAs (Kintex-7 XC7K160T):

* Non-TMR + Internal Scrubbing (SEM)

* TMR + Internal Scrubbing (SEM)

* In both firmware, a test logic block has been replicated
over the entire FPGA to increase the chance of the SEUs

'_ WE N N

and precisely evaluate the mitigation methods. ! ” i " 1
; : . ][ | — 0 v
* Ninety-eight test blocks are implemented on the non- o= F Ao E
TMR firmware, and 37 TMRed test logic blocks are LSRN EE [ ]|
licated on the TMR fi = ed il gy [ BEAEA R Ll ry
replicated on the irmware. i |Fl=i=islk
 Additionally, both firmware comprises two modified GBT- 9| o) S g B B g2

. ; . EIEIE = |l EEES

FPGA lanes, automatic link loss detection, and swapping, | o o | B W ]

an Ethernet interface, Clock recovery and Jitter cleaner,

and an SEM controller. Kintex-7, TMR +
Internal Scrubbing

Kintex-7, non-
Internal Scrubbing
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Compact Muan Solenaid

HEH and ThN Fluence/TID at GO
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“™>! Irradiation Test — Results

[J Oct. 12-Nov. 15t 2022: Irradiation Test Results

DN N N U N N NI NI

DN N N U N N NN

Electronics running for over three weeks

The CHARM dosimetry document Link

Total integrated dose (TID): 56.9 Gy

Total HEH fluence (cm-2): 1.62 ell

Total ThN fluence (cm-2): 3.34 ell

No latch-up has been seen on the entire electronics

Expected #SEU in FPGA CRAM per minutes: 22.1

Expected #SEU in FPGA BRAM per minutes: 2.88

Rate of SEU detection and correction by SEM at configuration
memory: 0.2 s (12 SEU per minute)

For the Link Boards, failure is defined as link loss.

The power cycling is used to failure recovery

MTBF of the Non-TMR firmware + SEM per Link: 250 minutes
MTBF of TMR firmware + SEM per link: 250 minutes

MTBF extended for HL-LHC condition:

: 423 x10° (cm~2 s
MTBF,,. yc = 250 min X 18x10% €m2sT

Redundant links make MTBF,, ,,c %2
Power Recycling time: 5 sec

= 40.79 days

v" No over-current appeared during the test.
v" No permanent damage nor performance degradation
detected on the electronics.

v" Electronics test results are fulfilled the HL-LHC

requirement with following safety factors:

ltem CHARM HL-Lie | Safety
Factor

TID (Gy) 56.9 <6 >9.33

Total HEH fluence (cm?) 1.62 x 101! | <2 x 1010 > 8.1

Total ThN fluence (cm2) 3.35x 101! | <1.6 x 1011 > 2

Irradiation Flux (cm=2 s?) 4.23 x 10° 1.8 x 103 235

#SEU detection and

Correction (minute™) 12 0.14 85

#days between failure 0.17 40.79

# failure per one 2 45

HL-LHC year

# failure in all HL-LHC years 24.5

Dead time over HL-LHC 122.5

(sec)



https://edms.cern.ch/document/2796983/1

CMS

* New Link system Firmware

Unified Link Board

Unified Control Board

Control Board GTX IBERT test

Link System Irradiation

User Graphic Interface

TDC (1.56ns)

Diagnostic & Histogramming (LB)
GTX and LpGBT transceiver (Xilinx)
GTX Fixed Latency data transmission
10. FEB Controller

11. Multi Boot Remote Programming
12. Ethernet LAN

13. DDR3 interface Controller

14. Soft Error Mitigation Engine (SEM)
15. Front Panel Controller

16. TTC Clock Recovery & Phase Shift
17. litter Cleaner (State Machine Controller)
18. Control & Diagnostic (CB)

19. Slow Controller Emulator (SCE)

20. GBT-FPGA for the Control Board
21. Triple Modular Redundancy (TMR)

SOROS R

RPC Firmware Repository - GitLab

D,
IRM

 https://gitlab.cern.ch/cms_rpc_muons_firmware

Subgroups and projects  Shared projects  Archived projects

L  LinkSystem &

v % U

Unified Link Board Firmware & Owner

¢ M MasterLink Board (& Owner

o
v % U

MLBEvl (3
Unified Master Link Board firmware, The development tool is vivado 2017...

g w

Control Board GTX IBERT Test (3  Owner

CB-IBERT only-bits &

CB IBRET test 5.2G / 8G /10.24G

CB-IBERT 10.24G &
To test the noise figure and the quality of the GTX ling, this code is developed....

CB-IBERT 4.3G &
To test the noise figure and the quality of the GTX line, this code is developed....

Unified Control Board Firmware (& = Owner

CBvl &
Unified Control Board firmware supports all types of commands (A/8/C). The ..
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CMS

. Summary O

* Progress of the Link System Project is well advanced, and Prototypes are finalized.

* Each Board consumes 12 W. Still, there is room for power consumption reduction.

* The latest version of firmware is available on the RPC repository.

* The irradiation test of the Link System is completed, and the results are satisfactory.
* The electronics meet the HL-LHC radiation condition with high safety factors.

* No permanent damage nor performance degradation appeared on the electronics.

 Number of failures per board for 10 HL-LHC years is 24.5, which means 122.5-sec
dead time over 10 HL-LHC years. The overall dead time for full system is 168560-sec.

* This number even would be better by using redundant links.

* The project schedule is protected with well enough floating time.
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wD The CHARM Radiation Environment

Target storage zone

TABLE |: Maximum and
weekly maximum integrated
rates at CHARM for the Total
lonizing Dose, and the thermal

Target

24 GeV/c
proton beam

T T T s neutron equivalent and high-
Movabl
shieldings: energy hadron Fluences,
1.C . .
2 steel obtained at the R10 location
3. Steel . .
4 Conete based on FLUKA simulations.
Maximum Integrated Rate
Optical IR Quantity Rate (per week)
Fibre Total Ionizing Dose 2.70 Gy/h 360 Gy
| S e | Thermal neutron fluence 3 x10% ecm—2s—1 1.5 x1012 cm—2
Standard racks/ test Additional test High-energy hadron fluence 1.5 x10% cm—2s—1 8 x10!! ¢cm—2
positions locations

Fig. 1: Top view of FLUKA geometry of the CHARM test
area. Two BLMs are installed at 1 m above beam height, one
next to the target and one behind the movable shieldings. There
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The CHARM Irradiation Area |

Movable
shieldings

Patch panels
connected to the
technical local

NG

.

3 types of targets:
Copper/ Aluminum / Aluminum sieve

Target Chamber
20 test positions
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“Y>/ Ppreparation for Irradiation test in Cern 904 Lab

Radiation mitigated
Master Link Board will
be located at the
irradiation Test Facility

dJune/July 2022: Preparation for Irradiation Test
v' Link System Test Setup was tested at 904 Lab.
v’ System fully stable, responsive during 8 hours
continuous run.
v' Cold Test was passed. Error injection to the FPGA was 77 P P,
done and every errors (virtual SEU) were detected and Rl ;1 L e
corrected by FPGA SEM IP core. . 3 '

TCP IP Ethernet
interface to the PC

=

Muon hit data Link to the Back-end

electronics LpGBT @10.24Gbps / Control Board and Slow

Loopback Mode / 15 m Control Emulator at
one card



%> RPC detectors

e Simplified circuit for an RPC with resistive electrodes. /
* (b and Cg represent the capacitance of each electrode plate and of —
the gas gap, respectively; N ? o
* Rb represents the resistance of the electrode plates. HV ——= cg#
e T
* The gas is not ionized. In this “static” situation, the applied voltage /

HV is correspondingly transferred to the gas gap, and no current is
flowing through the circuit.

 The gas is crossed by an ionizing particle.
* In this case, the related discharge can be modeled as a current generator, which discharges the capacitor Cg

(associated to the gas gap) in such a way that the voltage initially applied to the gas is transferred to the
resistive electrodes (described by the capacity Cb and, as already pointed out, by the resistance Rb). The
system comes back to the initial configuration following an exponential law, with a characteristic time

constant zgiven by:



CMS

RPC detectors

G d(1 S S d
T = 2R, (7) + Cg) = 2pb§ (55051_3 +E.O§) = pPrEo (e[ + 25) /

i -
= %A
* &is the relative dielectric constant of the electrode material, HY —— cg#
* pitsresistivity, o A— % n
. . . b AT b
* & is the dielectric constant of the vacuum, 7

g is the gas gap thickness,

d is the thickness of the electrodes, and

e Sisthe electrode surface considered.

Note that 7does not depend on the dimension S of the zone considered on the electrode.
The spark quenching effect is stronger when C.is small, so the thickness of the

anode plate and its dielectric constant play an important role.

* =10" Qcm typical avalanche or discharge durations which are on the order of 10 ns <~

* |n this time interval, the electrodes behave as perfect dielectric materials; in other words, they are perfect
insulators, and therefore the voltage across the gas gap is very low and the discharge inside the gas cannot be

sustained.
e This is the auto quenching mechanism at the base of the operation of this detector.



CMS

Link Board

1. 14 Layers PCB - FR4
2. 96 Input Channels. 15 kV ESD protected.

3. Twenty-four output channels to inject a signal in the
FEB(s) for calibration, a test of the flat cables and
connectors.

4. Detector Diagnostic and monitoring:
a. Full/Adjustable window Histograms
b. RPC Data logging
¢. Timing Histogram

5. Muon Hit time information with a time resolution of
1.5 ns.

6. Collects 42 hits per Bunch Crossing without any
buffer overflow and data loss.

7. Transmit 18 hits per Bunch, Crossing to the L1T
through a 10 G optical Link.
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RPC Link System for Phase-2

Compact Muan Solenaid

 Transceiver Architecture

UP_LINK _DATAPATH
Process with
- 160MHz

|
Scrambler RS Encoder |
— |
1560 & Scra 03400 . .
Scrambler 51 st B - Rs(15,13) Interleaver [
15D & Scra {6734 B . '
“ﬂlﬁm Drans( 20320 Interl DATA | GTK

Data_In (203:0) Setambter 54 1A S Sern IR . RS(15,13) kil Up_LINK_TX_DataPath(251:0) [

R e 150 & Sera. (138162 - i — » g )

£ . % FRAME(63:0) 3
Scrambler 51 e . [RS[15,18} | %P Interleaver_FEC EE-“-RBL)-"_TL —- Transmitter —r T\1
[ d S | RS[15,13) TX_HEADER[ISS:252) | (10.24GDbps)
aith —
Sorambled(03d)  [IFH0 & Sera.0X170)

Serambler 51 > | R$(15,13) :
|
|
- - |
DeScrambler RS _Decoder |
Serambler 51 R5(15,13) R Delnterleaver RX_MEADER(E8:3E0) :

I I I 15 e Datald T MAFECIIS 5 S RY

. Se bler 51 - 1 OA Dt 100 SN ATEC 18 Interleaver_DATA = . 4 FRAME(63:0) 1 f— B
Data_Out (203:0) il Decoded_Das250:0 RS(15,13) S————— Up_LINK_EX_DataParh GEARE{Q.\_R& — Receiver (10.24Ghps)
— -t LS BAE Datal 105 MO AFECI 1) fo— _Lﬂlm_. H
RS(15,13) +— COT:
Sﬂ'll'nhllr s I BbA Dada(169: 106 FEC (ML) IMEHBMF_FEC |
RS(15,13) I i et i s |

: LA b0E Dara 300 1 T0AFECa™aly |
Serambler 51 RS(15,13) -— |

v In the scrambler avoiding long sequences of bits of the same level helps GTX distinguish each bit's
boundary.

Using Reed-Solomon, by adding redundancy to each packet, will have the possibility to correct defects.
Using Interleaver by distributing defects in a frame makes FEC more robust.

N
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Compact Muon Solencid

New Link Board Hardware Architecture

IEM

* The design specifications and components:
1. FPGAs are KINTEX7, XC7K160T-2FFG676I. _ seaz,seas] ‘
o imdimtone FPGA Re-configuration and Status VCCs ' 3.85V Power Protection (2.85 V)
2. Fully support 10.3 Gbps data transmission. FPGA Chip is DI S | neble
equipped with a heat sink. 5 2 e protecion 2V

3. High-resolution TDCs (at the steps of 1.56 ns) implemented into s UART s Misster Power ENABLE

66 MHz

. I
the KlnteX7 FPGA Eﬂ:l-ir\rrm QSPIBus I BANK14 BANK12

RGMII (2.5V) (3.3v) h
4. Two Redundant optical data transmission lines at the data rate v |
LVDS-2-
Of 10.24 Gbps SFP CNT (12C) SFP CNT {12C) | BANKI3 SINGLE -SIGR:;L';E& )

BGo

SI5324CNT(I2CJ (S.SV}
5. Ethernet link for the debuggi d onboard JTAG [ s ] i | e
> gging and onpoar programmer 200mHz || TICout (g]

E O . RPCTEST
6. 256 M x 40 bits of SDRAM-DDR3 for data buffering and — o KINTEX 7 e | R
debugging (16 GHa)
160 MHz. MGTX -
7. Data transmission with adjacent slave link boards through the 860 Y N — ] ool |
SAMTEC back-plane type connector with a bandwidth of 16 GHz e, T e s |
E out 1. = (1.8v)
and front panel PCB board. g S
p 1_;' 'Eaf;ui BANK32/33 Ssg::‘
8. Radiation Mitigation is based on Triple Modular Redundancy P CONTROLBUS VDS 10 bis) o (o) 2560 x40 bits
g Wer | ’
(TMR) techniques and Soft Error Mitigation (SEM) IP core from R =
A a FPGA INIT. STATUS . e Configuration
Xilinx. 2 " FPGADONESTATUS Boot Logic Configuration
B FAULT JTAG_SMT3 4— Icap Memary
. ; M i FRAME ECC
9. Voltage Regulators selected from low dropout linear regulator § [ o e N T |
families have already been tested under radiation. REMOTE JTAG_BUS el ey
(128 Mb)




CMS, |
| Control Board

* 14 Layers PCB — FR4

* The only bridge between RPC backend
electronics and Link Boards

* Optical Links to receive TTC, Fast, and Slow
commands. GBT-FPGA link driver.

e TTC clock and Fast BGo commands, BCO
e TTC Clock Phase shift adjustment
* FEB Parameter Configuration and Verification.

e Control and monitor the Link Boards
Histograms, Data Logs, and Diagnostics through
the front panel bus.
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S22 Link System Clock distribution Scheme

CONTROL BOARD Front Panel Boards LINK BOARD
__________________________________________ I'____________________________________________________________|
| L |
i — ] BCO = |
| 160 MHz 200 MHz - ECO ' |
: } | 200 MHz 160 MHz |

! L1A
| : —+>@—|—Re- Synch—»y |
I GBT-Link : | :
| o . L — Q—rl —Suspend+ LpGBT-Link |
|
I —:—»H—Hard Reset ’ < l
| | | MGTO_116
> a > |
| | ¢ | Resume 160.312 MHz |
| .
| s0000nat 40.078 MHz L HC(/, 0 —»: 0—+| —START+ 1 LHC),; (40.078 MHz) |
@ -J R e | —sToP— P N 10,00 i
| 10. | | ]
| . > 160.312MHz |
| I ¢ | Ho (40.078 MHz) ‘—. |
| | ' |
| —f—'Q—:' SDI/SDO 1.8V :
I ' LHC Clock-1 |
: Recovered LHC clock | ’1_'r - SDI1/SDO1 1.8 V—————— 40078 ;([:Hz :
l 40.078 MHz } | - |
| R SDI2/SDO2 1.8V |
' |
| | : |
| | |
| | } |
| | ! LHC Clock-1 |
| : | 40.078 MHz :
|
} l I LHC Clock-1__| l
| | : 40.078 MHz I
| | | LHC Clock-9 LHC 2 |
| I| 40.078 MHz ® |
|
I oo
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cms | RPC data processing - RPC signal time tagging

— | Timing Digitizer

Synchronization Unit

Idelay = Agp2

..................... Multi-channels Histogram

Valid;, Valid’ oy

96-Counter 51-bit
Full Window

Valid 96 Valid’ ¢y

TTC Time Base

96-Counter 51-bit
Adjustable Window

Time Base

SLBR- GBT Link SLBL- GBT L

_______________________________

Data Collector Data Collector Data Collector
MLB SLBR SLBL

CHn/Sub-BX/BCN CHn/Sub-BX/BCN CHn/Sub-BX/BCN

LpGBT-
Link (18
hits/BX)

e ABgregauON Transmission

FIFO Timing

96-Singl
Hg'e Histogram

Input Adder

7-bits x 128-BX
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cms | RPC data processing - RPC signal time tagging

— | Timing Digitizer

SLBR- GBT I SLBL- GBT

Synchronization Unit

Idelay = Agp2

Data Collector Data Collector Data Collector
MLB SLBR SLBL

CHn/Sub-BX/BCN CHn/Sub-BX/BCN CHn/Sub-BX/BCN

Data Multiplexer LpGBT-FPGA

LpGBT-
Link (18
hits/BX)

Aggregation

__________ Transmission

CTTTTTTTTTTT T 96-Channels Data logging

---------- ! r-------- Artificial Pattern Generator |-------------

Sub-BX/Valid CHO - Sub-BX/Valid CH95

START
—

START
—

TTC TTC

1

1

Bus0_CHO ... CH3
: FIFO Dummy Hits/BX | @200
i Timing

E START Profile

|

1

1

1

1

1

1

1

1

N 24-bits x Bus5_CHO ... CH3 ‘
128-BX Dummy Hits/BX | [85)8:40) 55
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Phase-2 RPC Link System
Electronics Radiation Hardness
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Technical aspect of Radiation Test

e Outline

Radiation Effects on Electronics (Pages 4, 5,6)
Tests Standards and Guidelines (Pages 7, 8)
Electronics Validation Strategy (Page 9)

Goals (Page 10)

How measure the Single Event Effects (Page 11)
Which type of beam? (Page 11)

Neutron beam or Proton beam or Both?

Plan

Where?

When ?

Procedure?

Logistics

(=D
IR



CMS

Compact Muan Solenoid

Dose [Gy]

Fluence [n/cm?]

Absorbed dose at balconies

12
I CMS-FLUKA Simulation °
L Preliminary ® 4000 fo' .
10— Phase-2 geometry A 3000 fo"
L 750 cm < R < 800 cm .o
C s %
8- F A
o LW
6; .A‘A“ 4
r 1] A
C . A
r L)
A o ¢ \‘:: oL
N o
C oo j "f “‘.A‘A‘.‘
2 ‘:f A - &ﬁ wﬂ‘u i i
bs " ¢ Af. 2
L 1 L ‘ 1 L ‘ L L L ‘ L L ‘ 1 L ‘ 1
% 200 400 600 800 1000
CMS FLUKA Study v.3.7.20.0 Z [cm]
0° Neutron fluence at balconies
800~ CMS-FLUKA Simulation ~ ~® Al energies ”
S —& E(n) > 20 MeV
Preliminary
700~ Phase-2 geometr Eln) <20 MeV
g Y ~®- E(n) > 100 KeB
600 IL 3000 b E(n) <4.14 eV
750 cm < R < 800 cm

500

CMS FLUKA Study v.3.7.20.0

nooo1 0z 03 04 05 06 0.7 08 0.9 10 11
9" 843" 786" 731" 6.7 625" 51.5° 528" 4B4 443 40.4° 36,8 nooe°
& ! T T L I 12 335°

i

T
oTs
mescs |

M RPCs
WGEMs

1.3 3057

Wheel 0 Wheel 2 | I M iRPCs
MEQ 14 27.7°
P
B u=s A 2
= .
i ! —_— 3 1o
B g |
I o
° I I el T l ] o=
I s 17 207
= RB1 o
4 — : o 18 18.8
B | . | 19 17.0°
Salenaid magnet 1 l | 20 15.4°
3 f‘ I 21 140°
o = 22 12.6°
B o = 5
HCAL — M= g 11.5
2 = 25 9.
o
ECAL = 28 70°
1 HGCAL 30 5T
Silicon
tracker 40 24°
0 MR 50 0.77°
0 1 2 3 4 5 6 7 8 9 10 1 12z (m)

. Expected fluence and dose (RE34/1 FEBs)

at R=303 cm for RE3/1 is ~4.3 (5.8) x10"" n/cm?, and
» at R=304 cm for RE4/1 it is about 6.2 (8.2) x10"1 n/cm?2,
» at R=303 cm for RE3/1 is ~10 (13.6) Gy
» at R=304 cm for RE4/1 it is about 18 (24) Gy
» where R=303 (304)cm are the expected FEB positions

* Expected fluence and dose (Balcony)
+ The total irradiation fluence 800 x 10° cm2
+ Maximum integrated dose is about 10 Gy
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Fluence [cm?]

Fluence [cm?]

Expected Fluence and Dose at HL-LHC
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IRM

iRPC, 1-MeV neutron equivalent Si

x10°

C CMS-FLUKA Simulation
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r e - Phase-2 geometry

r RE3/1: 960 cm < Z < 970 cm

C RE4/1: 1050 cm < Z < 1060 cm

C o [ |

O m]
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e iRPC, 1-MeV neutron equivalent Si

c CMS-FLUKA Simulation

- Preliminary

r e - Phase-2 geometry

r RE3/1: 960 cm < Z < 970 cm

C RE4/1: 1050 cm < Z < 1060 cm

C o [ |

O m]

F - —e— RE3/1 4000 fb*
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lonization
(TID)

Radiation Effects in Electronics

Radiation Effects

/\.

Cumulative Effects

Displacement
(Fluence)

Single
Event Burn
out

Permanent

Single
Event Gate
Rupture

Non-Recoverable Errors

Single
Event
Latchup

Single Event Effects

Transient Static
v /\

Single Single Single

Event Event Event

Transient Functional Upset

Interrupt

Single Multi
Bit Bit / Cell

Recoverable Errors

Upset Upset
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Cms. Radiation Hardness of Electronics for

Phase-2 Upgrade

 Simulation of the CMS Radiation environment

« Maximum expected Fluence after collecting 3000 fb-"! FEB for RE3/1 (R = 304 cm)
+ The expected absorbed dose after collecting 3000 (4000)fb-"! Pl e sereley e Rl el

* NO Safety Factor
FEB for RE4/1 (R = 304 cm)
 Radiation could cause near to the border at higher radii

* Permanent damage

« Temporary effects such as data corruption induced by SEU Link board for Barrel (Z < 600 cm)

» Electronics Link board for Endcap (Z > 600 cm)

+ Digital Components: TID/displacement damage, SEU, Latchup E_, <20 MeV
* Analog Components: TID/displacement damage, En < 1 MeV [1]

 Goals:
» Obtain the SEU cross section of FPGA resources (Configuration Memory, BRAM, MGTs, FFs)
+ Estimate of the Upset rate within the CMS radiation environment
» Digital/Analog Components : Check the fault resilience of the other ASICs

Fluence [particles cm-2]

Max=4.3x10"

1-MeV NE in SI

Max = 6.2x10"

1-MeV NE in SI

Max = 350 x 109
Neutrons with E, < 20 MeV

Max = 800 x 10°
Neutrons with E, < 20 MeV

« Evaluation of the rad-hard techniques adopted during the experiments must prevent build up of errors in different FPGA parts

D,
IRM

Dose [Gy]

Max = 10
(13.6)

Max = 18 (24)

Max = 2

Max =10



= ' Response of devices to radiation

Single Event Effects

Table 1. Non destructive SEE phenomena.

Interrupt -SEFI

Upset - SEU! corruption of the information Memories, latches in logic
stored in a memory element devices

Multiple Bit Upset | several memory elements Memories, latches in logic

- MBU corrupted by a single strike devices

Functional loss of normal operation Complex dev. with built-in

state/control section

Transient - SET

impulse response of certain
amplitude and duration

Analog and Mixed Signal
circuits, Photonics

Disturb - SED

momentary corruption of the
information stored in a bit

combinational logic,
latches in logic devices

Hard Error - SHE

unalterable change of state in a

memory element

Memories, latches in logic
devices

Table 2. Destructive SEE phenomena.

Latchup - SEL.

high-current conditions

CMOS, BiCMOS devices

Snapback - SESB

high-current conditions

N- MOSFET, SOI devices

Burnout - SEB destructive burnout BIT, N-channel Power
MOSFET
Gate Rupture - SEGR | rupture of gate dielectric | Power MOSFET's

Dielectric Rupture
SEDR

- | rupture of dielectric

Non-volatile NMOS struct.,
FPGA, linear devices...

Cumulative Effects

Table 3. Typical TiD degradation modes in devices.?

device Degradation mode

MOS Shifting of threshold voltage

BIT Current gain degradation

Digital circuits | Increased leakage current (Iccop, Icc-sb), reduced retention time
(DRAMs and SDRAMs)

Linear devices

Increased Offset voltage and bias current

Table 4. Typical DD degradation modes in circuits.

device

Degradation mode

CCD/APS

occurrence...’

Reduced responsitivity (Increase of dark current, RTS

Bipolar Linear devices

Gain degradation

Solar cells

Reduced efficiency (output power, short circuit current)

Laser diode

Threshold current increase

Reference: R. Velazco et al. (eds.), Radiation Effects on Embedded Systems, 201-251. © 2007 Springer.
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CMS

»Two main standards are widely used
within the framework of SEE testing:

» 1) ESA/SCC 25100: Single Event effects test
methods and guidelines

» 2) JEDEC JESD57: Test procedures for the
measurement of Single-Event Effects in
semiconductor devices from heavy ion
irradiation

»The SCC standard applies to proton and
heavy ion testing whereas the JEDEC
standard only addresses heavy ion
testing.

Requirements

Test Method Standard for Semiconductors

ESA/SCC 25100

D,
IRM

JEDEC JESDS57

Scope

Single Event effects test method
and guidelines

Test procedures for the
measurement of Single-Event
Effects in semiconductor devices
from heavy ion irradiation

Radiation HI : range > 30um, range large compared to the
sources and 102> Flux > 10’ ions/cmZ2.s depth of the collection region,
characteristics | p+ : 20-300 MeV 102 > Flux > 10’ ions/cm?.s

10°> Flux > 10" ions/cm2.s LET up to 120 MeV/mg.cm?
Dosimetry Uniformity +10% over the device | Energy +10%

area Uniformity +10% over the

Flux +£10% device area

Flux £10%

Testing Sample size > 3 (same dtc) Measurements at onset threshold,
requirements 5 measurements at different 10%, 25%, 50% and 75-80% of

effective LETs (HI) or Energies
(p+, normal incidence)

Max fluence of resp. 10" and 10"
part./cm?.s for HI and p+ or a
meaningful number of events

the saturated o,

Max fluence of 10’ ions/cm?2.s for
“hard” devices, 10° ions/cm2.s or
100 events whichever comes first
for “soft” devices

Tilt angles limited to 60°



- Main features of TID radiation types.

e Radioactive Cs137 and Co60 sources deliver gamma

rays, two strong advantages: Radiation type Main advantages Main drawbacks
* the very wide range of dose rates available Electrons High dose rate available | Costly
i _ (accelerator) Representative of some orbits | Not adequate for low dose
* the fact that the total dose is well controlled in rates
the device thickness. Protons High dose rate available . DD contribution
(accelerator) Representative of some orbits | Costly
X rays (photons) High dose rates available Dose enhancement effect
* As photons delivered by Co60 have a large energy, Low cost E&’;gﬂdequat@ for low dose
1.17 and 1.33 MeV, dose uniformity is ensured. Cs™ & Co” sources | Very large dose rate range | Heavy shielding necessary
(gamma rays) Dose uniformity Non-dominant in orbit

* This advantage can be lost if the irradiation facility is
not correctly filtered and delivers a sizeable ratio of
low energy scattered photons inducing dose
enhancements. Consequently, it is necessary to take
care to correctly assess accurate dosimetry and use
adequate filtering methods.
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Electronics validation Strategy €D,

IRM

e S N S,

Obtain the SEU cross section of
1 FPGA resources (Configuration
Memory, BRAM, MGTs, FFs)

6 cpan: 6.89 X 10°15 (cm?/bit)
Ogram: 6-15 X 101> (cm?/bit) -
Ocry: 7-27 X 10712 (errors/lane/cm?/bit)

DN NERN

Estimate of the Upset rate within v

2 the CMS radiation environment )
3 Cold-Test, Fault injection in Lab v" Firmware mitigation will be started after Q Evaluation of the rad-hard techniques
and completion of the firmware integration

U Evaluation of the rad-hard techniques
adopted during the experiments must
prevent build up of errors in different

4  Hot-Test, (SEE) v" Proton Beam / Heavy lon cocktail - SIFGS [P
Q Irradiations are done in vacuum

and for most of the ions naked
chips are needed.

v Cobalt- U Check the fault resilience of all electronics
. v 300 krad 60 or X- active devices such as FPGA, Digital and
5  Full Electronics Test (TID) v 1.3 x 101 (proton/cm?) without TIFR Ray Analog ASICs, under X-Ray at 1 MeV

Neutron Equivalent energy. Exactly similar
to Medical irradiation treatment.

[1] Radiation testing campaign results for understanding the suitability of FPGAs in detector electronics,
10.1016/j.nima.2015.11.033, 2015.
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Goals of the SEE Experiment

» A SEE experiment aims
v'evaluating in real-time the device’s response under consecutive exposures
with several beam characteristics.
»The final objective

v'is to obtain a good description of the device behavior and an accurate
measurement of its radiation response (o(E) or o(LET) for each error mode) to
enable the calculation of reliable in-flight SEE rates.



CMS

How to measure the SEE

. 6 (LET) - LIeT O SEE (units in cm?)
Fluence

e LET(6)=LET(0°)/cos B

» Number of SEUs = Fluence x 6 (LET)

e © (LET) Correlated with LET

e LET Correlated with Particle or lon beam Energy and Atomic mass of
target material

Behzad Boghrati, Wednesday Weekly Seminar, 25 January 2023
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Linear Energy Transfer (LET) %

SEE Cross Section

g‘\stat
E _E -.-----u-u-u{_-_-:...-.,_---gu__ -®
0~
c El '
SE
<EL
| 20 LAT
Ly -
El 7 Ja ! t\h | |
|
E (MeV/ra LET (MeV/mg.cm?)
|
30 MeV proton beam -> LET 1.469 X 102 MeV cm2 mg-1 6 (LET) = Number of Events (units in cmz)
Fluence
_3000x10%° cm™2 7 108
tHL-LHC = Tgyiost em—zs—1 — &0 X 10%s LET (6) = LET (0°) / cos ©
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" Kintex7 Flip-chip Package

Metal  goder ) |

Die Thermal cap b _
umps
Paste\ / P U}derﬁn XILINX &
~—< y 7 yd B E X -7
FFG676ABX 1913
DD5864415A
Substrate

OAVAVAVAVAVEVAVAVAY)

Solder balls /

» Schematics of a flip-chip metallic » Link and Control Board > Kintex-7 K160T Die after
Kintex-7 FPGA Flip-chip removing metal cap

package
metallic Package
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‘Compact Muen Solenoid

SEU — Kintex/ IEM

" Configuration Bit Upsets . Flip—flop SEU BlockRAM Upsets
10 T T T T T 10 T T T 10_B T T T T
T
=]
a

& N <

s s 5

= = [ =4

8 2 s

810 E B 107 ¢ .
(73] s} (73]

W @ w

] 1] [

o g =4

(5] s} (&)

10’10 1 L | | L 10_12 1 I I I L 10'10 1 1 L L
0 20 40 60 80 100 120 0 20 40 60 80 100 120 o 10 20 30 40 50
Linear Energy Transfer [Mev—cn?img] Linear Energy Transfer [MeV—cmzfmg} Linear Energy Transfer [MeV-cn‘?lmg]
Fig. 1. Weibull curve for configuration memory cell upsets. Lyp=1.9 Fig. 3. Flip-flop memory cell SEU event Weibull curve. Ly=0.6 [MeV- Fig. 5. BlockRAM SEU Weibull curve. Ly=08 [MeV-cm*mg].

[MeV-cm*/mg]. G=1.43e-8 [cm’/bit]. W=125.3 [MeV-cm’/mg]. $=0.78. cm’/mg]. G =3.0e-8 [cm’/bit]. W=58 4 [MeV-cm’/mg]. $=1.74. Ge=7.94e-9 [em*/bit]. W=5.0 [MeV-cm*/mg], S=0.7.

Mitigation Technique: Mitigation Technique: Mitigation Technique:
Scrubbing TMR ECC
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‘Compact Muen Solenoid

SEL — Kintex7/

VCCAUX Current, TAMU April 2014, Run 21 Micro—Latch Events
12 T T T T T T T -3
10 T T T T T
py
LR 7 107k 1
s 7 107 1
08 [~ B 10'3 k- N
L
o 1 5 10° E
= c
.o -
E o7l 1 10" | §
X n
L _ g 107 1
o8 o
-10
os B 107 E
=11
aal | 10 1
10 12 i
Q3 a
10_1‘3 1 L L L 1
02,0 P P ™ - o = m pe - P 0 20 40 80 80 100 120
Test Run Time [seconds] Linear Energy Transfer [MeV—cn‘Fa’mg]
Fig. 6. Curent strip chart taken during a SEL test run at TAMU, April Fig. 7. Weibull curve for current-step events observed during SEL
2014. Seven or eight SEL cuwrrent-anomaly steps are clearly visible. testing. Lg=1.9 [MeV-em’mg]. 0.=3.16e-4 [em’/Dbif]. W=33.4 [MeV-
Nominal current for this rail is 210£16 [mA]. em’/mg]. $=3.8.

Mitigation Technique:
RESET, Flash-reloading,
Power recycling
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* SEE characterization of devices requires real-time
testing under exposure (functional testing mainly), and
the use of particle accelerators,

* TiD assessment implies the full parametrical
characterization at different step of dose levels
received (sequence of irradiation/testing phases).
Mostly, 60Co sources are used for irradiating

* DD testing is quite similar to TiD characterization as
parametrical measurements and functional checking
occurs at different received fluence levels (leading to
an equivalent displacement damage dose - DDD®6).
However, DD testing requires the use of particle
accelerators

ESA-SCC
22900.4

MIL-STD 883E
Method 1019.6

ESA-SCC
25100.1

JESD57

ESA-SCC
22900.4

Test facilities and domain of application

TID

TID

SEE

SEE

DD

Total dose, dose rate

Total dose, dose rate

LET/range (heavy ions),
Energy (protons)

LET/range (heavy ions)

Energy
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CRC facilities at Louvain-la-Neuve
Located at Louvain-la-Neuve (~20 km from Brussels)

Institut de Recherche en Mathématique et Physique (IRMP)
Center for Cosmology, Particle Physics and Phenomenology (CP3)
Centre de Ressources du Cyclotron (CRC)

Three irradiation facilities

@ NIF: Neutron Irradiation Facility 11][1ﬁ
» Fast Neutrons (0-50 MeV)
» Flux: 10n/(cm? s)

@ LIF: Proton Irradiation Facility

» Protons 10-60 MeV
» Flux: 5 x 10%p/(cm? s)

e HIF: Heavy-lon Irradiation Facility

» Heavy lon " cocktails”
» Electronic failures induced by radiation i,

(Single Event Effects)
E.Cortina (UCLouvain) AIDA-2020 WP11.4: Access to UCLouvain April 25,2018 2 /6

97



CMS

HIF characteristics

@ [Two heavy ions "cocktails” covering a wide range of LET and ranges.

» Fully characterisation of SEE response of electronic components.
» Fast ion changing within the same cocktail (few minutes)

@ Beam flux is variable between a few ions/s.cm? and ~ 10% ions/s.cm

» Can be modified from user station
» Online monitoring — high precision in fluence delivered

2

@ Redundant metrology

» Fluence and energy
» Moving frame, alignment system

» ESA SEU monitor: 4x4 Mbit SRAM (Atmel AT60142F) arranged in a

square region of 24mm x 24mm
@ Beam homogeneity of 10% on a 25 mm diameter.

@ Standard mechanical interface and feedthroughs

@ lIrradiations are done in vacuum and for most of the ions naked chips
are needed.

April 25, 2018 3/6

E.Cortina (UCLouvain) AIDA-2020 WP11.4: Access to UCLouvain

D,
IRM
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Heavy lon Cocktails

HIF " cocktails”
DUT energy | Range LET
M/Q lon [MeV] [um Si] | [MeV/mg/cm?]
_ 5 I5N3F 60 50 3.3
= m 5 0N 78 45 6.4
2 Z[ 5 A BT 151 40 15.9
é %0 4.04 | B T 305 39 40.4
406 | 12PXeD+ 420 37 67.7
5| 3.25 3C3+ 131 202 1.1
~ G| 314 | ZNe" 235 216 3
s E 3.33 | AT 372 117 10.2
§ g 322 | *°Nit®t 567 100 20.4
O £ 3.32 | BKr> T 756 02 32.6
T | 3.54 | P XeHF 005 73 62.5
E.Cortina (UCLouvain) AIDA-2020 WP11.4: Access to UCLouvain April 25, 2018

4/6

Fluence [n/cm?]

LET (MeV/mg.cm?)

Neutron fluence at balconies

x10”
800~ CMS-FLUKA Simulation -~ All energies
Preliminary —&— E(n) > 20 MeV
700 . —¥- E(n) < 20 MeV
hase-2 geometry ~#- E(n) > 100 KeB
600 L = 3000 b’ 5 E(n) <4.14 eV
750 cm < R < 800 cm

500

400

300

200

1005

CMS FLUKA Study v.3.7.20.0

1E+2

1E+1 |

— —

o
&
— o

[a—
&
o

_
&
o
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‘Compact Muen Solenoid

HIF: Heavy lon Facility €D,
UCLouvain Irradiation Test Facility

Small Flange:
@ 8x BNC + 2x SHV (F/F)
@ 9x BNC (F/F)
@ 2x USB
@ 10x SMA (F/F)
@ 2x Sub D 25 (M/M)
@ 2x HE 10 40 pin (M/M)
@ 2x H80A2CO 40 (M/M)

@ Water cooling 4-6mm hose with rack
connectors input/output + Thermocouple

1 9 connector
Large Flange:
@ 10x BNC (F/F)
@ 10x BNC ( Ground isolated) (F/F) Transition available on request:
@ 10x SMA (Ground isolated) (F/F) @ Sub-D25 transition to Ethernet (M/Eth,
@ 6x Sub D 25 (Cannot be dismounted) (M F/Eth)
outside/F inside) @ USB transition
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. SEE Test run Sequence 0]

*  We measured the impact of the scrubbing core on the reliability of the _— g0 , ,
benchmark design implementations in its different versions (plain and Control Room M g, | ;
distributed TMR), corresponding to a total of five different firmwares. Bt L A 3 ot e 7

o s A daakd ol 108 g P @23109cm? |
[ 200 W0 80 100 1200 400 i ' ]
i oV — % 100 200 300|400 500 1600
. L : ‘ Lt 6000 ' :
» The total irradiation fluence 800 x 10° cm= £ fo remate contol o o T v o - ;
Test PC, logs all data \ figurati d D i ) E |
« Average fluxes per run ranged from 2.2 x 107 cm2 s*' to 3.5 x 107 cm?2 5" dom L (curents, erors) o\ Rnconalty ogs £ 2000 ' aisioems |
i Imadiation Room 00 100 200 300 i 400 5CI‘D EBDD
« Each test run consisted of the following steps | | Etwmtink oo =0 i o :
1 po er on FPGA Ethernet link IEIEQ’"Q‘ E Self 'Epa‘rlii i E
. W r— n 2 t .
. . . UsB 5
2. configure the FPGA with the redundant bitstream bk Tester Board 2
3. read back configuration |
4. activate the scrubber lm -
! serial clock &
. 0 Programmer  DUT output reset
5. start irradiation Pos !
. . . . . . i Soener 10 0 100 200 300 : 400 500 1600
6. wait until the benchmark circuit fails permanently and log if the - : . (UART) | . ; 5
scrubber fails in the meanwhile bower arreer z ; ;
7. stop irradiation % ﬁ& " & ! -
J [T ??‘\”er"’;"\:{“‘:?w = Otput from DUT ® ' !
1 1 1 1 i — SV, 1OV, 2 === Control to DUT . L
8. verify FPGA configuration against the read back of step 3 L»—]a = : Ermovaion S
9 power off FPGA vollage sense return Tlme (S)
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‘Compact Muen Solenoid

Test run Sequence T

«1070
g iov — 3 T T
. . L Control Room E"’M' ‘\"E !

We measured the impact of the scrubbing core on the reliability of the " e o2

benchmark design implementations in its different versions (plain and L OU—— g ! L e

distributed TMR), corresponding to a total of five different firmwares. S o : I
in . __1 | 0 100 200 300 | 400 500 1600
E L 6000 i

The total irradiation fluence 800 x 10° cm2

PG for remote control of FP(;\ T e T 2 4000 ;'\
Average fluxes per run ranged from 2.2 x 107 cm2? s™' to 3.5 x 10’ cm? s w0 | oo e ed ca current | configuration and E 2 D eorubber il
= : trends functionality logs o | Scrubper Tailure
‘ D 2000 @ 1.5 10'° cm?
z ‘ 0 . . o .

Each test run consisted of the following steps

1.

o o k0D

~

Irradiation Room ! ,‘
0 100 200 300 1 400 500 1600

"
Self repair E:
m

power on FPGA;
configure the FPGA with the redundant bitstream;
read back configuration;

activate the scrubber;
start irradiation;

wait until the benchmark circuit fails permanently and log if
the scrubber fails in the meanwhile;

JTAG

stop irradiation; | .
verify FPGA configuration against the read back of step 3; o N : :%0
power off FPGA. '
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TID testing with X-Ray

1

1
»  High Voltage
® Nominal Voltage
X

Low Voltage

750

700 4 1 . " — e

(=1}
w
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=]
(=
o

Frequency [MHz]

550

soo-%

450

400 1 S‘N‘

0 50 100 150 200 250 300
Radiation Dose [Mrad]
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Radiation Tests Plan for Feb and Link Board

Neutron Fluence for 10 HL-LHC years is 1x10'2 cm2
Total Integration dose (TID) up to 20 Gy

Tests for SEE estimation and TID ageing studies:

= SEE: Proton and/or Heavy lons of about 30 - 75 MeV
= SEE: Collimated Neutron beam around 25 to 70 MeV
= TID: Photons from Cobalt-60 (1 MeV)

Facilities:
= EC Louvain Irradiation Facility
both heavy ion and neutron facility (HIF and NIM)

= Enea Frascati (Rome): HOTNES (thermal neutron source) + FNG (14 MeV
or 2.5 MeV neutrons) + Protons = 27 MeV

" Enea Calliope (Rome): Co-60 gamma source

= Cern X-Ray and/or charm facility to be contacted
There are 2 Co-60 X-ray facilities, Callab and CC60
Irradiation-facilities.web.cern.ch



Summary

Radiation Effects on Electronics

Tests Standards and Guidelines
Electronics Validation Strategy

Goals

How measure the Single Event Effects
Which type of beam?

* Proton beam or Heavy lon

Where ?

When, we will ready in Q3 of 2020.
Plan and Procedure?

Logistics
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