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s |LC-VTX: experimental conditions & requirements
s R&D roadmap for a VTX detector for ILC

s Summary and outlook
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ILC-VTX: experimental conditions
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200 ms

s Beam structure
e Trains of ~2600 bunches every 200 ms 369 ne beamless time

» Operation strategies n| )
> Full detector readout (r.0.) = triggerless JUUL/LH_"_H f{f ZH H

969 ps

~ Power pulsing = reduced power 2625 bunches
= 1 train
- .
s Beam induced background . Pairs -
- Radiation level: ~100kRad ® 10" n_/cm? i
q : = i.. ‘_/_r'"_
(LHC: ~1GRad ® 10" n_/cm?)
“ el e, B
« Beamstrahlung is main source of occupancy ~ Vg aai N\

- ~5 hits/cm?BX @ Vs = 500 GeV (high systematics) ok
> Drives VTX readout speed & minimum radius Beamstrahlung

s Possible readout architecture
* Integrate few bunches
* Readout between trains with  time-stamping = chronopixels

* Readout between trains without time-stamping = very high granularity
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ILC-VTX: requirements & design

s Linear e*e collider éa‘iil‘ces Quadrature of the
. 4 Vertex Detector
« Exhibit milder running conditions than pp/LHC & * Re-

Spatial resolution

> Relaxed readout-speed & radiation tolerance
» Favours technologies focusing on resolution & material budget

= CMOS Pixel Sensors (CPS)

193pnq (LR
Radiation hardness

_./

Readout speed
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ILC-VTX: requirements & design

| Linear e+e_ COIIider ,{\0“?\&6 Quadrature of the
N . " £ Vertex Detect
 Exhibit milder running conditions than pp/LHC & s Re- eriex betector

Spatial resolution

> Relaxed readout-speed & radiation tolerance
» Favours technologies focusing on resolution & material budget
= CMOS Pixel Sensors (CPS)

193pnq (LR
Radiation hardness

s |LC-VTX requirements
- Physics performances: 6, <5 @ 10/pf sin**6 um

Rcadﬁu( speed

=0 ~3 um (~17 um pitch) & low material budget (~0.15% X /layer)
« QOccupancy < readout-speed: few % occupancy (=5 hits/cm?/BX)
« Moderate radiation tolerance (/year): ~100kRad ® 10" neq/cm2
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ILC-VTX: requirements & design

s Linear e'e” collider «S»  Quadrature of the
S S\ Vertex Detector

« Exhibit milder running conditions than pp/LHC 59
> Relaxed readout-speed & radiation tolerance
» Favours technologies focusing on resolution & material budget
= CMOS Pixel Sensors (CPS)

Spatial resolution

193pnq (LR
Radiation hardness

s |LC-VTX requirements
- Physics performances: 6, <5 @ 10/pf sin** um

Readout speed

=0 ~3 um (~17 um pitch) & low material budget (~0.15% X /layer) e
« Occupancy < readout-speed: few % occupancy (~5 hits/cm?/BX)
« Moderate radiation tolerance (/year): ~100kRad ® 10" neq/cm2

s |LD-VTX design: 3 x double-sided ladders | £ 3
« Alignment & tracking improvement (pointing) time stamp Mini-vector ' '
* 1 support/2-layers = lower material budget cr~
« Background rejection capabilities? f.[

Alejandro Pérez Pérez, 4éme JCL Meeting, Mar. 24th 2016 spatial resolution



CPS State-of-the-Art in operatlon STAR-PXL detector

PICSEL GROUP

T Lt oo L S

ULTIMATE Sensor (Mlmosa28)

STAR-PXL @ RHIC « Rolling shutter r.o. (t <200 ps)
st = = r.o.
1% CPS @ a collider experiment! . Toperation - 30 _ 35°C
STAR Detector ” A - . ° Sdet 2 99.9% Gsp 2 3.5 um & frate f_ 10_5

« Rad. Hard: > 150kRad @ 3><1012neq/cm2
STAR-PXL HALF-BARREL (180M pixels)

e 2layers@r=2.8,8cm

« 20 ladders (10 sensors/ladder) (0.37% X))
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CPS State-of-the-Art in operation: STAR-PXL detector

u|_'r|MATE ULTIMATE Sensor (Mnmosa28)
STAR-PXL @ RHIC (MMOsA28)§ .  Rolling shutter r.o. (t < 200 ps)
1% CPS @ a collider experiment! § | T =30 -35°C :

operation

« & _2>999%¢0 >35um&f <1O'5

det ~

. Rad. Hard: > 150kRad ® 3><1O12neq/cm2
STAR-PXL HALF-BARREL (180M pixels)

e 2layers@r=2.8,8cm

« 20 ladders (10 sensors/ladder) (0.37% X))

STAR Detector

Several Physics-runs

700" S Courtesy ofthe .~ STAR Preliminary e 1/2" run in 2014/2015
- STAR collaboration : AutAu S, =200 GeV - .
G 6004 RHIC RL\lnhZNGM * Currently 3rd run (Slnce Jan. 2016)
> : . .
2 s . . _ ’ e Gip(pT) matching requirements
o ale . '
w400 O e T From ~ - ~40 um @ 750 MeV/c for K*
2 3005 i) i e
2 00 g Observation of D’ production
o ) E With HFT Cuts L N . . . e
b Wt oo 5:;" g‘lm:‘fi:as Events « STAR: peak significance = 18
17 175 LA 185 19 1935 2 204 2 +D = . .
of | | | ‘ -+ ALICE: peak significance = 5
1.7 1.75 1.8 .85 1.9 1.95 2 2.05 2.1
Invariant mass, mKn(Gercz) 5



CPS @ PICSEL - IPHC: A Iong term R&D

How to i |mprove r.o. speed and rad. tolerance while (@‘\ccs Quadrature of the
preserving o (3-5 pm) and material budget (< 0.1% X )? .ﬁii‘&b Vertex Detector
‘ gbo
0(1 02) ﬂS - Spatial resolution

i
e
20
o

P3pnq [BLINEB
adiation hardness

EUDET/STAR — ALICE/CBM
2010/14 r—> 2015/2019 2> 2020
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CPS @ PICSEL - IPHC: A long term R&D

T Forvrs AL e

How to improve r.o. speed and rad. tolueranE:e while o
preserving c., (3-5 pm) and material budget (< 0.1% X )?

Quadrature of the
& Vertex Detector

.. CPS

Spatial resolution

i
e
20
o

P3pnq [BLINEB
adiation hardness

”

Read;mt speed

.

O(1) s

EUDET/STAR — ALICE/CBM — ?X?/ILC
2010/14 =2 2015/2019 — 2, 2020
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Next challenge: ALICE-ITS upgrade %

s Upgraded ALICE-ITS (Installation during LS2)
* Present detector: 2xHPD/2xDrift-Si/2xSi-strips
* Future detector: 7-layers with CPS (25k sensors)

= 1°' large tracker entirely based on CPS (~ 10 m?)

> Quter Barrel

Requirements for ITS inner & outer layers (comparison with STAR-PXL chip)

Tsp s, Dose Fluency Top Power Active area

STARPXL | <4pum  <200pus 150 kRad 31012 neglem?  30-35°C 160 mWicm? 0.15m?

ITS-in <s5um  <30us 27MRad 1710 n./em®  30°C < 300mWiem2 017 m?
ITS-out <t10pm  <30pus 100 kRad 1:1012 nog/em? 30°C < 100mWiem?  ~ 10 m?

= 0.35 um CMOS process (STAR-PXL) marginally suited to r.o. speed & radiation hardness

s Transition to new CMOS process for improving readout speed and radiation hardness
= Tower-Jazz 0.18 um CIS
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ALICE-ITS upgrade: 2 r.0. architectures R&D %

S . . I ALICE
MISTRAL-O =
Pixel pitch: 36x64 um? Ch L Lh Lh Lh L Ly TP
Time resolution: ~20us™ M @ W H W E W W
W: 80 mW/Cm g~ .—.—- . .! . . . Outer Barrel
_L.L..'_.L..}_J'_JL,J rolling

Max hit rate: ~0.8 MHz/cm®* = = = = = = 7 7 shutter
o 5 30 OO OO

imension: 15 x30 mm? ololo ol ol ol ol O
Dead area: 1.5x30 mm? | S e |

Goal: early available & reliable solution PoE
» Conservative design based on STAR-PXL Snoonooroono 1 e W
« Big pixels = lower power & higher speed O}, (00, |00y, 100, |
« Moderate rad. hardness & 6 ~10 um = OK o b | s | o _
SP CHE e LRE LR e continuous
O L0 WU D0 E extern:Irtrigger
Goal: high performance, accept risks CUDoUOl s
gnp p _T_DTLITDI O |

 Aggressive design
e In-pixel discrimination

Pixel pitch: 28x28 um?

« Asynchronous r.o. (priority encoder) Time resolution: <510 us
W: 39 mW/cm?
» Both chips have same physical & electrical interfaces Max hit rate: ~ 3 MHz/cm?
« Base-line solution: ALPIDE for all ITS layers Dimension: 15 x30 mm?
D 1.1 2
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MISTRAL-O: prototypes tested on heam

FuII Scale Building Block (FSBB) sensor
Full 2-row r.0. chain & 2D sparsification t =40 ps

Sensitive area (~1 cm?) = final building bock
Similar Nb of pixels (~170k) to final chip
Epi-layer: high-p 18 um thick

BUT: small pixels (22x32.5 um?) & sparsification
circuitry is oversized (power!)

Tested in 2015 @ DESY (3-6 GeV/c ¢) & CERN
(120GeVic ©7)

Large-pixel prototype (MIMOSA-22THRDb)

Two slightly different large pixels
> 36x62.5 um?* & 39x50.8 um?

Pads over pixel (3ML used for in-pixel circuitry)
Epi-layer: high-p 18 um thick

BUT: only < 10 mm?, 4k pixels & no sparsification
Tested @ Frascati (450 MeV/c e”) March 2015
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FSBB-MObis

416 rows

416 columns

Mi22-THRB6: 36x62.51m?

ampl:pcmos
diode:14.8 pm?
Footprint:15 pm?
cap: fringe no via

ampl:pcmos
diode:7.4 pm?
Footprint:16 pm?

l& cap: mos(nwell)

|-—SmkaEAEAs) AFEEEEAAHNANENAARAAN -
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MISTRAL-O: prototypes tested on heam

Full 2-row r.o. chain & 2D sparsification t

FuII Scale Bqumg Block (FSBB) sensor

=40 us

Sensitive area (~1 cm?) = final building bock

Similar Nb of pixels (~170k) to final chip
Epi-layer: high-p 18 um thick

BUT: small pixels (22x32.5 um?) & sparsification

circuitry is oversized (power!)

Tested in 2015 @ DESY (3-6 GeV/c e”) & CERN

(120GeVic ©7)

Two slightly different large pixels
> 36x62.5 um?* & 39x50.8 um?

Large-pixel prototype (MIMOSA-22THRDbD)

Pads over pixel (3ML used for in-pixel circuitry)

Epi-layer: high-p 18 um thick

BUT: only < 10 mm?, 4k pixels & no sparsification
Tested @ Frascati (450 MeV/c e”) March 2015
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FSEBbis-HR 18, Diode: B.0/16.0umé, Amp: 0,281 &um, Cap: MIM, Piteh: 22.0-32 8 m’

200.5 : e |5 1 e
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Threshold / noise = TN
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4.8/16.1um?, Amp: 0.361 Oum, Cap: frings, Pitch: 30.0-50.8,m"
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Asynchronous r.0. architecture: ALPIDE

T i = = Forvrs AL e

4 Concept similar to hybrid pixel r.o. architecture
4 Continuously power active in each pixel

* FEE: single stage amplifier (~100) + shaping (~5 us) / current comparator

« Dynamic memory cell, ~80fF storage capacitor which is discharged by an
NMOS controlled by the FE

# Data driven readout = only zero-suppressed data transferred to periphery

pALPIDE-3 pixel layout

29.24 pm

& pulsing capacitor

Pixel FEE Collection electorde 1

1
53 pm = i

e

Pulsing -

'-"i " i *g.“.:.

VRESET RESET —Q B
ENABLE - B Priority | -

Encoder | =

|
I
26.8 pm

AMPL/CO
MP

A |

i o | s B S
B ©

Analog

., Front End

i
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Sensor Integration in Ultra-Light devices

oo

ebonds 50 um sensors to servicing board ~ 1m

s PLUME collaboration (Britol, DESY, IPHC) [ — ,—;\{ér_@

Low mass fiex cable

ransversal view Longitudinal view

s Plume 01 prototype (fabricated in 2012) |V%’:§a' residual] :ﬂ' i'"ei‘fiﬂ
. 2x6 Mi26 sensors on 2 mm thick foam SiC (0.6% X)) : ] R
« Air cooling _f ~—wromt sicis
» Validated in beam @ CERN (2011) > § ?.f_.:“ww:s'".{m
* New test-beam @ DESY in April 2016 § .,1‘ [

2  Plume 02 prototype: 6 ladders for 2016 track-hit position (1m)
 Reduced material budget: — 0.35/0.42 % X (Al/Cu flex PCB)

Plume 02 fully functional prototype

Application @ SuperKEK-B
4 Beam-background measurement @ Belle |l

a 2 Plume 02 ladders will be installed inside Belle
[l inner volume in 2017

a MIBEL project (ANR-2016): 1 stage cleared
* PI: Isabelle Ripp-Baudot (IPHC)

2016 11
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On-chip background rejection with Neural Network

Small feature size (0.18 um) & new imaging algorithms
* Neural Network (NN) on chip
NN advantages
» Reconstruction of particle incident angles (6 & ¢)
» Potential reduction of bandwidth & power
NN application @ ILC
» Filter beam-background hits in VTX
» Improve double-sided ladder hit association

CIRENE (Défi instrumentation aux limites 2016 CNRS)
* PI: Auguste Besson (IPHC)
» Success (with Bourgogne University)
« 2016
> NN proof of principle (implemented in FPGA)

> Data taking with different sources (lases, 7 ...)
e 2017: summit a dedicated chip

4¢me JCL Meeting, Mar. 24th 2016

Reconstrueted Reconstructed
o 0
Layer 2

Layer 1

6 Resolution vs 6 measured (deg)

h2_thetares_MLPdeg

ngreIiminary simulation results :
t20 um pitch & 12 bits ADC

G, < 1°for 0> 60° |

Entries 100000
Mean x 49.91
6.526
18.69
1343

Meany
RMS x
RMS y

10°

e
0 10 20 30 40 50 60 70

0 vs ¢ Background distribution
- : e o




Improving epitaxial-layer depletion

.
NWELL PMOS NMOsS
Spacing DIODE Spacing TRANSISTOR, TRANSISTOR

<> <>
- (i] +
nwell
Collectioj. i

diode } \
Deplation®.,

4 Motivations
« HEP: faster signal = better tolerance to NIEL
« X-Ray detection: thicker sensitive volume

"o particle.,

'.‘ . “" bt o "'I..”
ew ..-..'; p” epitaxial layer

s Beam-test @ SOLEIL (Mi26 sensor)

. . . . *E 140+ Pegasu%-z-’}rradiated--wiﬂ%\ *Fe-souree
 Validation of rolling shutter architecture 3 0 pixel 25x25 um? |
o 120 sensitive-tayer18 um el
s Pegasus-1/2 prototypes (Tower/Jazz 0.18 um CIS) 100" bias 12 V | [5°
. H T =10°C
. V__=0-30V +AC-coupling to Pre-Amp sl |
56 x 8 pixels (25 um pitch) 605— »
4 b‘q:@‘
« Epi-layer: 18 um & 1 kQ cm PPS: 10 N NN WA N N o
TN=16+1e ENC @ 10°C el a
7 e Lot S
0 200 400 600 800 1000 1200

SYNAPS project partnership with SOLEIL single pixel charge (ADCu)
a High granularity/counting-rate CPS for soft X-ray detection (0.1 — 5 keV)
s  SYNAPS project (ANR-2016): 1% stage cleared

* PIl: Jérbme Baudot (IPHC)
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Next-to-next challenge: MVD of CBM @ SIS100

- N A A AN x x = x A S e

Ring Time-of-flight detector
imaging

Cherenkov
detector

Silicon Tracking System

Dipole magnet

Micro
Vertex
Detector

HADES:

p+p, p+A
A+A (low mult.)

v ansition Micro Vertex Detector (MVD)

R oo (NN  Layout: 4 planes of pixels sensors
 Factor 10 improvement in rad. Hardness
 Vacuum compatible

 Operation @ negative T

Projectile
spectator
detector

>

Sensor properties FSBB MIMOSIS-100 (preliminary)
Active surface (mm?) 9.2x13.7 ~10 x 30
# pixels (cols x rows) 416 x 416 (173Kk) 1500 x 300 (450k)
Pixel pitch (um) 22 x 33 22 x 33
Integration time (us) 40 30
Data rate (Mbps) 2 x 320 > 6 x 320
NEIL (10°n_/cm?) >1 - 3(%)
“ - (*) per year of operation

TID (MRad) > 1.6 - 3(%)

opetation (°C) +30 P -20
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Summary and outlook

4 CPS with rolling shutter r.o. (mainly AMS-0.35 um process) in use for several years

» High precision beam-telescopes: multi-GeV — sub-GeV beams (CERN, DESY, LNF)
» Vertex detectors for flavour tagging (STAR-PXL, FIRST)

4 Ultra-light double-sided ladders
» Added value for tracking & alignment (studies showed in previous meetings)

« Ultra-light ladder assembly validated & getting improved = PLUME collaboration
« Spin-off (MIBEL): beam-background measurement @ SuperKEKB/Belle Il

2 Tower-Jazz 0.18 um CIS technology validated for future projects
» STAR-PXL chip successfully translated = 2-4 faster & > 10 times more rad. tolerant
« Asynchronous r.o. progressing towards t <10 us (ALPIDE)

e ALICE-ITS: 1* large tracker fully based on CPS

2 Outlook
* Depleted epitaxy CPS under study = SYNAPS project
 Few us asynchronous r.o. CPS for CBM @ FAIR & ILC @ Japan
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CPS: Development motivation

Quadrature of the
Vertex Detector

" Spatial resolution

s CPS triggered by the need of very granular and {:b
low material budget sensors

13png [eHely

s CPS applications exhibit milder running
conditions than at pp/LHC

* Relaxed readout (r.0.) speed & rad. tolerance

Radiation hardness

Readout speed

s Application domain widens continuously (existing/foreseen/potential)

 Heavy-ion collisions
> STAR-PXL, ALICE-ITS, CBM-MVD, NA61...

e e'e collisions
> BES-IIl, ILC, Belle Il (BEAST II)

 Non-collider experiments
> FIRST, NA63, Mu2e, PANDA, ...

» High-precision beam-telescopes (adapted to medium/low energy e" beams)
> Few um resolution @ DUT achievable with EUDET-BT (DESY), BTF-BT (Frascati)

Alejandro Pérez Pérez, 4éme JCL Meeting, Mar. 24th 2016



CPS: Main features

T oo o3 Bei gy L S

s The basic working principle NWELL PMOS NMOS

i i ; : : ing DIODE i TRANSISTOR , TRANSISTOR
Secondary charges generated in epi-layer by ionization e T

> Signal proportional to epi-thickness
Charges transport driven by 3 potentials
> P-well/coll. node/P++ (usually GND/few volts/GND)

Epi-layer not fully depleted: ddep~ 0.3 \]psube

bias

diode | % %
Depletion*., .
region®. /7

] ] Py
] ] . ) e
“..-.'s p” epitaxial layer

= transport is mix of thermal diffusion & drift - / p substrate

4 Prominent features Particle hit

Signal processing integrated on sensor substrate = downstream electronics & syst. integration
High granularity = excellent spatial resolution (O(um))

Signal generated in thin (10-40um) epi-layer = usual thinning up to 50 um total thickness
Standard fabrication process = low cost & easy prototyping, many vendors, ...

s CPS technology developments

Mainly driven by commercial applications = Not fully optimized for particle detection
R&D largely consists in exploiting as much as accessible industrial processes
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CPS performances: Spatial Resolution ()

- N A A AN x x = x A S e

s Several parameters govern S,
* Pixel pitch

Mimosa resolution vs pitch

« Epi-layer: thickness & p s = e T,
« Sensing node: geometry & electrical properties % | —=— ﬁﬁﬁ%ﬁﬁﬁﬁ {jﬁ{i}mm
» Signal-encoding resolution: Nb of bits = ‘“:‘Lmn?ﬁ?"“’” AL R
+ o_ function of: 3 o )

. . g I o

pitch @ SNR @ charge-sharing @ ADCu @ ... 6 e O\
i - <0
4 o
s Pixel-pitch impact (analogue output) L P
.+ Pitch = 10 (40) pm = G_ ~ 1 um (< 3 um) 2 — (ana\°93
.I....I....I....I....I. N T A

- Nearly linear improvement in 6_ vs pixel pitch 5015 0 25 30 35 a0 &
pitch (microns)

s Signal-encoding impact (digital output) | NPofbits 12 3.4 ]
. Gdigis = pItCh/ (12)1/2 Data measured reprocessed measured
igi - < | < 241 < |
= e.g. 699 ~ 5.7 um for 20 um pitch T sp S 1.5um = 2pm < 3.5um
sp

« Significant improvement in G, by increasing signal encoding resolution
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Radiation hardness

eq

Radiation hardness [n_ /cm?]

10

11

CPS performances: r.0. speed & rad.

MIMOSA-9 -

l'ﬁf

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Pitch_ [um] =

Sqrt(pixel surface)

=M= Rad. tol. hon-ionizing
—@— Rad. tol. ionizing
—_— =M - Readout speed
T n |
_‘_‘(__2 10 1 /MIMC- '::M R 5_100(
=S E @ ;
mcm ] // - )
— o
> T CBM/ALICE 100 ©
— @ design goal T E —
— X 1 e mg ! [0)
2= B i
E > / P / 26 E E
2 <14 i ©
o < ] ;
Z ° 1 Wiy [ - D. Doering, PhD-defense |
001 ., MOS i lZelirahmen dlese*Arbeﬂ I 0.1
’ 2001 2007 2010 2013 2016
Year
—a— AMS-0.35um
15 _ (10 Q- cm) =
10 "3 | —®—AMS-0.354m ] k) - ¢m) =4
e
A TOWER-018ym 1k0 - cm) 22
e
14
1 0 -; NI Ud S ——— 22 g ;
I S S———L 15 7} St — | o &
A 1.3 | — g %g
10" 1 CBM—ALICEITS (inner) ;f3 @&
. e-0 MMQ%—ZQ"(ZO‘IS) ; cz’ep! __\\:2 . »
1012 MIMOSA-15 (2006) \ B Pr-_ 2 g
“ALICE ITS (outer) 2202080 | o B
! m— S B
0
os)
£
E
uy

hardness

oo

PICSEL GROUP

anced

nolithic
SGnsors for

FAIR

15 years of experience of PICSEL
group in developing CPS

Strong collaboration with ADMOS
group at Frankfurt

r.o. speed evolution

* Two orders of magnitude
improvement in 15 years of research

Radiation tolerance
» Significant improvement with time
« Sensor validation up to 10 MRad ®
1014neq/cm2

» Adequacy to ALICE-ITS and CBM
applications



ALICE-ITS: Readout chain components

ADC

Filter

s Typical readout components

* AMP: in-pixel low noise pre-amplifier

 Filter: in-pixel filter

Zero suppression Data Transmission

e

Steering, Slow Control, Bias DAC

« ADC (1-bit = discriminator): may be implemented at end-of-column or pixel level

« Zero suppression (SUZE): only hit pixel info is retained and transferred
> Implemented at sensor periphery (usual) or inside pixel array
« Data transmission: O(Gbps) link implemented at sensor periphery

4 r.o. alternatives

« data-driven (asynchronous):
* Rolling shutter (synchronous): || column r.o. reading N-lines at the time (usually N = 1-2)
> Best approach for twin-well process

only hit pixels are output upon request (priority encoding)

= trade-off between performance, design complexity, pixel dimensions, power
e.g.: Mimosa-26 (EUDET-BT), Mimosa-28 (STAR-PXL)
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Synchronous readout Architecture: Rollmg Shutter Mode

¥ DeS|gn addresses 3 issues
* Increasing S/N at pixel-level
» Analogue to Digital Conversion
> At end of column = MISTRAL

> Inside pixel = ASTRAL
» Zero suppression (SUZE) at chip edge
MISTRAL ASTRAL

A i

Analogue pixel Binary pixel with
in-pixel discriminator

Pixel Array Pixel Array

Column discriminators Zero suppression,
Bufferization,

SEREsUpTEE Serialization

Bufferization,
Serialization

s Power vs Speed

Gl eVl ABE |

Zero suppression

Row M-1
Row M
Row M+1]

Window of 4x5 pixels

y

; -'~./'
|-||]’

» Power: only the selected rows (N=1,2,3 ...) to be readout

» Speed: N rows of pixels are readout in ||

- Integration-time (t ) = frame readout time = =

Alejandro Pérez Pérez, 4éme JCL Meeting, Mar. 24th 2016

(Row readout time)x (No. of Rows)

N



CPS @ PICSEL - IPHC: A long term R&D

T i = = Forvrs AL e

B Ultimate objective: ILC, with staged performances

\(\Q % CPS applied to other experiments with intermediate requirements
‘\)‘\QEUDE T2006/2010 STAR 2013 ,bol;,o
— EUDET (R&D for ILC, EU project) piepCl T A, O
STAR (Heavy Ion physics)
CBM (Heavy Ion physics)
ILC (Particle physics)

HadronPhysics2 (generic R&D, EU project)
AIDA (generic R&D, EU project)
FIRST (Hadron therapy)
ALICE/LHC (Heavy Ion physics)
EIC (Hadmn physics)

s T
8P Su‘LEIL g

o g SYNCHROTRON
on-9° P
HR-CMOS for “®§ Iw#li
X-rays (2018) meiSugs? .
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Example of Application : Upgrade of ALICE-ITS

e ALICE Inner Tracking System (ITS) foreseen to be replaced during LS2/LHC

— higher luminosity (= collision rate), improved charm tagging

e Expected improvement in pointing resolution and tracking efficiency

—400¢

ALICE, J.Phys. G41 (2014) 087002

‘m
g C “,. ALICE
— 5 L § B ii] ===m--- CurrentITS, Z (Pb-Pb data, 2011) |..
g C B i eeeeees- Upgraded ITS, Z
= 300 fo % §{ —— Current ITS, r¢ (Pb-Pb data, 2011) |
% L Upgraded ITS, rq
w : \ 3 = % = LR, AN
© 250
g) B
= 200
£ -
(@] L
o 150 —
100 :_
50 -
ot
10
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Efficiency (%)
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o o (=]

|
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o

ALICE, J.Phys. G41 (2014) 087002

20

: ~ Ace
j| R Current ITS
Upgraded ITS
; i .. ;: o IB: X/X,=0.3%; OB: )U)(oz 0.8%

T
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CMOS Process Transition: STAR-PXL — ALICE-ITS

Twin well process: 0.6-0.35 um

HNMOS
M- WELL P-WE B

G
/

"4

PMOS

_—
P-EPI

Use of PMOS in pixel array not allowed
= parasitic g-collection of additional N-well

Limits choice of readout architecture strategy
Already demonstrated excellent performances
> STAR-PXL: Mi-28 (AMS 0.35 um process)
=g > 99.5%, o, < 4um

> 1 CPS detector @ collider experiment

[Quadrupole well process (dg;p P-well): 0.8 um

4
* N-well of PMOS transistors shielded by deep P-well
= both types of transistors can be used

* Widens choice of readout architecture strategies

> New ALICE-ITS: 2 sensors R&D in || using
Towerdazz CIS 0.18 um process (quadru. well)

> Synchronous Readout R&D:
proven architecture = safety
> Asynchronous Readout R&D: challenging

.........

& 700 krad/ 1x10'* 1 MeV n,
Includes safety factor ~ 4




ALICE-ITS: Boundaries of the CPS Development

[

s New fabrication process (TowerJazz CIS 0.18 um)

» Expected to be ration tolerant enough STARPXL ALICE.ITS ~dded.value
» Expected to allow for fast enough readout | 0.35um 0.18 pum speed, TID, power
« Larger reticule: ~ 25 x 32 mm? 4 ML ML speed. power
twin-well quadruple-well speed, power
s Drawback of smaller feature size EPL14/20 pim =P 1880 pum SNR
EPI 2, 04 kL2 -ecm EPl ~1-8kf2-ecm SNR, NITD

1.8V operative voltage (instead of 3.3 V)

= reduced dynamics in signal processing circuit & epi-layer depletion voltage
» Increase risk of Random Telegraph Signal (RTS) noise

s Requirements of the larger surface to cover: Mainly outer layers
» Good fabrication yield = sensor design robustness
« Mitigate noisy pixels
» Sensor operation stable along 1.5 m ladder (voltage drop)
 Minimize material budget
> Minimize power consumption
> Minimal connexions to the outside

Alejandro Pérez Pérez, 4éme JCL Meeting, Mar. 24th 2016



Main MIMOSA-22THRbD detection performances (1/2)

Pixel type Pixel dim. Diode/Footprint Pre-Amp T. Clamping capa. Integ. time
MIMOSA-22THRDb7 39 pm x 50.8 pem 5/16 ,qu N-MOS MOS (N-well) 5us

MIZZTHRBT, Diode: 4 B16. % m?, Amp: 0.36/1.0um, Cap: fringe, Pitch: 39.0-50.8.m° ‘

MiZZTHRET, Diode: 4. 816, fum?, Amp: 0.3601.00m, Cap: fringe, Pitch; 39,050, Eum®

= 20,3 S o o) e, P e e o, P [ P —_= = A — = T T T T T 1 310 4
£ ol B7, PCB49: Smail diode " E°! /& ;;” § 40 |, PCB43:'Smalldiode? . = &
;E __________________________________________________________________________________________________________ - EE 107 En‘ g ] E.9:_ 10° g s 8
by T &8 S GO 210t 2 2
1 S10°E=s 2 8 “"EE ° ¢
""""""" Jo Jw*E3s g o7/ e E
] <1072, = - e 3
......... ‘.‘..J+'.. e e __g = 10-H E . c:_l 96__ 10-3 g 4 q):(-
= | = = e o |3 L]
= i Ja*™5 ¥ - 0° o 2
g _E.lu-m —2 ~ 95— 10™ 2 v
E —E 10" :1 - ; i i i i i . 10" —1
95! . : A gy S M 25 3 35 4 45 5 559 ¢
Threshold (mV) Threshold (mV)
12 2
No Irradiation 150 kRad & 1.5x10 neqlcm
s Excellent detection performances — Efficiency
= U residue
.« € > 99% & o~ 10 um (as expected) - =. Vresidue
. = Fake rate
» Good performances for radiation load relevant for outer ALICE-ITS — 4 Suze Windowss
d
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Validation of large pixel design for the outer layers of the ALICE-ITS!




Main FSBB-MO0 detection performances (1I3)

All the 6 sensor performances on the same plot
Excellent and uniform performances among sensors (thr < 10xNoise)
» detection efficiency: > 99%

— Efficiency
== U residue
- = Vresidue e gpatial resolution: < 5um
= = . Fake rate @ 10° masking

« Fake rate: < 10° with moderate (10°) hot pixels masking

. . : . 2
Diode/Footprint: 8/16 pm? Diode/Footprint: 9/13.3 um
—_— L L e T T T T T T T TT T T ] —_ 1 -— oy = TT T T T T T T T T T T TTTTT rrrrprroT T ‘.," T a _ 1 ‘E
= - - = ‘ 54 E 5 =100 =54
st I e PR S S0 g
599'87 {5.2 5 23 599'3: {5.2 5 10*2%
= = 5107 % 5 A X
£299.6 4 = - £99.6F = J10°8
i = 45 910" 3 [T 0 2 2
99.4F 4 2 < s At 708 4w
= i4_8n: 1075E 994: —,4-81 105§
99.2— S 10 © 99.2— - 1075
C —4- — - —4.6 g =<
99 ] 10 j..g 99} ] 10 sﬁ
C —4.4 107 © - 4.4 7
98.8 g 10°® S 98.81 ] 10 &
E —l4.2 > - — 107
98.6 - 10,9< 98.6 42 10_95
c —4 : ]
98.4: 3 107" 98.4- Z4 107"°
98.2" : —={3.8 107" 98.2- —3.8 10"
T T L L 1072 F 7 12
6 7 8 9 10 11 12 13 14 98 L1 I | I | I | LW | L1 I | L1 L1 Ll 3.6 10
Threshold / noise = TN 6 7 8 9 10 11 12 13 14

Threshold / noise = TN

s Detection performances stability

« Same results obtained @ DESY (4.5 GeV/c e’) and CERN-SPS (120 GeV/c ")
« Same results for different particles rates: 1 — 25 hits/frame
* Robust performances in terms of operation parameters
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Main FSBB-M0 detection performances (2/3)

s Spatial resolution vs cluster pixel size
Diode/Footprint: 8/16 pm? s Track position @ DUT w.r.t closest set of collection
N |-+ T diodes as a function of cluster pixel multiplicity
L I 0
i Mﬂi * [Tu vs Tv on matrix for Mult. = 1 Tu vs Tv on matrix for Mult. =2
w00 i | THIreshold = 9xNoise - rin
P NN L S S O B : i
Lo : : : : : - =2 2
o , | , , , P ] 5
- : : : : : oA b W
4000+ e T St SN S 8 8
L ; ! ; ; ; - 2 2
ol ]
n_ | 11 | : bl i [ i | |_
0 2 14 16 Tu position (um} Tu position fum)
# pivels / cluster

Tu vs Tv on matrix for Mult. =3 Tu vs Tv on matrix for Mult. = 4

4 Telescope pointing resolution ~2 um

4 Charge sharing depends on track
impinging position w.r.t coll. diode

Tv postion {um)
Tw position {pm)

P | --.-J

Collection diode N 10 15 20 ." ' 5

0 15 20 25 30 35 40
Tu position {um}

Tu position (Lm)
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Main FSBB-MO0 detection performances (2I3)

d Spatlal resolution vs cluster plxel size
Diode/Footprint: 8/16 pm? m—x — Residue distribution in the raw parallel direction
e e as a function of cluster pixel multiplicity
10000 = LJJLLJLI Crrton 0 N S
- : : : : : ; ; _E&:ﬂ:llm 0 Tu-huCG(DSF) for Mult. = 1 — = Tu-huCG(DSF) for Mult. =2 | ™%
000t _____T___h_r9§_h_9!_9______92&!!9@9_ : T g l=
AU e e | f
wof N f
SOEE -
_ i ; ] o | ol |
Glllllllllllllllll l"'l"'l'l —40 —=20 o 20 40 —40 —20 o 20 40
0 2 4 6 8 10 12 14 16 U residue (um) U residue (um)
# pixels / cluster ‘ ] S
Tu-huCG(DSF) for Mult. = 3 o | TUu-huCG(DSF) for Mult. = 4
4 Telescope pointing resolution ~2 um o ! ' | ok
42 Charge sharing depends on track f 47pum7 _f
impinging position w.r.t coll. diode wool 43pm3 ¢
4 Spatial resolution is mostly oo I
dependent on # pixels/cluster w00l 1 77F
s o_(Mult=1)~4.2pum< 6™ ~7.8um ] i
sp sp 200 — E ‘ g
° | L E ol 1 1 1
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Main FSBB-MO0 detection performances (2I3)

d Spatlal resolution vs cluster plxel size

DlodelFootprlnt 8/16 p,m S
Miean 2954
] 1633
1000[] T T I LI I T 17T | I I | I ! o
L ' ; ; ; ; ; : _E&E]lm! o
8000 - reren- _J____T___h_F.??f[‘.?_'_9'_______92?_!‘_‘_.9!?9__ ‘
G000 _— ------------ —
4000 __ ................ ............ ]
2000 _— ---------------- ------------ _
IR bt
0 0 2 4 14 16
# pixels / cluster

4 Telescope pointing resolution ~2 um

4 Charge sharing depends on track
impinging position w.r.t coll. diode

4 Spatial resolution is mostly
dependent on # pixels/cluster

s ©_(Mult=1)~4.2pm<c®_~7.8um

Residue RMS in the raw/column parallel direction

as a function of cluster pixel multiplicity

CG(DSF) residue width vs cluster multicity

— U direction :
-\ direction :
5.5 I — ]
i S |
E 50 —— E
= B —_—— i
o L * =
e —
45— R NS— — —
i 1= -
L \ | | | | | |

1 2 3 4 5 =6

Cluster multiplicity

s Staggering mitigates G, difference in raw/column directions
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Main FSBB-MO0 detection performances (3/3)

s Study of rad. tolerance @ T > 30 °C: loads relevant to ALICE-ITS inner layers
« Load: 1.6 MRad @ 101‘°’neq/c:m2

€

csp& fake-rate vs Discr. Threshold

Diode/Footprint: 9/13.3 pm?

€, Vs Discr. Threshold vs pixel masking

det’
\? 100 T T T T T T T T _{ E 1 E — . . . . . : .
r i 4@ S [ —_— ; o, |
0; - F———______________{H_q—ﬂ___ ] =210 : E‘JDDE Masking 0.00% .
g 98_ . 65621023 £99.8 — Masking 0.50% —|
= X = = .
g - ] _g 10°2 Egg_s = Q — Masking 1.00%
= - _ [} L C -
Eﬁ- 96 Nomask : —g é 10*: ? 99_4; - \-\I\\ —— Masking 2.00%;
[~ 20 e - mm--mm - . . T L —
- ! IR T 10 S 992- i =
94 l 5‘)(103 ______ A —|5.5 107 x 99: . \\T\ 7
L — — i | ]
— | -_*- E B BN BN B N O ; - ‘_II - . 1077 g.’ 98 8: 1 ] b\ \K .
- 1 " R S 7 - 0 ]
S S —5 107 = - 1 ! 5
K S . Rt ] o> 98.6F i ' == =
- 1 Vi o % - 10" < = | 1 -
- " ' 11x107 ] i = " " =
L 1 1 i 10 98.2- i i ]
B TR | R | TR [ R N L —12 - .
4 1 1 [ | 1 1 i | | | 1 1 1 L |
87 75 8 8.5 9 10 %87 75 8 55 e
—  Efficiency Threshold / noise = TN Threshold / noise = TN
= U residue
- - V residue - .
o e ~99.0% & <Fake> ~7x10* (1.0% masking) @ Thr = 7.9xc
= Fake rate det ™
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ALPIDE Detection Performance Assessment

e ALPIDE-2 beam tests :

- Final sensor dimensions : 15 mm X 30 mm

- About 0.5 M pixels of 27 pum X 29 pm Spacing __Diameter __ Spacing

> Various sensing node geometries studied

- Substrate reverse biased for the sake of SNR e ; o It

ie

“— default: -6V

- Possibility to mask pixels (fake rate mitigation)

“—  default: 5 0(10_3) masked pixels

epi= 25 Hm, spacing = ? Um, VBB= 'GV EF’J =25 Wm, spacing = Fd Hm

ol i 3 £ 3 L3 L3 w

2 -—
> = = = 1= = 4= ) [ = =
E E ; § 5 A W 10-2 g'J
8 0995 ; 103 T 09 v
2 = I &= = o I}
b= E % s @ T} - 10° X
T e e wE T C &
e = . = g 096— 3
S 098sE- ! L - 10 &
% ngsz— --------------------------- I — 10% g osa oot R s T e e 10° 9::
o F I F 0 5 Efficiency Fake-Hit Rate I

0975 .-m Efficienpy Fake-Hit Rate 108 iﬁ 092 ;% V=80V 10° 2
= Y - . . MNon-irradiated T L o = Vag=-3.0V . o
0,97 & . -8B 1.0:10" 1MeV njem’ 107 & = ! e Vge00V 107
E I 09— I —
E & = 3 EN = no imadiation
0985 . i 10° = . 10%
096~ % e ! 10° S ! 10°
= _ . E aomibi i N 0
0,956 E— sensitivity limit T T R 10_10 |- sensitivity imit B 157!
= 0.015% pixels masked ‘H -IT' ‘ !L'J & 0.86 [ 0.015% pixels masked \ e it g’ it 1Lt
095-|'|].||J| v bialaa ool iy g va e i Pt g ditiely 10]] PTG N N T N TR N O 1 ERT - I e O ol A I e W [ 10-21
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 §GU 600 700 800 900 1000
Mominaithreshata sewing g = 500 pA Threshold Current | . (pA) Nominaitnresnoid sewting Iryg = 500 pA Threshold Current | . (pA)
41
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CIRENE,

Performances vs ADC (for pitch = 20 um)
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CIRENE,

Performances vs ADC (for pitch = 15 um)
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Improving epitaxial-layer depletion: via sensing diode

- N A A AN x x = x A S e

Cd-109-source ﬁ

NI Ag KoK,
44444044
» Tower-Jazz 0.18 CIS process Cu-foil | - |

. 56 x 8 pixels (25 jum pitch) i¢00q AIKaKg+CUK,

¢ Pegasus-2 sensor:

. Epitaxy: 18 pm, 1 k{2 - em predominantly depleted
- TN~ 16 = 1e  ENC at 10°C

"2 1404 - —Pegasus& +rrad|ated wﬁh *Fe- s&urce
S pixel 25x25 um? |
o 120 - *sensﬂwe fayer1B i1 gwq +20°C Ao KB
i | 12" 2
1000 |- blas 12 V _____ : . <
B = 50 Ko
805‘ """ g /
60;_ _____ % 15
i T
405_ ----- gm 7 Ko
20+ : ;
[ | | . E keV]=(0.0364+0.0004) - Q__,[ADC]+(-0.004+0.05
% 200 400 600 800 1000 1200 od EneroylkeV=(0.0364:0.0004) - Q.[ADCI+(-0.004:0.05)

1 I I I
0 100 200 300 400 500 600 00
Charge colected [ADC]

single pixel charge (ADCu)
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Vertexing, tracking and alignment studies

. Tracklng with m|V|-vectors (G Voutsmas PhD thesis, now @ DESY)

1_T 1. e - - —
. 3: Tracking efficiency
D.EF_—
: FRCOD Ectng
0.4
- Ol Il - veCior Iracking
0.2
g_i l 1 | 1l
107 1 10

Ghost tracks
[ h'l
Entr 11781
Ghost tracks Mean 0473
] RMS : 104
i | | FPCCD tracking
-':l . CA mani - vechor inacking
T __-'.._:ﬁ' g e n
_ r|||:- i | ks
: T \L i JHr I
| il
0 2z - [} A_

Sample: ttbar, Vs = 500 GeV,
fast CMOS VXD,

pair bkg overlayed

= FPCCD tracking
- CA mini-vector tracking

s Alignment with mini-vectors (L. Cousin PhD Thesis, defended in 2015)

Alejandro Pérez Pérez,

Use beam-backgrounds particles

= low momentum tracks (p > few 100 MeV/c)
Quick alignment (~10k tracks/hour)

Expect a sub-micron precision

MV
Cl(Xla Yla Zl)

FchelleO

Fixe
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