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Development and verification of key technologies for 
high-energy Circular Electron Positron Collider

Verification of technologies in three fronts: 
— Accelerator: Several prototypes will be produced (low-field magnets, vacuum 

chambers, electrostatic separator 
— Calorimeter: High-granularity hadronic calorimeter prototype based on 

Scintillator+SiPM technology 

— Pixel detector: This project 
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Research team from China
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Funding from MOST
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Requested 
M元

Granted 
M元

Granted 
M$USD

Task 1: 
Accelerator 10 9.74 1.5

Task 2: 
Pixel 12 12 1.9

Task 3: 
Calorimeter 10 9.71 1.5

Total 32 31.45 4.9

Additional sources of 
funding required

Funds do not include 
salaries for staff, but include 
a small amount for postdocs 

and students



MOST — Pixel project requirements

— Complete the prototype of inner silicon track detector, verify the main design 

indicators through test beam 

— Spatial resolution is 3-5 microns (μm);  
— Design a silicon detector with 1MRad Total ionization dose; 

Interpretation of what consists a prototype was very much left open 

Spatial resolution requirement ambiguous: point resolution, or track 

resolution
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Vertex Detector Performance Requirements

Target: ✿ High granularity; ✿ Fast readout; ✿ Low power dissipation; ✿ Light structureStatus of CEPC vertex detector R&D in ChinaNov.7th , 2017

Detector Requirements

4

• Efficient tagging of heavy quarks (b/c) and τ leptons

impact parameter resolution

• Detector system requirements:

– σSP near the IP: <3 µm
– material budget: ≤ 0.15%X 0/layer 
– first layer located at a radius: ~1.6 cm
– pixel occupancy: ≤ 1 %

~16μm pixel pitch

power consumption

< 50mW/cm2 , if air cooling 

used

~ μs level readout

Target: fine pitch, low power, fast pixel sensor + light structure
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Efficient identification of heavy quarks (b/c) and τ leptons

Resolution effects due to 
multiple scattering

Intrinsic resolution 
of vertex detector

Specs Consequences
Single point resolution near IP: < 3 μm High granularity
First layer close to beam pipe: r ~ 1.6 cm

Material budget/layer: ≤ 0.15%X0
Low power consumption,  

< 50 mW/cm2 for air cooling

Detector occupancy: ≤ 1% High granularity and  
short readout time (< 20 μs)

Continuous
operation 

mode

Dominant for 
low-pT tracks



Baseline Pixel Detector Layout
3-layers of double-sided pixel sensors

✦ ILD-like layout
✦ Innermost layer: σSP = 2.8 μm
✦ Polar angle θ ~ 15 degrees

Implemented in GEANT4 simulation framework (MOKKA)

DETECTOR PERFORMANCE STUDIES 13

R(mm) |z|(mm) |cos✓| �(µm) Readout time(us)

Layer 1 16 62.5 0.97 2.8 20
Layer 2 18 62.5 0.96 6 1-10
Layer 3 37 125.0 0.96 4 20
Layer 4 39 125.0 0.95 4 20
Layer 5 58 125.0 0.91 4 20
Layer 6 60 125.0 0.90 4 20

Table 4.1: Vertex detector parameters

embedded in the jets. For CEPC operation at the center-of mass energy of 240 GeV, those
tracks are often of low momentum, for which the multiple scattering effect dominates the
tracking performance as illustrated by Eq. 4.1

The CEPC vertex detector layout has been fully implemented in the GEANT4-based
simulations framework MOKKA [2]. In addition, as inspired by the detailed studies for
the CLIC detectors [3], fast simulation with the LiC Detector TOY simulation and re-
construction framework (LDT) [4] has been used for detector performance evaluation and
layout optimisation. The preliminary studies for optimisation to evaluate the sensitivity
of the results on the chosen parameters had been done, for the purpose of assessing the
impact of the detector geometries and material budgets on required flavor-tagging perfor-
mance. However, beam-induced background was not included at the moment.

4.3.1 Performance of the Baseline Configurations

The impact parameter resolution following from the single point resolutions provided in
the table 4.1 is displayed in figure 4.2 as a function of the particle momentum, showing
that the ambitious impact parameter resolution is achievable.

4.3.2 Material Budget

The baseline design includes very small material budget for the beam pipe as well as for
the sensor layers and their support. To assess the sensitivity of the performance on the
amount of material, the material budget for the detection layers of the vertex detector has
been varied. The resulting transverse impact-parameter resolutions for low-momentum
tracks are shown in Figure 4.3. When increasing the material of the detector layers by a
factor of two, the resolution will be degraded by approximately 20%.

4.3.3 Dependence on Single-Point Resolution

The dependence of the transverse impact-parameter resolution on the pixel size was stud-
ied by varying the single-point resolution for the simulation of the vertex layers by worse
of 50% w.r.t. the baseline values. The resulting resolutions for high and low track mo-
menta as function of the polar angle ✓ are shown in Figure 4.4. The resolution for
track momenta of 100GeV is found to change by approximately 50% in the barrel re-
gion. Here they exceed the target value for the high-momentum limit of a⇡5µm for both
pixel sizes, as expected from the corresponding single-point resolutions. For 1GeV, where
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➢ 	Integrated	sensor	and	readout	electronics	on	the	same	silicon	bulk	with	
“standard”	CMOS	process	:	low	material	budget,	low	power	consumption,			
low	cost	…		

	Ultimate	(Mimosa	28)	installed	for	STAR	PXL,	ALPIDE	for	ALICE	ITS	Upgrade

➢ Selected	TowerJazz	0.18	µm	CIS	technology	for	CEPC	R&D,	featuring:		
• Quadruple	well	process:		deep	PWELL	shields	NWELL	of	PMOS		
• Thick	(18-40	μm)	and	high	resistivity	(≥1	kΩ•cm)	epitaxial	layer:	larger	

depletion		
• Thin	gate	oxide	(<	4	nm):	robust	to	total	ionizing	dose	
• 6	metal	layers

25/1/2017IAS Program on High Energy Physics 2017 

Integrated sensor and readout electronics on the 
same silicon bulk with “standard” CMOS process:
- low material budget, 
- low power consumption, 
- low cost …

CMOS pixel sensor (MAPS)
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Silicon Vertex Detector Prototype - MOST (2018-2023)
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X-Y viewer of VXD and SIT

SIT

VXD

3-layer sector

L3

L2

L1

Baseline MOST2 goal: 
3-layer prototype

Default layout requires different size ladders

Keep it simple for baseline design

L3

L2

L1
3-layers


same size

same chip

✦ Design sensor with large area and high resolution
✦ Integration of front-end electronic on sensor chip

Goals:
1 MRad TID
3-5μm SP resolution

Sensor technology CMOS TowerJazz

Benefit from MOST 1 research program

Integrate electronics 
readout

Design and produce 
light and rigid 

support structures

62.5 mm

Double sided ladder Layer 1 (11 mm x 62.5 mm) 
Chip size: 11 mm X 20.8 mm

3 X 2 layer = 6 chips



Silicon Vertex Detector Prototype - MOST (2018-2023)
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X-Y viewer of VXD and SIT

SIT

VXD

3-layer sector 
with multiple ladders per layer

Extended goals if manpower and technical 
knowledge available

Get closer to a real detector prototype

International 
Collaboration

welcome

L1

L2

L3

X-Y viewer of VXD and SIT

SIT

VXD

L1

L2

L3

Requires study/simulation of new layout

Full mechanical prototype 
with subset of ladders instrumented/readout

Double sided ladder Layers 2 and 3 (22 mm x 125 mm) 
Chip size: 11 mm X 20.8 mm

6 X 2 layer = 12 chips125 mm



Major Components of the Project

•  Study of detector layout and mechanics ==> simulation 

•  CMOS sensor development (3 MPW and 1 engineering run) 
•  Lightweight ladder design 

•  Overall mechanical structure and support 
•  Shipping enclosures 

•  MPW sensors test readout electronics 

•  Ladder readout electronics 

•  DAQ system 

•  Testing 

• Sensor irradiation and testing 

• Final test beam testing 

• Writing documentation
�10



Schedule — Year 1
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5�schedule 

 

Year task Assessment indicator • outcome  

2018.

05 

� 

2019.

04 

Task2 

The mechanical support structure of the 
detector module and the prototype machine is 
preliminarily designed. 

The design of the front-end electronics in the 
sensor pixel, the preliminary design of the 
radiation resistance circuit device and the 
peripheral readout circuit of the chip are 
designed, and the multi project silicon wafer 
(MPW) flow sheet for the first sensor is 
submitted. 

The readout circuit board and data acquisition 
system of MPW chip are developed. 

In the aspect of detector system, the assembly 
process of detector module is formulated. 

1. complete the preliminary 
design report of the 
detector module structure. 

2. complete the preliminary 
design of the main 
functional modules of the 
sensor chip (the pixel unit 
of sensor and the readout 
module of the periphery of 
the chip, etc.), and 
complete the design report 
of the first sensor flow 
sheet 

Annual report 

 

2019.

04 

� 

2020.

04 

Task2 

The overall support structure of the detector is 
refined, the engineering drawing of the 
structure is drawn and the structure of the 
module is started. The first MPW chip is 
tested to verify its function, including the 
initial small dose radiation test, the 
integration of the pixel array and the 
peripheral readout circuit, and second Sub 
multiple wafer (MPW) wafer processing; the 
design of the readout electronics and data 
acquisition system for the detector module is 
started. 

1. complete the preliminary 
design of all the functional 
modules on the sensor 
chip, and integrate the 
design of the functional 
modules to complete the 
design report of the second 
sensor chips. 

2. a read-out electronics 
and data acquisition system 
for single sensor chip is 
developed. The first MPW 
chip sensor chip is tested 
and the test report is 
completed. 

3. complete the preliminary 
design report of the readout 
electronics and data 
acquisition system of the 
detector module composed 
of multiple sensors. 

Mid-term report 

2020.

04 

� 

Task2 

The structure sample of the detector module 
unit is processed and completed; the second 
MPW chip is fully tested (including a large 
dose of radiation test) to verify its 
functionality. According to the test results, 

1. the structure sample of 
the detector unit module is 
developed. 

 

2. complete the design of 
the full function sensor 

Annual report 



Schedule — Year 2
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5�schedule 

 

Year task Assessment indicator • outcome  

2018.

05 

� 

2019.

04 

Task2 

The mechanical support structure of the 
detector module and the prototype machine is 
preliminarily designed. 

The design of the front-end electronics in the 
sensor pixel, the preliminary design of the 
radiation resistance circuit device and the 
peripheral readout circuit of the chip are 
designed, and the multi project silicon wafer 
(MPW) flow sheet for the first sensor is 
submitted. 

The readout circuit board and data acquisition 
system of MPW chip are developed. 

In the aspect of detector system, the assembly 
process of detector module is formulated. 

1. complete the preliminary 
design report of the 
detector module structure. 

2. complete the preliminary 
design of the main 
functional modules of the 
sensor chip (the pixel unit 
of sensor and the readout 
module of the periphery of 
the chip, etc.), and 
complete the design report 
of the first sensor flow 
sheet 

Annual report 

 

2019.

04 

� 

2020.

04 

Task2 

The overall support structure of the detector is 
refined, the engineering drawing of the 
structure is drawn and the structure of the 
module is started. The first MPW chip is 
tested to verify its function, including the 
initial small dose radiation test, the 
integration of the pixel array and the 
peripheral readout circuit, and second Sub 
multiple wafer (MPW) wafer processing; the 
design of the readout electronics and data 
acquisition system for the detector module is 
started. 

1. complete the preliminary 
design of all the functional 
modules on the sensor 
chip, and integrate the 
design of the functional 
modules to complete the 
design report of the second 
sensor chips. 

2. a read-out electronics 
and data acquisition system 
for single sensor chip is 
developed. The first MPW 
chip sensor chip is tested 
and the test report is 
completed. 

3. complete the preliminary 
design report of the readout 
electronics and data 
acquisition system of the 
detector module composed 
of multiple sensors. 

Mid-term report 

2020.

04 

� 

Task2 

The structure sample of the detector module 
unit is processed and completed; the second 
MPW chip is fully tested (including a large 
dose of radiation test) to verify its 
functionality. According to the test results, 

1. the structure sample of 
the detector unit module is 
developed. 

 

2. complete the design of 
the full function sensor 

Annual report 



Schedule — Year 3
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5�schedule 

 

Year task Assessment indicator • outcome  

2018.

05 

� 

2019.

04 

Task2 

The mechanical support structure of the 
detector module and the prototype machine is 
preliminarily designed. 

The design of the front-end electronics in the 
sensor pixel, the preliminary design of the 
radiation resistance circuit device and the 
peripheral readout circuit of the chip are 
designed, and the multi project silicon wafer 
(MPW) flow sheet for the first sensor is 
submitted. 

The readout circuit board and data acquisition 
system of MPW chip are developed. 

In the aspect of detector system, the assembly 
process of detector module is formulated. 

1. complete the preliminary 
design report of the 
detector module structure. 

2. complete the preliminary 
design of the main 
functional modules of the 
sensor chip (the pixel unit 
of sensor and the readout 
module of the periphery of 
the chip, etc.), and 
complete the design report 
of the first sensor flow 
sheet 

Annual report 

 

2019.

04 

� 

2020.

04 

Task2 

The overall support structure of the detector is 
refined, the engineering drawing of the 
structure is drawn and the structure of the 
module is started. The first MPW chip is 
tested to verify its function, including the 
initial small dose radiation test, the 
integration of the pixel array and the 
peripheral readout circuit, and second Sub 
multiple wafer (MPW) wafer processing; the 
design of the readout electronics and data 
acquisition system for the detector module is 
started. 

1. complete the preliminary 
design of all the functional 
modules on the sensor 
chip, and integrate the 
design of the functional 
modules to complete the 
design report of the second 
sensor chips. 

2. a read-out electronics 
and data acquisition system 
for single sensor chip is 
developed. The first MPW 
chip sensor chip is tested 
and the test report is 
completed. 

3. complete the preliminary 
design report of the readout 
electronics and data 
acquisition system of the 
detector module composed 
of multiple sensors. 

Mid-term report 

2020.

04 

� 

Task2 

The structure sample of the detector module 
unit is processed and completed; the second 
MPW chip is fully tested (including a large 
dose of radiation test) to verify its 
functionality. According to the test results, 

1. the structure sample of 
the detector unit module is 
developed. 

 

2. complete the design of 
the full function sensor 

Annual report 

 

2021.

04 

the design of the peripheral digital circuit is 
optimized, the circuit of the front end 
amplifier in the pixel is corrected, the design 
of the radiation resistance circuit device is 
optimized, and the design of the function of 
each module is integrated, and third multiple 
project wafer (MPW) flow sheets are 
submitted and the fast verifying test is carried 
out after processing; the design of large area 
and all is designed. The functional sensor 
chip is prepared for large batch of engineering 
batch, and the data acquisition system for the 
read-out electronics of the whole machine 
system is designed. 

 

chip and complete the 
design report. 

 

3. complete the second 
chip test of the MPW chip 
and complete the test 
report. 

 

4. complete the preliminary 
design report of the readout 
electronics and data 
acquisition system for the 
prototype of the detector 
prototype. 

2021.

04 

� 

2022.

04 

Task2 

At the beginning of fourth, the silicon wafer 
processing of large area and full function 
sensor chip was carried out. After the 
completion of the processing, the engineering 
batch chip was tested comprehensively. 

Processing the whole support structure of the 
detector prototype; assembling and installing 
the prototype of the detector; developing and 
debugging the data acquisition system of the 
prototype. 

1. complete the design 
report of the prototype 
support structure of the 
detector prototype, and 
develop the whole 
prototype of the detector 
before the end of the year. 

2. complete the full 
function sensor chip test 
and complete the test 
report. 

3. develop a data 
acquisition system for the 
prototype of the detector. 

Annual report 

2022.

04 

� 

2023.

04 

Task2 

At the beginning of the fifth year, the 
assembly and debugging of the prototype 
machine were completed, the number of beam 
experiments were taken and the data were 
analyzed, and the key parameters such as the 
spatial resolution of the prototype machine 
were measured. Publish the test results and 
finish the task final report. 

1. complete the assembly 
and debugging of the 
prototype machine. 

 

2. through the beam 
experiment, the key 
parameters such as spatial 
resolution of the detector 
are measured. Specific 
indicators in accordance 
with the task objectives, 
results and assessment 
indicators table rules 

1. final Report 

 

2. test report and 
expert review and 
acceptance of the 
prototype detector. 

 

3. paper 

 
6�The implementation mechanism and safeguard measures of the project 

organization. 

1, the internal organization and management mode and coordination mechanism of the project 

should be within 500 words. 



Schedule — Year 4
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2021.

04 

the design of the peripheral digital circuit is 
optimized, the circuit of the front end 
amplifier in the pixel is corrected, the design 
of the radiation resistance circuit device is 
optimized, and the design of the function of 
each module is integrated, and third multiple 
project wafer (MPW) flow sheets are 
submitted and the fast verifying test is carried 
out after processing; the design of large area 
and all is designed. The functional sensor 
chip is prepared for large batch of engineering 
batch, and the data acquisition system for the 
read-out electronics of the whole machine 
system is designed. 

 

chip and complete the 
design report. 

 

3. complete the second 
chip test of the MPW chip 
and complete the test 
report. 

 

4. complete the preliminary 
design report of the readout 
electronics and data 
acquisition system for the 
prototype of the detector 
prototype. 

2021.

04 

� 

2022.

04 

Task2 

At the beginning of fourth, the silicon wafer 
processing of large area and full function 
sensor chip was carried out. After the 
completion of the processing, the engineering 
batch chip was tested comprehensively. 

Processing the whole support structure of the 
detector prototype; assembling and installing 
the prototype of the detector; developing and 
debugging the data acquisition system of the 
prototype. 

1. complete the design 
report of the prototype 
support structure of the 
detector prototype, and 
develop the whole 
prototype of the detector 
before the end of the year. 

2. complete the full 
function sensor chip test 
and complete the test 
report. 

3. develop a data 
acquisition system for the 
prototype of the detector. 

Annual report 

2022.

04 

� 

2023.

04 

Task2 

At the beginning of the fifth year, the 
assembly and debugging of the prototype 
machine were completed, the number of beam 
experiments were taken and the data were 
analyzed, and the key parameters such as the 
spatial resolution of the prototype machine 
were measured. Publish the test results and 
finish the task final report. 

1. complete the assembly 
and debugging of the 
prototype machine. 

 

2. through the beam 
experiment, the key 
parameters such as spatial 
resolution of the detector 
are measured. Specific 
indicators in accordance 
with the task objectives, 
results and assessment 
indicators table rules 

1. final Report 

 

2. test report and 
expert review and 
acceptance of the 
prototype detector. 

 

3. paper 

 
6�The implementation mechanism and safeguard measures of the project 

organization. 

1, the internal organization and management mode and coordination mechanism of the project 

should be within 500 words. 



Schedule — Year 4
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2021.

04 

the design of the peripheral digital circuit is 
optimized, the circuit of the front end 
amplifier in the pixel is corrected, the design 
of the radiation resistance circuit device is 
optimized, and the design of the function of 
each module is integrated, and third multiple 
project wafer (MPW) flow sheets are 
submitted and the fast verifying test is carried 
out after processing; the design of large area 
and all is designed. The functional sensor 
chip is prepared for large batch of engineering 
batch, and the data acquisition system for the 
read-out electronics of the whole machine 
system is designed. 

 

chip and complete the 
design report. 

 

3. complete the second 
chip test of the MPW chip 
and complete the test 
report. 

 

4. complete the preliminary 
design report of the readout 
electronics and data 
acquisition system for the 
prototype of the detector 
prototype. 

2021.

04 

� 

2022.

04 

Task2 

At the beginning of fourth, the silicon wafer 
processing of large area and full function 
sensor chip was carried out. After the 
completion of the processing, the engineering 
batch chip was tested comprehensively. 

Processing the whole support structure of the 
detector prototype; assembling and installing 
the prototype of the detector; developing and 
debugging the data acquisition system of the 
prototype. 

1. complete the design 
report of the prototype 
support structure of the 
detector prototype, and 
develop the whole 
prototype of the detector 
before the end of the year. 

2. complete the full 
function sensor chip test 
and complete the test 
report. 

3. develop a data 
acquisition system for the 
prototype of the detector. 

Annual report 

2022.

04 

� 

2023.

04 

Task2 

At the beginning of the fifth year, the 
assembly and debugging of the prototype 
machine were completed, the number of beam 
experiments were taken and the data were 
analyzed, and the key parameters such as the 
spatial resolution of the prototype machine 
were measured. Publish the test results and 
finish the task final report. 

1. complete the assembly 
and debugging of the 
prototype machine. 

 

2. through the beam 
experiment, the key 
parameters such as spatial 
resolution of the detector 
are measured. Specific 
indicators in accordance 
with the task objectives, 
results and assessment 
indicators table rules 

1. final Report 

 

2. test report and 
expert review and 
acceptance of the 
prototype detector. 

 

3. paper 

 
6�The implementation mechanism and safeguard measures of the project 

organization. 

1, the internal organization and management mode and coordination mechanism of the project 

should be within 500 words. 



Project Assessment
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3. a prototype of silicon track detector suitable 
for next generation high-energy circular electron 
positron collider has been developed. 
4. the achievements of this project will have a 
academic impact on the field of detector through 
the form of magazine articles, conference 
reports, design reports of probe prototypes, test 
reports and so on. The advanced detectors, such 
as silicon pixels, have excellent performance in 
high spatial resolution and radiation resistance, 
and can be widely used in nuclear physics 
experiments and particle physics experiments, 
synchrotron imaging and X ray imaging, 
medical imaging, aerospace exploration and 
other important fields. 

□standard □patent 

■paper 

  

Radiation 
resisitance 

No No 

1 MRad 

Peer expert 
review 
(provide 
sensor design 
and test 
report for 
expert 
review) 

Technical report assessment indicators. No. Report type number Submit time  public 

1 Final report 1 2023.04 public 

2 Annual report 3 2019.04�2021.04�

2022.04 

public 

3 Mid-term report 1 2020.04 public 

4 CEPC detector 

design and test 

report 

1 2023.04 public 
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Silicon Tracker Detector - Baseline

SILICON TRACKER 157

6.3 Silicon Tracker

In addition to the vertex detector (Section 6.2) and the TPC (Section 6.4), the CEPC
tracking system also includes a silicon tracker, exploring a similar scenario to that adopted
for the ILD detector design [2]. Complementary to the continuous tracking provided by
the main tracker TPC, the CEPC silicon tracker, together with the vertex detector, provides
several additional high-precision space-points on the track trajectory before and after the
TPC, yet with sufficiently low material as to minimise the multiple-scattering effect. Such
a tracking system, using a mixture of detector technologies, enables efficient and robust
reconstruction of charged particles and precise determination of the particle momenta,
with excellent resolution of

�1/pT
= 2 ⇥ 10�5 � 1 ⇥ 10�3

pT · sin ✓.
(6.2)

In addition, the silicon tracker provides the possibility to monitor possible field distor-
tion in the TPC. It also contributes to the detector alignment and allows time-stamping for
the separation between bunch crossings to suppress overlapping events.

Figure 6.8 Preliminary layout of the CEPC silicon tracker. The red lines indicate the positions of the
vertex detector layers and the blue lines the SIT and FTD for the silicon tracker. The SET and ETD, which
sit outside the TPC, are not displayed.

6.3.1 Baseline Design

The baseline design for the CEPC silicon tracker adopts the same concept of “Silicon
Envelope” [31] as for the ILD detector, but necessary modifications are made to cope

Not much R&D
done so far

CDR: Chapter 5

TPC

SIT

VTX

SET: r = ~1.8 m

ETD: z = ~2.4 m

Pixels

Tracker material
budget/layer: 

~0.50-0.56% X/X0

1. Microstrip sensors
2. Large CMOS pixel                       

sensors (CPS)

Sensor technology

Power and Cooling
1. DC/DC converters
2. Investigate air cooling

25 cm

12 cm
Total Silicon area ~ 68 m2



Beam induced backgrounds in the Vertex Detector

�19

• Radiative	Bhabha	scattering	
• Beam-beam	interactions	
• Synchrotron	radiation	
• Beam-gas	interactions	

Various sources of background studied with MC simulation: 

Studies for new configuration being finalized}

DETECTOR BACKGROUNDS 169

Table 10.1: Higgs machine design parameters fed to the GUINEA-PIG simulation.

Machine Parameters Unit Value

Beam energy GeV 120
Particles per bunch 1.29⇥ 10

11

Beam size �x/�y µm 20.9/0.086
Beam size �z µm 3480
Normalized Emittance "x/"y mm·mrad 284.1/0.845

the contribution from radiative Bhabha scattering after collimation. However, Fig. 10.4(b)
shows that radiative Bhabha leads to much higher TID, which can be understood that
charged particles of higher energies are generated following this process.
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Figure 10.4: Comparison of of hit density (a) and TID (b) due to pair production and radiative Bhabha
scattering.

In addition, Fig 10.5 shows the distributions of non-ionizing energy loss (NIEL) due
to pair production and radiative Bhabha scattering. Highest annual NIEL levels are in the
range of 1011 ⇠ 10

12 on the first vertex detector layer (r = 1.6 cm) and decrease at larger
radii.

10.3.4 Beam-gas interactions

Interactions between the beam particles and the residual gas in the beam pipe can induce
electromagnetic showers in the interaction region and enter the detector. Gas pressure is
assumed to be 10

�7 mbar, and results can be linearly rescaled for other pressures. Pre-
liminary result suggests that detector backgrounds induced by beam-gas interaction is
small compared to other types of backgrounds but more detailed evaluation needs to be
performed.

Higgs operation 
(Ecm = 240 GeV)

Rates at the inner layer (16 mm):
Hit density: ~2.5 hits/cm2/BX
TID:                2.5 MRad/year 
NIEL:             1012 1MeV neq/(cm2 year)

(Safety factors of 10 applied)

CDR: Chapter 10
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Transverse impact parameter resolution for single muons14 VERTEX

Figure 4.2: Transverse impact-parameter resolutions for single muon events as a function of the mo-
mentum for different polar angles.

Figure 4.3: Transverse impact-parameter resolution as function of the amount of material inside the
vertex barrel double layers, as obtained from the simulation. The results are shown for 1GeV and
10GeV tracks and for polar angles of ✓=20 degrees and of ✓=85 degrees. The material budget corre-
sponding to the baseline configuration is indicated by dashed lines.
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Figure 4.2: Transverse impact-parameter resolutions for single muon events as a function of the mo-
mentum for different polar angles.

Figure 4.3: Transverse impact-parameter resolution as function of the amount of material inside the
vertex barrel double layers, as obtained from the simulation. The results are shown for 1GeV and
10GeV tracks and for polar angles of ✓=20 degrees and of ✓=85 degrees. The material budget corre-
sponding to the baseline configuration is indicated by dashed lines.
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θ = 20o, p = 1 GeV 

θ = 85o, p = 1 GeV 

Impact parameter resolution goal 
achievable but only with low 

material budget

× 2 more material
⬇
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multiple-scattering effects dominate, the corresponding variation of the transverse impact-
parameter resolution is only 10% larger. The target value for the multiple-scattering term
of b⇡10µm is approximately reached for both pixel sizes. It should be noted, however,
that the pixel size is also constrained by the background occupancies (see Section 4.4)
and the ability to separate adjacent tracks in very dense jets in the presence of such back-
grounds.
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Figure 4.4: Transverse impact-parameter resolutions as function of the polar angle theta for different
values of the single-point resolution of the CEPC barrel vertex detector. Shown are the resolutions for
1GeV, 10GeV and 100GeV tracks.

4.3.4 Distance to IP

The distance of the vertex layers 1 and 2 to the IP was varied by ±4mm relative to baseline
geometry of the CEPC vertex detector. Figure 4.5 shows the resulting transverse impact-
parameter resolutions at ✓=85 degrees as function of the momentum with different radial
distance of the innermost barrel vertex layer to the IP. For low momentum tracks, the
transverse impact-parameter resolution is proportional to the inner radius, as expected
from the parameter formula.

4.4 Beam-induced Background in the Vertex Detector

To be updated with radiation tolerance and detector layer occupancy (1% reachable by
estimating tolerable hit density, even a safety factor of 10 included) according to the back-
ground studies, with B=3T

Performance studies: Pixel size
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Transverse impact parameter resolution for single muons
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Figure 4.5: Transverse impact-parameter resolution at ✓=85 degrees as function of the momentum for
different values of inner most layer radius Rmin. The black curve indicates the baseline configuration
of Rmin=20mm.

4.5 Sensor Technology Options

The history of silicon pixel vertex detector could be traced back to LEP era, when it was
introduced in the DELPHI experiment [5], and significant progress has been made over
the last 20 years [6]. There have been lots of R&D efforts towards pixel sensors for vertex
tracking in the future particle physics experiments [7], driven by track density, single point
resolution and radiation level.

As outlined in Section 4.1, the detector challenges include high IP resolution, low ma-
terial budget, low occupancy and sufficient radiation tolerance (mild comparing to ILC
but not necessarily easy to achieve). To fulfill these requirements of system level, the
vertex must be based on sensor technologies which push for fine pitch, low power and
fast readout. In the CEPC case it is a unique scenario that might be more requiring than
previous applications. In the ILC[1] and CLIC[8], for example, the power consumption is
expected to be significantly reduced by choosing operation of power pulsing, but it is not
practical for CEPC. Some other experiments such as the STAR[9], BELLEII[10] and AL-
ICE upgrade[11] do their readout continuously the same way the CEPC does. However,
they require less in terms of IP resolution and material budget. A sensor technology that
fits perfectly in needs of the CEPC does not exist. A few options are listed here for being
either close to it or having outstanding potential.

The DEPFET has a unique feature that the main heat sources are located at the end
of staves. As the thermal simulation of the BELLEII staves shown in figure 4.6, 1W for
sensitive area and another 1W for switcher located within the acceptance can be cooled

Performance studies: Distance to IP
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Current R&D activities
• Initial sensor R&D targeting: 

• Sensors technologies:

�24

Specs Observations
Single point resolution near IP: < 3-5 μm Need improvement

Power consumption: < 100 mW/cm2 Need to continue trying to lower by a 
factor of 2

Integration readout time: < 10-100 μs Need 1 μs for final detector

Process Observations
CMOS pixel sensor (CPS) TowerJazz CIS 0.18 μm Founded by MOST and IHEP

SOI pixel sensor LAPIS 0.2 μm Funded by NSFC

• Carry out the pixel circuit simulation and optimization, in order to achieve a CPS design with a small pixel 
depletion type, and try to improve the ratio between signal and noise;  

• Focus on the small pixel unit design, reduce the power consumption and improve readout speed;



CMOS Pixel Sensor (CPS) R&D Activities
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Status of CEPC vertex detector R&D in ChinaNov.7th , 2017 9

CMOS Pixel Sensor R&D Activities
• Sensor design & TCAD simulation

– Different sensor diode geometries, epitaxial-layer 
properties and radiation damage

• First submission in Nov. 2015
– Exploratory prototype, analog pixel, rolling shutter readout mode
– Sensor optimization and radiation tolerance study
– sensing node AC-coupled to increase biased voltage 

• Second submission in May 2017
– Tow prototypes with digital pixels (in-pixel discriminator) 
– Tow different readout schemes: rolling shutter & asynchronous

chip returned from 
the foundry 

Y.Zhang, et al, NIMA 831(2016)99-104

Y. Zhang, Y.Zhou, et al 

Design goals
Spatial resolution         5 µm
Integration time        < 10 µs
Power consumption < 80mW/cm2

Qun Ouyang, CEPC International Workshop, Beijing, Nov 7, 2017



First CPS prototype characterization
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Status of CEPC vertex detector R&D in ChinaNov.7th , 2017 10

1st CPS Prototype Characterization

• Test system being developed 
Prototype analog readout ! Daughter-board ! ADC sampling by 
mother-board 

‒  Two versions of daughter-board designed and fabricated

‒ Single analog readout channel verified with oscilloscope

‒  ADC debugging in progress

WANG Ke, WANG Na et al. SHI Xin, Kiuchi Ryuta et al.

Qun Ouyang, CEPC International Workshop, Beijing, Nov 7, 2017



Second CPS submission: Rolling-shutter mode
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Status of CEPC vertex detector R&D in ChinaNov.7th , 2017 11

2nd CPS Submission: Rolling-shutter Mode 
Y. Zhou (IHEP)

Chip features:
─ 3×3.3 mm2

─ 96×112 pixels with 8 sub-matrix

─ Processing speed: 11.2μs/frame with 100 ns/row

─ Output data speed: 160 MHz

─ Power: 3.7μA/pixel (14.4 mW/cm2 @pixel matrix)

Two different  pixel versions:
• Pixel size: 22μm×22μm

! 65% of  ASTRAL chip 

• Same amount of transistors;

• Offset cancellation technique;

• Version 2 has higher signal gain, but 

suffers “more” from “Latch” input voltage 

distortion.

Qun Ouyang, CEPC International Workshop, Beijing, Nov 7, 2017



Second CPS submission: Asynchronous mode
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2nd CPS Submission: Asynchronous Mode 
Y. Zhang (IHEP) & P.Yang (CCNU)

! 3.2 × 3.7 mm2

! 128 × 64 pixels

! Integration time: < 5 μs/10 μs

! Power consumption: < 80 mW/cm2

! Chip periphery

• Band gap

• Voltage DAC

• Current DAC

• Matrix configuration

• LVDS

• Custom designed PADs

front-end I: Same structure as ALPIDE chip front-end II: CSA based front-end circuit

- Pixel size: 25×25 μm2

- ENC: 24 e-

- Power cons.: 50 nW/pixel (8 mW/cm2 @pixel 

matrix)

- Threshold: 170 e-

- Peaking time < 500 ns @ Qin < 1.5 ke-

- Pulse duration < 9.4 μs @ Qin < 1.5 ke-

- ENC: 8 e-

- Power cons.: 61 nA/pixel

- Threshold: 140 e-

- Peaking time < 1 us

- Pulse duration < 3 μs

MIC4 chip

Qun Ouyang, CEPC International Workshop, Beijing, Nov 7, 2017



SOI pixel sensor R&D activities
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Status of CEPC vertex detector R&D in ChinaNov.7th , 2017

• First submission (CPV1) in June 2015
– 16*16 μm with in-pixel-discrimination
– Double-SOI process for shielding and radiation enhancement

• Second submission (CPV2) in June 2016
– In-pixel CDS stage inserted
– To improve RTC and FPN noise
– To replace the charge injection threshold

14

SOI Pixel Sensor R&D Activities
Y. Lu (IHEP)

Y. Lu & Y.Zhou (IHEP)

CPV2 performance 
– Thinned down to 75um thick
– Temporal noise ~6e-

– Threshold dispersion (FPN) ~114e-

– Single point resolution measurement 
under  infrared laser beam

See: Yunpeng Lu, Overview of SOI development (Workshop talk)
Zhigang Wu, et al, A prototype SOI pixel sensor for CEPC vertex (Workshop poster)

Qun Ouyang, CEPC International Workshop, Beijing, Nov 7, 2017



Standard Pixel Sensor imaging Process (TowerJazz) 
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•  High-resisMvity	(>	1kΩ	cm)	p-type	epitaxial	layer	(18	µm	to	30	µm)	on	p-type	substrate	

•  Deep	PWELL	shielding	NWELL	allowing	PMOS	transistors	(full	CMOS	within	acMve	area)	

•  Small	n-well	diode	(2	µm	diameter),	~100	Mmes	smaller	than	pixel	=>	low	capacitance	(2fF)	=>	large	S/N	

•  Reverse	bias	can	be	applied	to	the	substrate	to	increase	the	depleMon	volume	around	the	NWELL	
collecMon	diode	and	further	reduce	sensor	capacitance	for	beaer	analog	performance	at	lower	power	
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W. Snoeys, CEPC Workshop, Beijing, Nov 7, 2017



ALPIDE CMOS Pixel Sensor
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•  Chip-to-chip	fluctuaMons	negligible	
•  Non-irradiated	and	TID/NIEL	chips	show	similar	performance	
•  ResoluMon	of	about	6µm	at	a	threshold	of	300	electrons	
•  Sufficient	operaMonal	margin	even	a|er	10x	lifeMme	NIEL	dose	
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•  Large	operaMonal	margin	with	only	10	masked	pixels	(0.002%)	
•  Chip-to-chip	fluctuaMons	negligible	 		
•  Non-irradiated	and	NIEL/TID	chips	show	similar	performance	
•  Sufficient	operaMonal	margin	a|er	10x	lifeMme	NIEL	dose	
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VBB=-3V	
NIEL/TID	

DetecMon	Efficiency	and	Fake	Hit	Rate	

ALPIDE

Pixel dimensions 26.9 μm × 29.2 μm 

Spatial resolution ~ 5 μm

Time resolution 5-10 μs

Hit rate ~ 104/mm2/s

Power consumption < ~20-35 mW/cm2

Radiation tolerance 300kRad 
2×1012 1 MeV neq/cm2

Almost OK specifications
Need lower resolution
Higer radiation tolerance



ATLAS Modified TowerJazz process
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21	

Deep	PWELL	
shielding	NWELL	
allowing	in-pixel	

PMOS	

•  180nm	CMOS	imaging	sensor	process	
•  Electronics	outside	the	collecMon	electrode:	small	electrode	(low	C),	large	circuit	area,	

no	signal	coupling	

25	µm		
p-type	epitaxial	
High	resisMvity		
(>	1kΩ	cm)		

radius	2-3	µm	small	C	(<	5	fF)		NWELL	–	PWELL	
spacing	

•  Reverse	bias	to	increase	depleMon	volume	(-6	V,	the	sensor	is	not	fully	depleted)	

	walter.snoeys@cern.ch	

Standard	process	

22	

•  Novel	modified	process	developed	in	collaboraMon	with	the	foundry	
•  Adding	a	planar	n-type	implant	significantly	improves	depleMon	under	deep	PWELL	

•  Possibility	to	fully	deplete	sensing	volume	
•  No	significant	circuit	or	layout	changes	required	

25	µm		
p-type	epitaxial	
High	resisMvity		
(>	1kΩ	cm)		

W. Snoeys et al. 
DOI 10.1016/j.nima.2017.07.046  

	walter.snoeys@cern.ch	

Modified	process	

W. Snoeys, CEPC Workshop, Beijing, Nov 7, 2017

Improvement of radiation tolerance by at least 
one order of magnitude

Irradiation tests: 1×1015 neq/cm2 

Standard process Modified process



Ministry of Science and Technology - Funding Requests

• MOST 1 - Funding 

• SJTU, IHEP, THU, USTC, Huazhong Univ 

• Silicon pixel detector ASIC chip design 

• Time projection chamber detector 
• Electromagnetic and hadrons calorimeter 
• High-granularity ECAL 

• Large area compact HCAL 

• Large momentum range particle identification Cherenkov detector 

• MOST 2 - funding 

• SJTU, IHEP, USTC, Shandong U., Northwestern Tech. University 

• Pixel detector prototype 

• Hadronic calorimeter prototype
�33



Ministry of Science and Technology - MOST 1

• Vertex detector 
• Use 180 nm process 

• Carry out the pixel circuit simulation and optimization, in order to achieve a CPS 

design with a small pixel depletion type, and try to improve the ratio between signal 
and noise;  

• Focus on the small pixel unit design, reduce the power consumption and improve 

readout speed; 
• Parameters: 
• spatial resolution to be better than 5 microns 

• integrated time to be 10-100 microseconds 

• power consumption of about 100 mW/cm2.
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