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e |ntroduction to MAPS

 R&D MAPS for STCF
— Introduction to STCF and the tracking requirements

— CharTPix overview ._ .d 5 g% It
— MAPS simulation study g ./ Super Tau- Charm Fac:hty
—

— CharTPix prototype chips design
— CharTPix-TJ-v0.1 preliminary characterization results

* Prospect of MAPS development
¢ Summary
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Introduction to MAPS
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Tracking and Vertexing

« Tracking and vertexing are indispensable for a typical collider experiment

« Excellent impact parameter resolution is mandatory for reconstruction of secondary
vertices
— Heavy flavor vertex (c and b vertex)
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https://cerncourier.com/a/tracking-the-rise-of-pixel-detectors/
https://cds.cern.ch/record/1505342

Silicon detectors

« Widely used in HEP experiments for vertexing and tracking
— High signal-to-noise ratio
— Excellent spatial resolution (better than 10um)
— Excellent timing resolution (better than 1ns)

— Compact, high-rate capability, readout speed, radiation hardness ...

p—n Junction with reverse bias

Reverse Bias
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Common silicon detectors types
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European Committee for

Common silicon detectors types

Solid state detectors for future (4D) trackers
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Silicon pixels: Hybrid vs Monolithic

Radiation hardness
High hit-rate
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Granularity, Low mass

(a) Large fill-factor
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Hybrid pixels:
- Radiation hard
« Mature technologies, widely used in
ATLAS/CMS/LHCb
« Disadvantages :
« Hybridization: complex, expensive
» Relatively large material budget

Monolithic pixels:

* High granularity

« Low material budget

« Lower cost, based on commercial
CMOS technologies

« Disadvantages :
 Less radiation hardness
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Evolution of silicon detectors in HEP

* CMOS MAPS
¢ Silicon-on-insulator pixels
e Vertical 3D integration

e Silicon strips
* Multiplexing ASICs
e CCDs

* Hybrid planar pixels
* Drift detectors

* DEPFET

e Hybrid 3D pixels

* Depleted MAPS
* Fast-timing detectors

* Hybrid MAPS
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The Challenges of a Vertex Detector
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lon. Dose [Mrad per

per lifetime] lifetime]
LHC (1034 cms") 2 x 10" 79
HL-LHC (103° cm-2s-1) 2x107 >500
LHC HI (6 x 1027 cm2s-1) 101 0.7
RHIC (8 x 1027 cm2s™) few 1012 0.2

[SUPErKEKB (T0% M2y | =3X 107 | 10—

ILC (10%* cm2s1)

1012

0.4

CEPC

2~6x1012

1~3 Mrad/year

» Conflict between physics performance driven parameters
and running condition constraints
» Ultimate performance on all specifications cannot be reached

simultaneously

* There is no single technology best suited to all applications
* Motivation for continuous R&D
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 |deally one would to achieve:

— Low capacitance - low power consumption

— Good S/N
— ~ns time resolution

— High rate-capability (>10 MHz/mm?)

Monolithic pixels

- No unique solution for all yet,
but some aspects addressed

— Full depletion - radiation tolerance »
« DEpleted P-channel Field Effect Transistor(DEPFET) p
Eloate et - — - LSI Circuit _~|
— : +source o gate - = oS g
Eg. Belle2 vertex detector : clear | mrgra oY T mgs_srmzs/:tl
« Silicon-on-insulator (SOI) R B R/ e Y
. CM O S 50~500u0h (Buried p-Well) i “
Si Sen_sq( _-
— High-resistivity CMOS \,?:f:’r:;f';zn? i el : Li )
. _ t & / L
— ngh-voltage CMOS E:g:ffﬁn';ﬁfg Chafsd Pt Y. Arai, VERTEX 2013
Al deposit (X-ray, Electron, Alpha, ...)
P*back contqct
DEPFET SOl
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CMOS Technology

» C.M.O.S. = Complementary Metal-Oxide-Semiconductor | 2 e stacked

i e Resolution,|0.64um Pixel Pitch| Stacked
NMOS PMOS Back-llluminated CMOS Image Sensor
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Technology x market
penetration

1 Artificial intelligence era

Cognition era

Sensing & computing era

Augmentation L.
capability Why is it so popular?
- * Reliable (industry-standard)
ADAS level 4 . - '
. o EREE Low-power consumption
Drome ® A¢|:As level 3 /N * Low-cost

ADAS Level 2 il

assistance ysis

« Scalable (millions of transistors are integrated
into a single chip)

P - Robotic Ambiant
cameras . buttt intelli " , | |
Aogmented uedter i} intelisseg » Moore’s law: The number of transistors in a dense
YRS S ey ~integrated circuit (IC) doubles about every two
g 4 years
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https://www.techinsights.com/blog/sk-hynix-hi-5022q-128-format-50mp-resolution-064mm-pixel-pitch-stacked-back-illuminated-cmos?utm_source=&utm_medium=website&utm_campaign=&utm_term=&utm_content=

CMOS MAPS

« CMOS pixel sensors exploit the fabrication processes used in industry for mass
production of integrated circuits

« CMOS MAPS: sensor + FEE in the same die

— Integration of sensitive volume (epitaxial layer) and front-end read-out electronics(FEE) on the
same substrate Sensor ~ CMOS FEE

P —A

n-well transistors n-well
diode NMOS PMOS diode

‘ = Vest
p-well p-well | n-well p-well —
i ’ S VBB

deep p-well deep p-well

- diffusion
epitaxial layer P- N NA ~ 103 ¢cm™3

substrate P++ NA ~ 1018 ¢m™3
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https://cerncourier.com/a/alice-tracks-new-territory/

MAPS Process Evolution
1¢ generation of CMOS MAPS, 2000 2 generation of CMOS MAPS, 2010

Twin well process: 0.6-0.35 um Quadruple well process (deep P-well ): 0.18 um

= - VN

| __|
PM

DEEP P-WELL

A |
e

4
» Use of PMOS in pixel array is not allowed:
any additional N-well used to host PMOS « N-well used to host PMOS transistors is shielded by
would compete for charge collection with the deep P-well
sensing N-well diode - Both types of transistors can be used
* Limits choice of readout architecture strategy « Widens choice of readout architecture strategies

» Already demonstrate excellent performances
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STAR Heavy Flavour Tracker (HFT) at RHIC

* |nstalled in 2013, the first MAPS based vertex tracker at a collider
experiment

— MIMOSA family developed by IPHC Strasbourg

— 0.35 um twin-well CMOS technology (N-well, P-well)
« With only NMOS transistors, not fully CMOS
— Charge collection mostly by diffusion

* Pixel size 20.7 um x 20.7 um (hit res. 6 um)
* Rolling shutter architecture (185.6 us)
e Chips thinned to 50 um
356 M pixels ~0.16 m2
» Material budget: 0.37 % X, per layer
« Radiation environment:
« 20~90 kRad / year
« 2x10"~10"2 1MeV ng,/cm?
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https://arxiv.org/abs/1710.02176

ALICE ITS2 Upgrade
« |TS2: an all-pixel version based on MAPS

#54 Outer Barrel layers (OB)

Technolo Hybrid, drift, stri MAPS
8Y Y P 1% X,
Layers 6 7 /
Spatial resolution 12 pm x 100 pm 5umx5pm
Radius 39-430 mm 22 mm =400 mm
Pseudorapidity -1<n<1 -14<n<14 Resn pipe
Material budget ~1.14% X, ~0.3% X, (inner barrel),
~ 1% X, (outer barrel)
Readout capability 1 kHz >100 kHz (Pb-Pb), 3 Inner Barrel
>1 MHz (pp) 10 m2 sensitive area layers (1B)
24120 CMOS Pixel Sensors 0.35;/3 0
~12.5 Gpixels é?“ﬁﬁ
vl cm
< 1 ©20cm
# STAVES: 48 42 30 24 20 16 12
# CHIPS: 9408 8232 3360 2688 432

Fully installed and operational since May 2021
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ALICE ITS2 Upgrade: ALPIDE

ALPIDE(AL|ce Pixel DEtector) technology Parameter Value
Tower Jazz CMOS 0.18 um

Chip dimensions 15mm X 30mm (re X z)
« High-resistivity (> 1kQ cm) p-type epitaxial layer (~25 um) Spatial resolution 5pum
on p-type substrate Detection efficiency >99 %
* Deep p-well allows to have PMOS and NMOS inside the Fake-hit rate <1 %108 /event /pixel
pixel cell Power density <40 mW/cm?
» Pixel pitch ~ 30 um TID radiation hardness >270krad
« Small n-well diode (2 ym diameter) - low capacitance - NIEL radiation hardness >1.7 x 10'* 1 MeV n,,/cm?

large S/N

NWELL NMOS PMOS
DIODE TRANSISTOR TRANSISTOR

L PWELL

NWELL

DEEP PWELL

Epitaxial Layer P-

ALPIDE chip: 1.5cm X3cm
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ALICE ITS2 Upgrade: ALPIDE

ALPIDE development: large investment of efforts and time

Inner-most Iaye r. . [ | J 20um x 20pm and 30um x 30um pixels (analogue readout)
. 2012 Explorer i i i itivi iati
e Power denSIty P pixel geometry, starting material, sensitivity to radiation
<40 mW/Cm2 Matrix with 64 columns x 512 rows
22 um x 22 um pixels
. 0
° X/Xo 035A3 2013 | pALPIDEss-0 ] In-pixel discrimination and buffering
Zero suppression within pixel matrix
First full-scale prototype
2014 [ pALPIDE-1 } Pixel pitch: 28 um x 28 um
Other 4 sectors with pixel variants
0.7 il . . .
B Carbon 1 register/pixel, no final interface
~ 064 Aluminum
Al : gif':on 4 sectors with pixel variants
c 05 Silicon Apr 2015 | pALPIDE-2 J Optimization of circuits
*E mean = 0.35 % Allowing integration in ITS modules
z %41 No high-speed serial output
T 03
= )| 8 sectors with pixels variant
< 02 Oct 2015 | pALPIDE-3 | || communication Features
o1 (no ADC, no Temp Sens)
00 — Aug2016 | ALPIDE | ° 'I“:";& Plxel v ‘; e L o
Azimuthal angle [ ] iy All features and optimization A B w @f‘fl’"‘f A
5/15/2025 Lailin Xu 19


https://indico.ihep.ac.cn/event/6618/contributions/86024/attachments/45065/51817/W_Snoeys_CEPC2017.pdf
https://indico.ihep.ac.cn/event/6618/contributions/86024/attachments/45065/51817/W_Snoeys_CEPC2017.pdf
https://indico.ihep.ac.cn/event/6618/contributions/86024/attachments/45065/51817/W_Snoeys_CEPC2017.pdf

MAPS development for CEPC

* Detector Key Specifications and Ref-TDR

1250 TPC r,""‘“e’"
E o (e 55
Technologies o o
System uht:‘;l;
Baseline Backup / Comparison eI
Beam pipe ®20 mm i , | L) . |
Vertex CMOS + Stitching CMOS Si Pixel SillGan Tnner Tracker (k)
CMOS Si Pixel ITK | SSD + RO Chip, CMOS SSD Z. Silicon Outer Tracker
— OTK
Pixelated TPC PID Drift Chamber | (OTK)
Tracker
SSD / SPD OTK
AC-LGAD OTK
LGAD ToF
Vertex
detector Tpc
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MAPS development for CEPC: vertex detector

. i 356 x498 pixels of 20x29 pm?2 TaichuPix3 Vertex prototype with
Key S pECIflcathnS: Oy~ 3-4 um, o;~1 s, ~0.1 W/cm? 1024x512 array of 25x25 um? TaiChuPix3
H 1 H ;L | (i B A IH| r i B B
» Single point resolution 3~5 um L. e 1 .
« Low material (0.15% X, / layer) JadePix4

* Low power (< 50 mW/cm?)
« Radiation hard (1 Mrad/year)

2015 2017 2019 2020 2021

«

JadePlx-l

Based on TowerJazz
180nm CIS process

s e =:== e R i S|

JadePix- -2/MIC4 JadePix-3 JadePix-4/MIC5
Testbeam measurements:
spatial resolution ~ 5 um,

efficiency > 99%

180nm CIS process

= 200nm SOI process o

CRY=1
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MAPS development for CEPC.: inner tracker

CEPC Ref-detector Inner Tracker, key challenges

« ~15 m? - cost-effectiveness crucial

« <10 um spatial resolution required by momentum resolution
« Afew ns timing resolution to tag 23ns bunches at Z-pole

« Low material budget (<1% X, per layer)

IHEP, CAS /KIT /

Team: wg
COFFEE 2

= Cmos sensOR IN
Zhejiang U/HunanU/ FIrSt HVCMOS 55nm F|FTY-F(::I§ Nl: PROCESS
Shandong U/ NPU / Pz ety
Dalian Minzu U - - Breakdown at -70V

Goal: Full-size full

- Responsive to laser, X-ray F incteoriing Sansor

and beta-ray sources

chip ~2027
COFFEE1 - COFFEE3
- Prototype in LL E=EN ! - Two pixel arrays with I

process data-driven readout i i
- Validation of deep g - Designed for good timing i
N-well structure resolution and moderate

- Breakdown at -9V ' power consumption

charge

signal CMOS
electronics

o p - substrate

Based on SMIC 55nm
HV-CMOS process
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STCF and the tracking requirements
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Super Tau Charm Facility (STCF)

e £

A next-generation high-
Linear accalprator Damp ring Storage ring luminosity e*e~ collider
“400-m ~1000m | operating in the t — charm
A e energy region

 Energyrange: E_,= 2-7 Ge
* Peak luminosity >0.5x103°cm=2 s at 4 GeV
« Potential for an upgrade to increase lumi. and realize polarized beam

- 1 ab' data expected per year

« Generate an unprecedentedly large number of 7 leptons, particles made of ¢ quarks
« Important playground for study of QCD, exotic hadrons, flavor and search for new physics
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Conceptual design

e Solid angle coverage: 93%-4r (polar angle: 20°~160°)
= Inner tracker(ITK) Particle identification(PID)
« <0.35%X/layer « /K (K/p) 3~4c sepa. up to 2 GeV/c
185 cm e ——
wgem " i . Electromagnetic calorimeter(EMC
WZ/////WU Main drift chamber(MDC) 9 ( )
e e . 7111 UL+ 0y <130 um « Erange:0.025~3.5 GeV
] * o,/p~0.5% @ 1GeV * o @1GeV: Barrel 2.5%; Endcap 4.0%
* dE/dx ~ 6% « Pos.res.:5mm
Muon detector(MUD)
gz £  04~20GeV
3 3 3
* T suppression > 30
FRONTIERS OF PHYSICS ‘ . P | Volume 19/Issue?lE14501o/F2‘0.:4
STCF concep’rucl design repor'f (VOlUﬂ Process Physics Interest Optimized Requirements
W Physics & detector Sub-detector
T — Kmv,, CPV in 7 sector, acceptance: 93% of 4r; trk. effi.:
JIy — AA, CPV in hyperon sector, Tracker > 99% at pr > 0.3 GeV/c; > 90% at pr = 0.1 GeV/c
Front. Phys. 19, 14701 (2024) Dy tag Charm physics op/p =0.5%, 0y = 130 um at 1 GeV/c
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Detector considerations

a(p)p

A

« Tracking challenges at low p+
— Momentum resolution: Multiple Coulomb scattering

o
g
-

total error

— Track reconstruction efficiency

* Low material budget is essential (PP

ALICE ITS2 Upgrade Tracking Performance :

BESIII tracking efficiency 1.14%X, > 0.3%X, (inner layers)

)

N
o
o

S 1 1 L ] %_ r ALICE o\o 100 [+ttt oldsii——et b
(i) L | i L ~1350F ---@--= Current ITS, Z (Pb-Pb data, 2011) |.. =
(D I_._ 8 E """"" Upgraded ITS, Z L>)‘
N =) i —&— Current ITS, rg (Pb-Pb data, 2011) | - 80 =
.9., 08 I~ : PrOton (_:D 300 ; Upgraded ITS, rg %) |
%_,‘\ | @ 250f | = ALICE
E o [ Lu 60 B
’_UJQ 06 N I £ 200 [ Current ITS
! —— D € C X Upgraded ITS
i 1 ata S 150 F 1‘.. ______________ 401 IB: X/X,= 0.3%; OB: X/X = 0.8%
04- 1 5 e
I ﬂl ~MC 100} . w0l i
0.2 bbb 50: \'\__‘. [
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Conceptual design of the MAPS tracker

« To meet the physics requirements of the Inner Tracker:
— Tracking efficiency: >99% @ p; > 0.3 GeV/; >90% @ pr > 0.1 GeV
« A preliminary design of the MAPS based Inner Tracker (ITKM)

— Three layers of silicon pixel detectors, with radii of 36mm, 98mm, 160mm (beam pipe: 30mm)

— Acceptance: polar angle of 20°~160°
« Total area: 1.3m?

Layer (R;s::;] S Length (cm) | Area (cm?)
1 36 19.8 447.5
2 98 53.9 3315.9
3 160 87.9 8838.6

Geometry/layout still being optimized
Might extend to 4 or more layers

5/15/2025
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Design targets

* Requirements on the STCF MAPS

Power consumption: < 100mW /cm?
Material budget per layer: < 0.35% X,
Spatial resolution: < 30um

Time resolution: < 20ns (to deal with the pileup issue at high luminosity)

Hit rate capability: > 1MHz/cm?

— Time-over-threshold (TOT) measurement: o 35
= —a— 400 kHz physical events rate
« Time-walk correction 3 030- | T /
« Correction of multi-coulomb scattering in track finding & os- |
E 0.20- -
Probability of pileup(with an event rate of ‘g 6101 | -
400 kHz @ Jip, bunch crossing of 4ns): % | ] __—
* 4% within 100ns £ Goor/’”
* 8% within 200ns L 1000
Time window (ns)
5/15/2025 Lailin Xu 28



MAPS R&D for STCF:
CharTPix overview

5/15/2025
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MAPS R&D roadmap

Unlike hybrid pixels, where the sensor and ASIC

. . readout can largely be designed and optimized
Physics requirements independently, MAPS integrate the sensor and ASIC,
{} requiring a fully co-designed approach

MAPS technology: CMOS MAPS also heavily relies on the underlying
HRCMOS or HYCMOS fabrication technology and process

@ % Large fill-factor: HV-CMOS

MAPS sensor design MAPS A§IC chip * Pros: tlmlng,.radlatlon hardness |
design « Cons: capacitance, power consumption

Small fill-factor: HR-CMOS
* Pros: spatial resolution, capacitance, power

e o haoe - consumption
electronics electronics « Cons: timing, radiation hardness
. \, To reduce the power consumption, a small fill-factor
o PR prsubstrate design is preferred for the STCF MAPS
(8) Large fill-factor (b) Small fill-factor (Similar to the MAPS technology for ALICE and CEPC)

5/15/2025 Lailin Xu 30



MAPS R&D roadmap

NWELL NMOS PMOS
DIODE TRANSISTOR / TRANSISTOR

MAPS ASIC chip

HR-CMOS is based on the commercial
CMOS imaging process (CIS), but the

oW
PWELL NWELL

design 0 W original CIS process is not ideal for MAPS:
@ h = Very thin epitaxial layer (a few um) = limited
CMOS technology LS AN amount of ionized charge carriers

%

4 Foreign mature I

* Very low resistivity (~Q -cm) = limited depletion
zone, charge carriers transportation dominated
\ by the slow diffusion

Domestic technologies

technologies under development - Only three wells (N-well, P-well, Deep N-well)
Tower 180nm CIS HLMC 55nm CIS - only NMQOS transistors can be used
Need process modifications:
TPSCo 65nm CIS GSMC 130nm CIS - Thick epitaxial layer: ~ 20 um
" ~ ) « High resistivity (> kQ -cm)
Nexchip 90nm CIS * Quad-wells (N-well, P-well, Deep N-well, Deep P-well)
Needs lots of recourses and investment, and most
IRay 180nm CIS f : . L
oundries are reluctant to customize the fabrication
process
5/15/2025 Lailin Xu 31



Sensor design

« Layout and geometries of the sensor design is crucial for the performance
— Diode shape/size, deep P-well, distance between the diode & the deep P-well, etc

— Doping concentration, depth, etc

ALPIDE design team has done lots of optimization and provides a good

reference

28 um collection electrode

2 x 2 pixel
volume

Artistic view of 0 '\§ g Cin=5fF
SEM picture of , \ e
ALPIDE cross section Q,. (MIP)= 1300 e

Not to scale

» V=40mV

Spacing Not to scale

IRESET
PIX_IN VRESET

Lol | -
. m e “D
deep pwell N, ~ 10 cm3

~ 1013 ¢m-3
epitaxial layer Na ™~ 10%cm

N~ 108 cm3

Diameter

« Small pixel size: ~ 30um X 30um
« Diode: hexagonal, diameter 2um
« Spacing: 3um

5/15/2025
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CharTPix Sensor design

 Pixel size considerations

— Higher priority on the power consumption than the spatial resolution = larger pixel
size to reduce the power consumption density

— Three different designs

« Pixel-based: analog connected small pixels (1 X 6 - 1,2 X 3 - 1) using metal lines
» Strip-based: extended diode size in one direction
« Superpixel based: digital connected small pixels

ALPIDE-like Pixel-based Strip-based
e | Emetal I E
A: pixel B: Pixel-based C: Pixel-based D: Strip-based E: Strip-based
30um X 30um \1 80um X 30um 90um X 60Mmj \ 180pm X 30pum 90pum X 60um

5/15/2025 Lailin Xu



n-well
NMOS PMOS electrode

Design technologies

* Three different CIS technologies are being explored

— Default: 180nm CIS with high-resistivity epitaxial wafers
« Resistivity: = 1kQ - cm; epi thickness: ~20 um

depletion
region

p” epilayer

p* substrate

Vsub
* Eg: Tower 180nm(ALPIDE) * Mature technology, well validated NMOS  PMOS elll‘fri\'ée
* Foreign technologies [ L TR
— 90nm CIS with low-resistivity epi wafers: “egon.
« Resistivity: = 10Q - cm; epi thickness: 10~20 um p epi layer
* Domestic technology under development
* Performance limited by the low resistivity Ve
« Advantage of smaller process node NMOS  PMOS e.Z'cfri\'ée
— 130nm CIS with high resistivity substrates: — ,
« Resistivity: = 1kQ - cm, no epi layers I
 Domestic technology under development \\
* Advantage of smaller process node T

5/15/2025 High voltage beneficial to improve the tlrlmg ;I)\eurformance (eg. MALTA2) ™ 24


https://arxiv.org/abs/2501.13562

CharTPix protypes

Prototype MAPS design under three different

technologies
TowerJazz180nm
« Mature process in HEP NexChip BCIS90nm -GS|I_VIC1?SHT1
(ALPIDE, TJ-Monopix)  Local techno Qca echno
. Baseline techno  Low res EPI (100 - cm)  High res substrate, no EPI

* Low res substrate + high res
(>1kQ - cm) EPI

llllllllll

Submission in Jan
2025

Submitted in September 2024
Chip being returned in May 2025

Submitted in March 2024
Chip returned in Dec 2024
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MAPS R&D for STCF:
Sensor simulation study

5/15/2025
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Sensor simulation methodology

« Simulation plays a key role in MAPS design and optimization

— Developing a new sensor is a highly complex process and sensor submissions are time-consuming
and costly
— Necessary to precisely simulate the sensor response to charged particles
« TCAD(Technology Computer-Aided Design): model semiconductor devices using finite
element methods

— Electric field and electrostatic potential

%-
=
~

— Transient simulations of sensor response as a function of time
* Monte Carlo: stochastic response based on Gean4
* Combination of TCAD and Geant4 is preferred

5/15/2025
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TCAD simulation

TCAD simulation in different technologies
« Pixel size: 30pm X 30um L[S 2.71F
. BCIS90nm 1.7fF
* N-well size 2um
GSMC130nm 2.7fF

« NW-DPW spacing 2um
Vi = 0.8V Vo, = —6V

o BCIS90nm "
TJ180nm GSMC130nm

5/15/2025 Lailin Xu 38



TCAD simulation

« Strip Sensor

« Sensor capacitance

Rectangular: 30umx=180um
Diode : 2umx150um
Spacing: 2um

-6V bias

Depletion depth: 12um

1.163e+14
111111111
111111111

Pixel-based

-1.165e+17

Strip-based

XZ plane

LR

Pixel-based pIX6| 12 fF e B ——

Strip-based pixel: 30 fF

Single pixel: 2 fF

[49]

Z
-1.278e+00

YZ plane o

-3.882e+00

-5.184e+00
l-6.4569+m
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STCF ITKM simulation

« MC simulation of the entire inner tracker system under the STCF simulation framework
— OSCAR: the offline software of Super Tau Charm Facility

Chip + Flex + Carbon fiber support
— ~0.27% X, for layer 1&2
— ~0.29% X, for layer 3

MIP: 1Gev u~ perpendicularly, randomly incident
 lonization & charge collection simulation

 Full digitization process considering pre-amplifier response | 2cm

5/15/2025 Lailin Xu 40
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STCF ITKM simulation

P' el t pe o Efficiency of three |ayers + » . Residual RPhi RMS Map (position) in um
° IX y : 3 -025 mu_layer1 '8_350 B : e
&) 1.01 5 -+ mu_layer2 g 20
— TJ180nm, 170umx30um, n-well connect 2 | o e | 18
_ _ _ S T i 250 |- 16
« Simulation settings: ol ok 14
097 1 by - 12
— 1GeV u~, 6 range 20°-160° T 10
. 095 B 8
— Pixel threshold: 300e vesl | 100 - 6
osaf f 50 4
ool Lo V1 B 2
0 20 40 60 80 100 120 140 160 180 0 C E 0
thet 0 20 40 60 80 100 120 140 160 180
v Average detection efficiency 99.2% h o theta
‘/ Y : . _ Residual Z RMS Map (position) in um ResidualTime_total
Position resolution: o, = 33.5um, £ oo T 45000
O-Tphi — 68‘[[]’)1 200 ; ] & 40000?
v' Time resolution (sensor only) 7.1ns ol 8 w
200; s 30 25000;
150; : = 20000 -
- B 20 =
A MAPS based Inner Tracker can meet oo 8 o
the physics requirements of STCF 50" " so00r
00: 2 ) 40 60 80 100 120 140 0 180 0 95_6‘ ‘_‘A(‘)‘ ‘_‘:‘30 _26‘ ‘_‘1‘6‘ | ‘(‘)‘ ] ‘1‘0“ | éo 3‘6 ] ‘4|0‘ ] IE’O

time (ns
theta (ns)
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MAPS R&D for STCF:
CharTPix prototype chips design

5/15/2025
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Prototype chips

» Designed 4 prototype chips based on the TJ 180nm technology
— Chip 1: ALPIDE-like small pixels, 0/1 digital readout
— Chip 2: large pixels (96um x 60um, Strip-based + Pixel-based) with TOA+TOT readout
— Chip 3: large pixels (170um x 31um, Strip-based + Pixel-based) with TOA+TOT readout
— Chip 4: 3T analog readout (5 types of sensors)

Pixel-based Strip-based
diode metal
b |EEEEEE : | |
A: pixel B: Pixel-based C: Pixel-based D: Strip-based E: Strip-based
300m X 30cm 1800im X 30om 900m X 60om 1800am X 30om 900im X 60om
Chip1 Chip2 Chip3 Chip4
Pixel size 1 5g 1430.1 96.4x59.6 170.0x31.0 Mixed
(umxpm)
Sensor ALPIDE-like | Strip-based | Pixel-based | Strip-based | Pixel-based Mixed
Pixel array 16x30 8x12 8x12 60x8 60x7 Mixed
Readout Token Token Token Analog readout Total area: 5 mmx5 mm
ToA & ToT X \ v X Submitted in 2024 Q1
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CharTPix-TJ Chip4

» To study performance of different pixel layout
« 5X%9 array for each type of pixel

« Pure analog readout: source follower + matrix parallel readout

991.6
- i :
Penpher\;//RES I VoD 1 Ere] Periphery
VD
IBIASil l:D|
[: ROW_NSEL COL_NSEL
1
) } out
oy OUTA
~
n
u ’_‘ l: u Calumn:1 o i : : : : 1 1 T T T
Signal ;(l; SEL —l_ | | | ! | 1 T T T T
injection L COL_SEL I I I I I 1 1 1 1 1
[ e[y 12 —————t——
El2=2 1 1 1 1 1 1 1 1 1 1
I I I I I 1 1 1 1 1
vss _ vss Column
ROW: circuit i i i i i 1 1 1 1 1
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CharTPix-TJ Chip2,3: Readout architecture

* |In-pixel circuits
— Analog amplifier, comparator

— Priority readout
— SRAM, ROM
— Charge injection

» Digital readout
— End-of-column driver
— Column level priority logic
— Data processing module

ROM_ROW

i

SRAM_LE

Edge

SRAM TE
Detector —

Wv

Digital Logic

g

A |

C ntrol ignaT

VA /

Token

out

— Serializer 0N L] e
— PLL, LVDS - N
» Analog configuration = FLSM | Ul FuSM 1 pa FuSM u, Ul FuSM
- VDACX2, IDAC | Gray Coun Driver é\ﬁ/'7
— Bandgap, EoC current mirror - i Data Processing
- I2C PgL‘L Reos P* | Config *
« Test points —
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CharTPix prototypes

Foreign mature Domestic technologies
technologies under development

Towerdazz 180nm

Nexchip BCIS 90nm GSMC 130nm

Submission in Jan 2025 Submitted in September 2024
Chip being returned in May 2025

» To verify process modification « To verify the novel

Submitted in March 2024
Chip returned in Dec 2024

A 2nd version is also being . I(r?-loi?(zi \[;g(g) ts-ivr\;]e”r)ove i SuperPixe concept
submitted with many improvements ' P P 9« To verify the high-resistivity
performance (6ns expected) substrate process

5/15/2025 Lailin Xu 46



MAPS R&D for STCF:
CharTPix-TJ-v0.1 preliminary
characterization results
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Chips received in Dec 2024
« Chip3 is being tested now

Test system

MAPS test system
(developed from the JadePix test system)

» Test preparation for the other three chips ongoing

CharTPix-TJ-v0.1 chips

—_—
1d Cooco0o0O00OOOOODO
olo'olololo|olo@[ojojo 28
.

Carrier board

Oscilloscope Power supply

TN wv-«-.»--—--—‘
\& [ [/ e

i =
N =
)
Y — = /
F W - 24 . /
W& v% -S> ®y
e ———— N
= 8

After wire bonding

FMC

Carrier board Mother board
Connector

FPGA PC
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MAPS characterization

Basic functionality verification: Working point tuning:

’+  DAC setting of analog front-ends

<z

« Chip configuration

Tokenin
Data Bus
" ROM_ROW 1]
SRAM_LE |-
Edge SRAM_TE |-
Detector

Digital Logic [
! \
Tokenout

.* Verification of allmodules ) \< Threshold, noise(ENC), fake-rate /

'

Performance measurements: ~\ | || || |

« Basic properties: threshold, threshold RMS e -
and temporal noise “
« Charge collection efficiency 0 e ]

FSM FSM

» Detection efficiency | Amplifier

| Comparatorpvop
Spatial resolution | B'M‘JMO 'TﬂEW 0|7

; SF
k Timing resolution / o 5 [ e

Methods: ) VCASEI‘%ZCL;, -------- § , i [ o
« Radioactive source: Fe-55 (X-ray), Sr-90 (B-source) i 4[%“”6 il |]

. Laser EE i

.* Testbeam ) b Msljr MASKEQ ASKTA;ASK%W
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Cross-talk problem

« Initial test of Chip3 indicates the chip is generally functioning well ©

» But unfortunately a cross-talk problem is found &

— The in-pixel digital circuit (comparator, priority logic) can induce charges on unfired pixels
— The issue has been thoroughly investigated
— Problem identified and fixed in a new version of design

 For now, can test only one pixel at a time

WLWﬁSj[ip;piaigggi”W””i WW”W?”Jﬁﬁﬁjwfyfj Pixel m_ RoV_Row ||

JL

—>
SRAM_TE 1
Comparator Detector E _

Control signa¢ i
AV

SRAM_LE (-

Pixel-based o] Sensor

0giC |

SUB
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Threshold and noise

 Use the “S-curve” method to measure the threshold and noise

« Chip can be operated up to -6V

SCurve_Row_1_Column_1

>
O

5

= -

5 T [
0.8

0.4

ROW

! |

0 b . A . | P
0 200 400 600 800

Prelim

ROW

Threshold Map Calibrated

P
8 9

Temporal Noise Map Calibrated

10 11 12 13 1

Entries
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Strip-based
Bias/V | Thr mean/e | Mismatch/e | TN/e
- -2 343 8.2 45.5
e — -
325 8.7 37.0
295 8.9 34.3
298 10.6 36.8

Pixel-based
Thr mean/e | Mismatch/e | TN/e
268 7.2 16.1
235 2.8 15.3
212 0.8 15.4
178 5.3 11.3
oo n e -6 182 7.1 12.1
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Laser test results

* Pico-second infrared laser can be used to excite charge carriers inside the sensor
— Beam spot size can reach ~10um; laser intensity tunable
— High-precision 3D motorized translation stage (step size < 1um)

Laser

generator

Fiber Trigger

Laser
(3D translation stage)

+

y

uator

MAPS Data
carrier board

« Calibrate the laser intensity using the S-curve method (laser
intensity - induced charge)
« Use the laser as the trigger to measure the detection efficiency
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Laser test results: efficiency

Efficiency

Efficiency

y(mm)

16.2-

|
¢ o =
@ effidency

16.151

With laser intensity o
equivalent to 600e- o
(~0.375MIP) 16f

15.95F

s 91.62% 70.22%

30um *

15.9F 0.1

15.37 15.38 15.39 15.4 15.41 1542154315441545

x(mm)
Pixel-based Efficiency

[ | L1l | I ‘ L1 ‘ I ‘I
15.37 15.38 15.39 15.4 15.41 15421543 1544
x(mm)

Strip-based

Efficienc

y(mm)

0.9999
0.9999

0.99985
0.99985

With laser intensity 161
equivalent to 1600e-
(~TMIP)

0.9998 0.9998

0.99975 0.99975

0.9997 99 . 99%

0.99965

Almost 100% efficient! h 0.9996

0.99955

0.9997

99.99%

0.99965

0.9996

o
& 8 0 __ [ _ L N I BN I N . ¥ I ___ [ I B N |

0.99955

=i
=)
(@)
!:_)
S

|\\\ \\\\-II\\ \\\\\ll
15.3715.3815.39 15.4 15.4115.4215.4315.44

5/1 5/2025 15.3715.3815.39 154 411215431?(::#”) Lailin Xu x(mm)




Laser test results: timing resolution

* The laser test system can also be used to measure the timing resolution
— The laser trigger to provide a reference time (with a 320MHz clock)
— Measure the time difference between the ToA recorded by the MAPS and the

trigger Timing resolution better than 40ns with the laser intensity
Laser trigger  MASP signal equivalent to 1600e- (1MIP)

1 /\‘ In-pixel timewalk RMS (ns)

15.43

row directionfmm)

35

15.425

30

15.42

20

15.415
15.32

]
[
0
]
] 749
] 15.41
0
r|—!|_m_|‘_|_'|_'|_'|_‘ 15.2 15.22 15.24 15.26
] @) O ol direction(mm)

o P[ﬁ@ﬂumm@w
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Prospect of MAPS development
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CMOS MAPS development trend

1st generation of CMOS MAPS 2nd generation of CMOS MAPS

MIMOSAZ28 (ULTIMATE) in STAR@RHIC ALPIDE in ALICE ITS2@LHC

* Twin well 0.35 ym CMOS * Quadruple well 0.18 ym CMOS
* 21 um pitch « 30 um pitch

* Integration time 190 us * Integration time <10 us

« 150 mW/cm?2 power consumption « 40 mW/cm?2 power consumption
* NIEL: few 10'2 1 MeV n,/cm? * NIEL: few 103 1 MeV ng,/cm?

> What’'s next?
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CMOS MAPS development trend

Driver 1. commercial CMOS technology evolution 40eeS
 CMOS technologies with smaller feature size (28nm?): é&“:@
» smaller transistors, more metal layers < é&“”

=
»> faster read-out, higher circuit density, lower power 5“" S
o

consumption Spatial resolution

« Stitching with wafter scale chips

owaConsumption

Driver 2: requirement from HEP experiments

» Faster readout speed - smaller feature size, process modification
* More radiation hard - process modification

193pnq [BLIDIBIA
Radiation hardness

- Better spatial resolution - smaller feature size A 7
« Lower material budget - stitching Readout speed g
& &
S
Ru““‘éoé“
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MOre radlatIOn hard | 2.5t generation MAPS

Dose Fluence

 Radiation tolerance: (MGy) (10 1 MeV n,/cm?)
— CMOS circuit typically more sensitive to ionizing radiation  ALICE ITS 0.01 1073

LHC 1 0.3
— Sensor to non-ionizing radiation (displacement damage)  wi-LHC 3ab-! 5 1.5

. . . Central tracker FCC 400 60

» How to improve it? Full depletion! e
— More radiation hardness S
— Better time resolution o b

...................................
......

— More efficient charge collection - better efficiency 3 R S—

4 ==*- Additional p-implant ]

“***- Gap in deep n-implant]
1

« Need process modification S

Integration time [ns] ]

00— ——— T
NWELL COLLECTION NWELL COLLECTION ® E ]
hMOS PMOS ELECTRODE NMOS pMos  NWELLCOLLECTION NMOS e ELECTRODE = = ~ o5- W2R1+W4R2 (10" nfem?) 3
T T e 1 - - L] — ELEC.'TRODE — — . i . = = %) FG— B
| T ' =T - T . ] i $ c E 3
L PWELl:J NWELL ik | PWELL | NWELL | | PWELL NWELL |/ | :[ PWELL NDWEDLL J PWELL | NWELL || = |_PWELL | NWELL 8 gor E
DEEP PWELL . DEEPPWELL ~ DEEPPWELL T DEEPPWELL [ CCLUDEERPWELLLZ222 .~ DEEPPWELL . e F o2 E
v g 3 i E W =
i LOW DOSE N-TYPE IMPLANT 85 EE E
; \ LOW DOSE N-TYPE IMPLANT | gD %3 E
' ¢ ! i = . =
] ‘ ‘ : - 28 M S E
] i DEPLETION DEPLETION i =
1 { | BOUNDARY BOUNDARY [CIE v =
| DEPLETED ZONE y { DEPLETED ZONE ! DEPLETED ZONE 70F E g
\ 1 ' = -
\ i E o Large trans. 3
b DEPLETION f 65— . A Large trans. + extra p-well —]
P= EPITAXIAL LAYER BOUNDARY P= EPITAXIAL LAYER | P= EPITAXIAL LAYER E O Large trans. + n gap E
60 o e Stdtrans. E

= 4 Std trans. + extra p-well
S5E- m m Std trans. + n gap

Standard, Modified with a n-planar layer, Modified with a gap, L R
not fully depleted (ALPIDE) fully depleted under bias Further improvements

R N
500 600
Threshold [e]]
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Lower material budget

Material effect dominates the tracking performance at the low momentum region

How to reduce the material budget? Silicon Genesis: 20 micron thick wafer
* Reduce power consumption = air cooling!
« Reduce support materials - event self-supporting!

0.8 0.8
Other Silicon
—— mean = 0.05 % e
0.7 s Water 0.7 1 ° CYlindrical Structural Shell (CYSS) ——8
I Carbon
Aluminum
~ 0.6 - ~ 0.6 1 >
v = Kapton v Half-ring
= B Glue =
£ 0.5+ Silicon £ 05
w
~ —— mean =0.35% % Longeron
g o4 £ 041
8 8
g 0.3 < 0.31 Half-layer sensors
< K
X 0.2 < 0.2
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AL I C E ITS 3 \é\ﬁiirl nSéj:ale sensors with

(@) I 3
] 2] [1
Design Reticle
i (typ. 2x3 cm)
il
I
X
H S
ITS2 half Inner barrel ITS3 Engineering Model 1
0.36% X, per layer 50 um thick sensors ~ 0.07% X, W
: Material :0.09% X, per layer
radius 1st layer = 24 mm aterial budget:0.09% X, per laye J o
1 st |ayer 24 mm =219 mm @
10-1 Irradiation comparison
Region 2, top
Pitch: 22.5 pm
1072 _ Type: 2.5 pm gap
£ split 1
g 107 § 1o, =100 DAC
g 107* % :::e; Tfalr?abDlgc
g = Venin = 145 DAC
- 100 Vo = varaple
S g0l S . VN s T893 FHR requigment | ;¢ 8 T=27°C
9 : B, “u\ =
T gg K ' “m. e -7 —#— Detection effici
Prlmmmmnymte e Th [V e
86 - " ] = P 1078 —4— Non-irradiated
W o
84 Assc;igtion window: ;qso um‘.'Mﬂéked.f;ej;perda;asezzsi(o,flg,d,n) \313()‘_ 3; o Lo i iOMl\rflar:d
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Enabling 4D tracking

Current LHC: ~25 vertices

HL-LHC  SPS FCC-hh  FCC-ee  CLIC 11 Col.
Fluence [n., / cm?® / y] 106 10%7 10" <10" <10"
Hit rate [s 'cm 2] 2-4G 8G 20G 20M 240 k
Inn. tracker [m?| 10 0.2 15 1 1
Out. tracker [m?] 200 - 400 200 140
Pixel size [pm?] 50x50  50x50  25x50  25x25  25x25
Time res [ps) 50 40 10 1k 5k 50-100
R&D activities in sensors for 4D tracking

Precision timing at the level of 10-30ps will be a game-changing [ Hybrid ] m
capability > LHCb VELO Upgrade Il is aiming this!

p « / \
++ + + E + [ oah ] [ No gain ] [ Sl ] [ No gain

+ + . .+ Tracks obtained
+ + + LN combining only time-
* ﬁ\ compatible points 3
(N Standard Resi
IS esistive Si Det. Planar BiCMOS BICMOS CcMO S
Isolated (AC & DC) Si/Diamond SI,’DIumond (SiGe) (SIGe)
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Enabling 4D tracking

NWELL COLLECTION

NMO "M_O B EU::gRODE - - NWELL COLLECTION
W = - i B = NMOS PMOS ELECTRODE
| PWELL ,’ 1’; ‘ | PWELL NWELL = = . — )

| _DEEPPWELL ...~ . DEEPPWELL

VVVVVVV DEEPPWELL

LOW DOSE N-TYPE IMPLA}
DEPLETION

BOUNDARY

e® %LOW DOSE N-TYPE IMPLANT

DEPLETED ZONE

p-type Bulk
P= EPITAXIAL LAYER

P- EPITAXIAL LAYER

MAPS with internal gain: 4D tracking!

LGAD (low-gain avalanche diodes):

ultra fast timing silicon detectors MAPS: excellent spatial resolution

(~30ps unirradiated) 450
. ] —4— Al Vigp = 45V
Tmoﬁ”;‘ﬁ HGTD Preliminary TestBeam 200 —— A2 Vigp = 45V
Qo [ -@- FBK-UFSD3.2-W19 (-40 to -30°C, DESY 2022) | | H
s 90f -¢- USTC-IMEV2.1-W17 (-39 to -24°C, DESY 2022) . . . E ] MadPIX
g | + mepmeewra oo oesvae) | CMOS MAPS with internal gain looks very  g.1  LF110nm CIS process
P Irradiation = 1.5x10'°nggem=2 | o : . E .
3 | - «¢M" 1 promising, but still many challenges: 2 | Pitch 150 x 250 um?
70 B . . . . = 300 1
g | k. 1+ Process modification and verification 2%
= e 4 e - . E
S S N, { + Front-end design 250
50; \‘“w—— “’ ----- oo 0 7 ;
401 - 200

3 4 5 6 7 8
Threshold [mV]

:\\\HH\HH\HH\HH\HH\HH\HHM:
307500 250 800 850 400 450 500 550
Bias Voltage [V]
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MAPS development in China

« CERN has been leading the 3 generation MAPS technology development
— 2nd generation MAPS technology already very matures (ALPIDE in ALCIE ITS2)
— 2.5t generation also validated (Depleted MAPS)
— 3rd generation: 65nm CIS process with stitching under very rapid development (ALICE ITS3)

« Unfortunately, no mature 2"¢ generation MAPS technology available in China yet

« Fortunately, many R&D ongoing

— Lots of efforts on HR-CMOS development, eg:
o JadePix, TaichuPix, MIC for CEPC
* NuPix for HIAF
 CharTPix for STCF
— MAPS with stitching
« BESIII inner tracker
« CEPC vertex detector for Ref-TDR
— HV-CMOS also actively being developed (CEPC tracker, LHCb mighty tracker etc)
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Summary

« CMOS Monolithic Active Pixel Sensor, a cutting-edge technology, offers a promising
option for vertexing & tracking detector in future collider experiments

— Already successfully applied in HEP experiments (eg ALICE ITS2) with high detection efficiency and
excellent spatial resolution

— Also proposed for future experiments: ALICE ITS3, ALICE3, CEPC, STCF etc

A MAPS based inner tracker is also proposed for the Super Tau-Charm Facility
experiment
— Existing MAPS could not fulfill the STCF requirement
— Intensive R&D ongoing, with a focus on development of domestic technology
— Preliminary test results promising

 Future R&D
Spatial resolution: < 30um
B Fu”y depleted MAPS  Time resolution: < 20ns

— Stitching with wafer scale sensors, bent sensors \ & Y
— CMOS with internal gains for 4D tracking

ﬁront. Phys. 19, 14701 (2024) D

Power consumption: < 100mW/cm?
Low material budget per layer: < 0.35% X,
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Backup
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Pixels for HL-LHC

€ ol Atiasammm | mmeman] | ATLAS:
— E Pixel Strip HGTD  ITk simulated passive material; 2 il .
1200 - n=05, =10 =15 = « ~ 165 m? silicon strips
’ e T ] 0] « ~ 13 m? silicon pixels (currently 2m?2)
: Outer pixel layers (O(10m?))  Inner layers (O(1m2))
25 * NIEL = 10" ng,/cm? » NIEL = 5x1075 to 2x106 n,,/cm?
= « TID =100 Mrad e TID =1 Grad
e - rate = 300 MHz / cm? * rate = 3-4 GHz / cm?
'4'(;00 CMS:

z [mm] « ~ 220 m? silicon strips
« ~5-6 m? silicon pixels (currently 2m?)
LHCb U2 VELO ASIC

— — — LHCb
equiremen scenario scenario
P'ql itch [pm ] <5§ <4Z Upgrade 1:
ixel pitch | pm < < T . - .
Lifetime fluence [1 x 10161 MeV nq /cm?] > 6 -1 * VELO: silicon strips = silicon pixels
TID lifetime [MGy] > 28 >5 « Tracker Turicensis - Upstream Tracker
Sensor Timestamp per hit [ps] <35 <35
ASIC Timestamp per hit [ps] <35 <35
Eit Efficiency [;%] w > gg > fla‘j)l Upgrade Il:

i < < . . .. . .
by 2O }I:;ffesgzppi)](el ikt = 350 - * VELO with 4D tracking, <50ps timing resolution per hit
Max discharge time [ns] <29 <250 o UT with CMOS
Bandwidth per ASIC of 2 cm? [Gb/s] > 250 > 94

* SciFi =2 Mighty Tracker (HV-CMOS + SciFi)
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ALPIDE features

The ALPIDE architecture: based on in-pixel hit discrimination and
zero suppression readout by priority encoding

1024 pixel columns

0 Or

512 rows

LICIOIET - - L)

o R
LG LG
O0O00---0O00

OO0 G000
CCICIC)- - CICIC)C)
OO0 ---0000

0000000

_‘
_‘

T T

Bias, Readout, Control

Front-end: continuously active,
low-power, in-pixel discriminating

Input stage VPULSE_*

cinj

T160 aF

Reset

Pixel analog
Front end

OUT_A

A_ Collection
electrode

;//

: Multi event
: buffer
|
|
\: OUT_D STATE
>| Comp >q r Memory S
/ | STROBE
1
|
I ||
I
Performance:

 Threshold 92e, ENC 2e (simulation)
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Other MAPS development
[ Chip | Process | Pxclamay | Pirelsize | Maininstitute | Target | Comment |

MIMOSA28 350 nm OPTO 928 x 960 20.7 x 20.7 ,umz IPHC rad. hard STAR TW|n We”
WCPS 350 nm OPTO 644 x 3600 30 x 120/160/200 um? SDU/IHEP/HIT low material budget Stitching HR-CMOS
ALPIDE TJ 180 nm 512 x 1024 28 x 28 um? CERN high granularity ALICE ITS
2 rad. hard .
MIMOSIS TJ 180 nm 504 x 1024 30.24 x 26.88 um IPHC . . CBM Micro-Vertex
high granularity
MALTA T) 180 nm 224 % 512 36.4 x 36.4 um? CERN high granularity HL-LHC Quad-well
TJ-Monopix2 TJ 18 Onm 512 x 512 33.04 x 33.04 ,umz CERN/Bonn rad. hard HL-LHC H R-CMOS
o IHEP/IFAE/CCNU/SDU/N  High granularity, rad.
2 ’
TaichuPix TJ 180 nm 512 x 1024 25 x 25 um WPU/NJU hard, Fast readout CEPC
MiC4 TJ 180 nm 128 x 64 25 x 25 pm? CCNU Fast readout CEPC
2 A .
JadePix3 TJ 180 nm 192 x 512 16 > 26 um” IHEP/CCNU/spy  Position resolution and CEPC
16 x 23.11 um low power
Nupix-Al 130 nm 128 x 64 30 x 30 um? IMP SLIMP heavy-ion experiments HIRFL & HIAF
ATLASpix3 AMS/TSI 180 nm 372 x 132 150 x 50 ,umz KIT/CPPM rad. hard ATLAS
> rad. hard
RD50-MPW3 150 nm HVCOMS 64 x 64 62 x 62 um RD50 . . HL-LHC FCC
high granularity
MuPix10 TSI 180 nm 250 x 256 80 x 80 um? University of Heidelberg rad. hard Mu3e HV-CMOS
LF-Monopix2 LF 150 nm 340 x 56 50 x 150 #mz Bonn rad. hard HL-LHC
MightyPix1 TSI 180 nm 320 x 29 165 x 55 um? University of Liverpool rad. hard LHCb upgrade
hi'ghgﬂﬂ'ulﬂﬁty,‘hm
SOFIST SOI 200 nm 128 x 128 36 x 36 umz KEK ILC
readout SO|
CPV-4 SOI 180 nm 128 x 128 21.04 x 17.24 lum2 IHEP high granularity CEPC
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Detector considerations

* Physics requirements

BESIII tracking performance

** No stringent requirements on vertexing

Sub-system BESIII . . .
** The main challenge is the tracking at the low
Single wire 6y (um) 130 momentum region ( p; < 100 MeV)
MDC 6,/p (1 GeV/c) 0.5%
O (dE/dx) 6 %

Vertex resolution: 04y ~0.2 mm; 0 ,o ~ 1.mm

. Optimized .
Process Physics Interest Requirements

Sub-detector

T — Kmv,, CPV in T sector, acceptance: 93% of 4m; trk. effi.:
JIy — AA, CPV in hyperon sector, Tracker > 99% at pr > 0.3 GeV/c; > 90% at pr = 0.1 GeV/c
Dy tag Charm physics op/p =0.5%, 0, =130 um at 1 GeV/c
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Detector considerations

The challenge at the low py region
— For BESIII, the tracking efficiency drops sharply below 100MeV
There is strong physics motivation to go to low pt region

« Excellent impact parameter resolution is mandatory for reconstruction of
secondary vertices

S I | e
> 1 i r——
1 112 oo . 102 e - 8 [
1.00 é ° ° P 1.00 L . . 6 > [ I'—o—
ok 10 ° . 2 3 0.98 - L E 08k | Proton
> E o i = 3 A = O o
& 0.96 4 2 096 ° = |
= = 3 ) = A ® < -
2 094 F 4 209 5 3 - |
2 F A 1 & F A RUNI = @ -
g 0.92F 4 RUNI 4 £ 0.92F g I
= 0.90 - ® RUNTI 3 @ o090f ® RUNTI = Rp 061 |
Z 088 F 94 £ 088F . . i D t
£ 086 F protons 3 E osef p1ons = ' ~Uadld
0.84 | 4 osfas = 04 :
0.82 (a) 3 0.82F o (b) = ——
0 80 :| ...................................... :. 0.80 :1 |||||||||||||||||||||||||||||||||||||| ; _._I S — MC
Y02 03 04 05 06 07 08 09 0.10 0.15 0.20 0.25 030 0.350.40 0.45 0.50 . oM
transverse momentum/(GeV/c) transverse momentum/(GeV/c) 0. 20 ' (') ‘1 '0 2‘ 6 :'3 6 4 'O 5‘ (') é 'O 7' (') '8 0 '9 : 1

BESIII tracking efficiency,

Chin.Phys.C 40 (2016) 2, 026201 p(p): p Track [GeVic]
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Detector

considerations

* Tracking challenges at low pt

— Momentum resolution: Multiple Coulomb scattering

— Track reconstruction efficiency
* Low material budget is essential

12 9. o B
L
U(p) ( ) track error MS

@@

pT

o(p)/p

track error N Jrqﬁ[m]pT [GGV] 790

~ 0.3B[T)(LIm])2V N +4

o(p)

pT

Position resolution: O(10um) on hybrid and down to
O(1-3um) on MAPS

o(p) ™ 0.0542  [Xeor

pr | BBILMV Xo

Multiple scattering: Thin detectors on light carbon fiber supports

Xtot/Xo: Total material budget
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MC simulation

 MIP: 1Gev u~ perpendicularly, randomly incident

 lonization & charge collection simulation under the STCF simulation framework
— OSCAR: the offline software of Super Tau Charm Facility

detection_efficiency 0

o
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« Good detection efficiency for all technologies except
for BCIS90, >98% @300e threshold

« Spatial resolution: 4pm ~ 8pum in the 30um pitch
direction ;

« In the 170um pitch direction, spatial resolution ~30um s
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https://arxiv.org/abs/2211.03137

STCF ITKM simulation

« MC simulation of the entire inner tracker system

« Chip + Flex + Carbon fiber support o LT P e
— ~0.27% X, for layer 1&2 e
— ~0.29% X, for layer 3

- Full digitization process considering pre-amplifier response

TOA vs charge TOT vs charge
_§
= 1>f10 h_m.a_\rs_charga . 40>f
g F Entries. 8915 E g
= Mean
= 0.9: Mean o0 = 35
D.B; sdbavs 9294 [0
H Sud ¥7.4182-08 30
0.7H
o ai 0c 25
05K 15 20F
0 3:_ 10C C
- 10f
0.2k F
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0.1F E
0:\||||IIII|IIIIII\IIIIIIII 1 I o 0 0 ||||||II|\III||||||||II|II\I|II|||II\I|IIII|IIII 0
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charge(e) charge(e)
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ALPIDE Development

CERN

Design team from CERN, INFN, CCNU, YONSEI, NIKHEF, IRFU, IPHC

( )
20 pm x 20 um and 30 x 30 ym pixels (analogue readout)
2012 L EXDlorer )1.8x1.8 mm?2, study of pixel geometry, starting material, radiation
I ( \
Matrix with 64 columns x 512 rows, 22 ym x 22 ym pixels, 11 x
2013 . pALPlDESS-O ) 1.8 mm?, in-pixel discrimination and buffering, zero suppression
|
_ First full scale prototype! 28 um x 28 um pixels, 15 x 30 mm?,
2014 pALPlDE 1 four sectors with variants, 1 register/pixel, no final interface
[
8/2015 p ALPIDE-2 Full scale prototype, four sectors with variants, optimisation of
circuits, integration in modules, no high speed serial output
Full scale prototype, eight sectors with variants, all
10/2015 pALPl DE-3 communincation features, no ADC, no temperature sensor)
[
8/2016 ALPIDE Final chip

¥

P.Riedler, CERN Detector Seminar 25

April 28, 2017
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Tracking

* Momentum resolution

30 |
9
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o (p) track error N O'frq‘)[m]pT [GGV] 790

pT
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Position resolution: O(10pum) on hybrid and down to
O(1-3pm) on MAPS

MS 0.0542 Xeor
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Multiple scattering: Thin detectors on light carbon fiber supports

Xtot/Xo: Total material budget
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Standard process:

Process modification: simulation

Standard — ALPIDE like sensor

Magdalena Munker
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Expected tracking performance for STCF

Front. Phys. 19, 14701 (2024)
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