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OUTLINE

* Development of the pixel sensors

* Overview of the baseline vertex detector
* Beam test of the prototype

* Summary
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2 layers / ladder

Main requirement:

CDR: critical to
provide excellent
Impact parameter

resolution

> First layer located at a radius: ~1.6 cm.

» Single-point resolution : <3 pm. ~16 pm pixel pitch

» Material budget :<0.15% XO/layer.

» Power consumption:

2023/10/11

<50 mW/cm?Z,if air cooling used
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CEPC vertex detector Requirement

Ri,~16 mm

Hit Density vs. VXD Radius

Pair Production Bkg ..
O ys= 91 Gev
& yfs= 160 Gev it

O s= 240 Gev
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Ref: CEPC Conceptual Design Report, Volume 11

1

2

3

4

5 6
D Radius [cm]

Target: small pitch, low power, light
structure and high data rate.




2015 2017 2019 2021 2023

JadePix-1 JadePix-2/MIC4 JadePix-3 JadePix-4/MIC5

MOST1 (2016-2021)

MOST2 (2018-2023)

i

AL

CPV-1 CPV-2 CPV-3 CPV-4 CPV-5

Ref: Jianchun Wang, Status of The CEPC Detector R&D, on CEPC workshop .
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= Timeline of Silicon Pixel sensor R&D

MOST?2 aims to
study the design
of a fully functional
chip to realize a
baseline vertex

detector




~2 Monolithic Active Pixel Sensor
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Standard MAPS (ALPIDE, TaichuPix1)

MAPS is a promising candidate to meet
the high speed, high granularity, small
pitch and adequate radiation tolerance.

Small electrode of the 0.18 um technology

Small sensor capacitance (<5 fF)

A quadruple well technology

Speed is limited by the depleted zone, a modified
technology can be used to have a full depleted zone.
Epitaxial layer with 25 pm and high resistivity of 1

kQ-cm, improving the radiation hardness
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s > TaichuPix sensor prototyping

* Major challenges for the CMOS sensor
« Small pixel size = high resolution (3-5 pm)
» High readout speed (dead time <500 ns @ 40 MHz ) - for CEPC Z pole
« Radiation tolerance : 1 Mrad TID

« Completed 3 round of sensor prototyping in CIS 180 nm process
* Two MPW chips (5 mm x 5 mm)
 TaichuPix1: 2019.06 — 2019.11
» TaichuPix2: 2020.02 — 2020.06
« 1St engineering run
 Full-scale chip: TaichuPix3, received in July 2022

TeeseeT Tt

257 mm

TaichuPix1 TaichuPix2 TaichuPix3 »
Pixel size: 25 pm X 25 pm C 1
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TaichuPix chip architecture

Pixel Matrix (512 x 1024) Block x4 = Pixel 25 uym x 25 um, Pixel matrix: 512x1024
| Gowl  321j6r2 Gr3 | Grd | > Fast-readout digital, with masking & testing
r . - | I I | . .
: 512 pixels i 512 pixels : : :: :: : Conflg. |Og|C
| g H I I I ) ) )
|| semor | g || csemary (||| 10 0 = Column-drain readout for pixel matrix
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I %32 32 e 1
DACs Double col. Reader Dcol. Reader ||| Dcol. Reader ||| Dcol. Reader 2 - 2-Ieve| FIFO arChIteCture
trigger and match & FIFO1 -& FIFO1 & FIFO1 & FIFO1 . .. .
| [[Rr@aomE: ] [ || > L1 FIFO: de-randomize the injecting charge
Bandgap Group Reac!out Unit 1 Group Region Region |
oot driven & Readout | | Readout | | Readout > L2 FIFO: match the in/out data rate between core
ressI IPrlotlty Ur?'.t 2 Uqlut 3 Urylt 4 .
Pixel v v v and interface
config | Hierarchical cﬁ\ta MUX 2:1 |
| | FIFO2 (256*32bit) | | = Trigger-less & Trigger mode compatible
[ slow 1T x4 .
control [Hierarchical data MUX | = Features standalone operation
5 MHz @ trigger . . .
CLK40 MHz TcloTck : 4’!—1@_—‘120MHz@trigeer'ess , » On-chip bias generation, LDO, slow control, etc.
PLL [— generator Serializer Periphery
05
O

Ref: http://dx.doi.org/10.1016/j.nima:2022.167442.
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Characterization for the TaIChUPIX chlp
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Detection efficiency and cluster size
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~<» Overview of a baseline vertex detector R&D

* Can break down into sub-tasks

» CMOS Pixel Sensor chip R&D
» Detector Module prototyping

Full size vertex detector prototype

_ » Detector assembly
CMOS pixel sensor

prototyping

VY

~ Detector module
(ladder) prototyping

The 13th International Conference on Position Sensitive Detectors
2023/10/11 St. Catherine’s College, Oxford, Sept.03-08,2023



FPGA board

Ladder readout system

Flex

Interposer Interposer

: Flex .
Intemal detector FPGA board

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

» Detector module (ladder) = 10 sensors + readout board + support structure + control board

» Sensors are glued and wire bonded to the flexible PCB, supported by carbon fiber support

» Signal, clock, control, power, ground will be handled by control board through flexible PCB

Challenge:

* Long flex cable = hard to assemble & some issue with power distribution and delay

* Limited space for power and ground placement

Solution: Readout from both ends, readout compose of three parts, careful design on power f}fﬂ?e

placement il
The 13th International Conference on Position Sensitive Detectors
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~Z9 Laser test for detector module

Fundamental readout unit

;
|
i
z
i
i
—

500 ]

”CEPCV” pattern by scannlng Iaser on dlfferent ChIpS on Iadder

Functionality of a full ladder fundamental

readout unit was verified

> Configuring 5 chips in the same unit

> Scanning a laser spot on the different chips with a
step of 50 um, clear and correct letter imaging observed

> Demonstrating 5 chips working together, one e oD
ladder readout unit working = =

The 13th International Conference on Position Sensitive Detectors
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A full ladder includes two identical

fundamental readout units
> Each contains 5 TaichuPix chips, an
interposer board, a FPGA readout board



Double sided one ladder

Module fixation and protection components

] 3 3 " ,] o

» An ultralight ladder support is designed to
place flex PCB on both sides.

» Tooling for specific process were designed.

» Wire-bonding for 10 chips on a flex board
can be done in IHEP lab

Ladder support FPC Sensor Wire bond

Designed by Jinyu Fu,

Ref: https://doi.org/10.1007/s41605-021-00310-4
: P
‘-_.-J S—
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Preparation for the VXD prototype

After installation, flex boards were  The guter barrel is under installation

tested one by one

For DESY beam test, a
7/‘ p— special flight ticket was
,l'/l’A bought for VXD (Vertex

The transparent Cover serves as a The full VXD setup was measured at Detector) prototype. =T
ventilation duct lab Lt r

2023/10/11 The 13th International Conference on Position Sensitive Detectors
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Introduction of DESY TB21

\ TEST BEAM » Electron-positron synchrotron DESY |

» Beams are converted bremsstrahlung

e g - \
oo oY \ \
- - . )
Lz , X iy o
3 J . \
.

."
-

Secondary

*' / beams from carbon fibre targets
- Target o,
rimary ' 2
Target » Up to 1000 particles per cm

» Energies from 1 to 6 GeV,

e DESY'II\\‘ |

» Energy spread of ~5% and a

Ref: Test Beams at DESY divergence of ~1mrad.
https://doi.org/10.1016/j.nima.2018.11.133

(D
(0
o
RN
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https://particle-physics.desy.de/e252106/

Only two chips were * All equipment fits in the 3D

assembly on one flex board stage at DESY TB21 hut.
* A bigger collimator
(2.5x2.5cm?) was used to
focus on the center of two
TaichuPix3 chips.
* The outermost layer
temperature was reduced to

‘ 28°C from 40°C with the fan
| Beam spot

e or dry ice.
Collimator

The 13th International Conference on Position Sensitive Detectors
St. Catherine’s College, Oxford, Sept.03-08,2023

2023/10/11



eft

er_IP27 t( chip 12)

Resolution 4.93 um

. L1/L

eft

a\ er_IP27 ( chip 9 10)

,Ll/Rig

ght

col
adder_IP28-out-(chip 1 2)

| eft

spatial resolution at DUT [um]

-]

o
(-]

o
'y

o
L)

o

by
L]

B
o

=
S

-
)

FS

Ladder_IP29-in-(chip 1 2) x10°
512 CroTT T —
384 F ]
] 80— —
% i?g- . L3/ I-eft E Data 3
0 E . 3
o — — —
- 70 E Fit =
Ladder_IP29-out-(chip 9 10) = .
60— pur = 493 £0.0(star) um -
50— = <
col E 3 -
Ladder_IP30-in-(chip 1 2) - =
512 40— —
384 y E 7
xR L4/Left :
0 30— =
0 1024 F =]
P LadderﬁlPBOfou\In-(chlp 9 10) 20 :_ _:
384 E =
S - - -
IR B 16/Right of- E
0 1024 2048 F [ A [
| | N R R I
LadderﬁlPSl‘?ln%chlp 12) -0.06 004 003 002 001 B 0 01 OEOZI 0 03 0 0? 35
: L5/Left o
£ =

col
Ladder_IP31-out-(chip 9 10)

_Preliminary

N I R

-4 -2

2023/10/11

y local [mm]

Made by Shuqi Li

21 chips are working on

___|L0-L1 [L1-12 [ (2-13 [13-14 | 1415

the prototype. L(mm) 212 206 3746 206 212

Beamline spot was
recorded correctly.

On flex is set as DUT, the
rest chips are set as a
telescope.

Spatial resolution is around
5um

L5/Right
= 1 R EREE >
6Ge\’"e ................... .................... ---------- -—o-—v x~d|rectlon """"""""" _:
‘ | e Y-dlrectlon .

Preliminary offline results indicate
a good performance for the vertex

detector prototype.
Jor —~
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Cluster

* Cluster size decreases with
rising threshold.

* Overall cluster size of full
depletion is smaller.

Detection efficiency

« With increasing threshold,
the efficiency decrease

«  Maximum eff. for DUT 4 IS
99.1%, maximum eff. for
DUT,is 99.2%.

* More offline analysis is
undergoing.

DAC code of ITHR
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Summary

 Full size TaichuPix prototype is developed and tested, which shows a good spatial
resolution(< 5 ym ) and radiation hardness.

» First CEPC silicon vertex detector prototype was realized

» Two setups are tested in DESY |l TB21 beamline, which indicate a spatial
resolution better than 5 um , and detection efficiency better than 99.5%.

Vertex detector prototype(2023)

The 13th International Conference on Position Sensitive Detectors
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L lest beam contribution at DESY TB21

On Site team (DESY) Remote support

Joao (IHEP) Project leader «  WeiWeli, Ying Zhang (IHEP) ASIC

Zhijun Liang (IHEP) test beam coordinator * Jun Hu, Ziyue Yan (IHEP) firmware
Tianya Wu (IHEP) Shift leader , ASIC expert  Hongyu Zhang (IHEP) DAQ

Ming Qi (NJU) Shift leader « Jinyu Fu, Mingyi Dong (IHEP) Assembly
Lei Zhang (NJU) Shift leader « Gang Li, LinhuiWu (IHEP) Offline
Xiaomin Wei (NWPU) ASIC experts « Yiming Hu, Xiaoxu Zhang (NJU)...

Jia Zhou (IHEP) DAQ
Xinhui Huang (IHEP) Assembly |
Shugi Li (IHEP) Offine B S S

Wei Wang (IHEP) Offline S i L = 1
Hao Zeng (IHEP) Offline F— N e e T S ||
XueWei Jia (IHEP) Offline

-
o
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Thanks for your attention!
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~ "Motivation

» TaiChu silicon pixel detector

Introduction

Building a standalone offline analysis framework for CEPC vertex detector TaiChu pixel chip test beam

Track reconstruction

no magnetic
straight line fit

no considering multi-scattering currently

Track alignment

correction for the misalign chip position
misalignment effects the resolution of detector
find the solution of real geometry for global tracks based on global x?

Pixel size: 25 um

Theoretical resolution: 25um/sqrt(12) ~ 7.22 um

g
real geometry
- - real track j

~,

assumed geometry
- - real track j

Residuen

- The experimental resolution should be better than theoretical resiqual distance of measured hit with the intersection oirg.taojj-tre

resolution due to charge sharing

in the measured chip

\-J'ﬂ‘ /



e 3 Track reconstruction
» Setup
- 6 layer chips
- 4cm between each other

- electron beam energy 3-6 GeV
- One of the chips is the detector under test (dut), the others are the telescope

» Steps for track finding and reconstruction

- Finding hits in every chip with same time stamp of FPGA (+/- 1)
- Forming adjacent hits into a cluster
- No considering multiple clusters on one chip for one track currently

> Track fitting

- least squares line fitting
x =alz + bl; i X
y = a2z + b2;

" fxi, a) —e)? Z
Chi2 definition:  x*(a) =) Al 0)2 , b)igmax = sigmay = 25um/sqrt(12)
=1

1




Track alignment

g,j?
» Method - millepede matrix method
p: alignment parameters, q: track parameters
. minimize: X°= Y. FV'F risresidual r;(,q;) ,Vis the covariance matrix
i€ tracks
dX*(E L e dXY(B) n - VL) ap = IV iRy
d(p) 0 — XE=XE+ TS (BB — o
p p=Pq Cap=0b

. invert the Matrix C to find alignment correction Ap

- reduce matrix C for alignment onlv

S= C,,—C,C5 C,,
O -S§'C,,C . .
= ~1 T A1
— Ap,=S (b1_021022b2]

AP, S ‘

b,
b

v

-

AP,

o C;?j Cz1 8_1 ‘ 6521 o C;?j Cz1 5_1 C; ng 2
Beam dwecﬂ@p

21 D,
- Matrix S with smaller size than C, and C22 is easy to invert
» Six alignment parameters considered [

Translation along X, Y, Z direction

Rotation around X, Y, Z axis



=  Offline reconstruction and alignment

Track Reconstruction

* No magnetic field
* |east squares fitting (Straight line fit)
* No considering multi-scattering now

Beam particle position 2cm x 2cm

Alignment
* Using Millepede (c++ version) matrix method

* Correct for the misalignment chip position
. Evaluate the mﬂuence of dlfferent alignment parameters on spatial resolutlon




F Preliminary spatial resolution with laser

- - ® |aser was scanning with a

. 0 step of 1 um on the back of
- the TaichuPix2.

o o ® Trace of two pixels’ response

can be figured out clearly on

risew
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@
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w

N

the hit map.
h_deltaX h_delta¥

250/ Entries 3200 | gog[— Entries | 3200 . :

- Seve 4z | . v ois @ Preliminary analysis of the
200/ 00 data shows a spatial

- | 200 resolution less than 4.5 um.
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Detection efficiency

- Efficiency definition:

Nmatched Tracks

|«'Emeas yYmeas

—Tpre Ypre I <d

€=

Ny

Tracks

el

- with increasing threshold, the efficiency decrease

* minimum eff. for DUTa is 97 %, minimum eff. for DUTg is 89%
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