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Introduction
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CEPC - SppC

= Phase 1: e* e Higgs [Z] factory two detectors, 1M H events in ~10yrs
Circular Electron Positron Collider (CEPC)
> E.n, =240 GeV, luminosity ~2x1034 cm-2s-1, can also run at the Z-pole

> Precise measurement of the Higgs boson and the Z boson

= Phase 2: adiscovery machine for new physics; pp collision with E,,, = 50-
100 TeV Supper proton-proton Collider (SppC)

400
S
= 300¢
S’ - o
o optimal energy
= Higgs mass = 125 GeV
— - R
o 200
L
z
o 1007
—
Q

— I I 0 - . -
CEPC - possible accelerator based particle ¢,/ 53007 350 200

physics program in China after BEPCI|I E..(GeV)

Ref: CEPC-SppC workshop, X. LOU, Sep. 2, 2016, Beijing, China.
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‘ CEPC accelerator layout option comparison

Pre-COR Base-lme Yes Very Low Very Very Low Very low | High Difficult
‘, ‘, high small hard
i = IS * | doobok |k x | * X | ok
Single Ring
(SR)
er o | NO High Very Medium Hard Medium | Medium | Low Difficult
Partial Double
Ring (PDR)
| No High High Medium | Medium | Medium | High Low Difficult
(A
\o ./
Advanced
Partial Double
Ring (APDR)
CDR Bpseline No Vey Low Large Easy High Very Low Very good
e Low High
Yook | Yolololok | Yolololok | Siololoiok | Sioldoiok | Jolololok | Sioiololok|  Jololokok
Double Ring
(FPDR)

Ref: J.Gao, Circular Electron Positron Collider workshop, Wuhan, April 19-21, 2017.
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Physics driven requirements

Table 2.1 Required performance of the CEPC sub-detectors for critical benchmark Higgs processes.

Physics Process  Measured Quantity Critical Detector Required Performance

ZH — ¢¢~ X Higgs mass, cross section A(l/pr) ~2 %1072

Tracker

H—utu BR(H s ) &1 x 10-3/(prsin )

H — bb, ce, gg  BR(H — bb. c&. gg) Vertex O ~ 5@ 10/(psin® 2 @) pm
H—qq, VV BR(H — qg, V'V) ECAL, HCAL n‘}“ JE ~3-4%

H — 9 BR(H — ) ECAL o ~ 16%/VE @& 1% (GeV)

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

. b
=» Impact parameter resolution, o,4 = a @m um

Design constrains on vertex (to achieve a=5 and b=10, B=3.5T)

> spatial resolution near the interaction point g, < 3 um
> material budget < 0.15% X,/layer

> first layer located at a radius: ~1.6 cm
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CEPC vertex detector concept

Baseline design for the pre-CDR: ILD-like but different forward region
design

> 3 layers of double-sided pixels g o os6=0565  cos60.842 _coso-094
. o .
> 0¢p = 2.8 um, inner most layer e A
> readout time < 20 us e /  c0s0=0.986
150 :— e .’
- / FTD | -
100 = _ c0s6=0.998
VXD *Z o L—"T e
05:5—.';::':? étio“-]_“-'_-' 7T — etlm T T R—T
Z [mm]
VXD Geometry
R (mm) |z| (mm) | cos @ ogp (um)  Readout time (us)
Layer 1 16 62.5 0.97 2.8 20
Layer 2 18 62.5 0.96 2.8 20
Layer 3 37 125.0 0.96 4 20
Layer 4 39 125.0 0.95 4 20
Layer 3 58 125.0 0.91 4 20
Layer 6 60 125.0 0.90 4 20
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Beam induced backgrounds

Results of the Single Ring Scheme

Particle Flux at

Bacl;_grc;und Generators | Sub-type VTX En::rtllc (IieeV] Priority
Yp [Cm—ZBx—I] gy
: ~ 1010 ~
Synchrotron Geant4; Dipole 10 0.001 -
Radiation BDSIM Quadrupole ~ 106 ~ 0.007
Radiative ~10 ~120
Beam BBBrem; Bhabha ok
Lost Particles SAD Beam Gas
- : t f
cattering
Guinea- Pairs ~ 1072 ~0.05
Beamstrahlung Pig++; *
PYTHIAG Hadrons ~1073 ~2

* The synchrotron radiation is the most important beam induced
backgrounds in the single ring scheme
— Require to reduce the critical energy and radiation power in the double ring

scheme

2017-4-20

Ref: Q. Xiu, Circular Electron Positron Collider workshop, Wuhan, April 19-21, 2017.

CEPC-SPPC Workshop, CCNU, Wuhan
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Pixel sensor challenges

* To achieve S.P. resolution

— Digital pixel ~¥ 16um

— Analog pixel ¥ 20um (power pulsing mode in ILC)
To lower the material budget

— Sensor thickness ~ 50um

— Heat load <50 mW/cm? constrained by air cooling
To tackle beam-related background

— 20us/frame?

— 300krad/year & 3X10%?neq/ (cm?+year)?

Physics driven requirements Running constraints Sensor specifications
o, ,2:8um e TR > Small pixel 16um
Material budget 0.15% Xo/layer > Thinning 50um
e > Air cooling -----------mcmmmmmmmee > low power 50mW/cm?
r of Inm?r most layer lemm > beam-related background -----> fast readout 20Us?
e > radiation damage ----------o- > radiation tolerance

<1 Mrad/ year ?
<1x10%n_,/ (cm’year) ?

Ref: Y. Lu, Circular Electron Positron Collider workshop, Wuhan, April 19-21, 2017.
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R&D activities
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Pixel sensor R&D activities

Unprecedented specifications

» Severer low power constraint than ILD

ILD duty cycle 1ms/199ms

CEPC needs a reduction by a factor of 4

» Higher s.p. resolution than ALICE-ITS upgrade

HR-CMOS pixel sensor

>

>

>

1/3 pixel size of ALICE pixel sensor

Towards compete CMOS & thick, fully depleted substrate

More in-pixel functional circuitry - faster read-out & less power, radiation
tolerance

~PMOS._ nuos'—"aoxmmn:m._ ,

TowerJazz CIS 0.18 uym process —— ‘Mﬁ

. MM:M f 2 ,~T ._l

SOl pixel sensor o
> Fully depleted substrate: 50 um thick, larger signal charge M . j
» Develop in-pixel circuit for minimum layout area o

> LAPIS 0.2 uym process

12 October 2017, NME’2017, IHEP, Beijing
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R&D activities

» CMOS pixel sensor
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CMOS pixel sensor R&D activities

= TCAD simulation on charge collection

m First submission in Nov. 2015

» Exploratory prototype, analog pixel

» Sensor optimization and radiation tolerance study

= Second submission in May 2017
» Tow prototypes with digital pixels (in-pixel discriminator)

» Tow different readout schemes: rolling shutter & asynchronous
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Collected electrons

CPS — Charge collection simulation

Motivation:

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

» Guide the diode geometry optimization and study radiation damage with different

types of epitaxial layer

Simulated with different parameters

> Hit position

Diode geometry

>
» Thickness and resistivity of the epitaxial layer
>

Radiation damage

QOO0 [+ - oo o ois e
SFa@18u 1k
— — — SF3@20u2k
3500 ) - SF3@25u2k|” " e
SF3@30u 8k DR
BOOO [+ - v AT =
2500 - e e T
2000 - - - - - T
1500 b 4f -
1000 -4 - -
500 . . . . .
0 5 10 15 20 25

Number of pixels

Pixel cluster charge with different
epitaxial layers

12 October 2017, NME’2017, IHEP, Beijing

Normalized pixel charge collection

Seed pixel
e : c 100%
g
\ 3
5 90%
Q
1]
=,
=4=18u1k .E:UU 80%
=-20u2k 3 o
w 0,
252k \Y 2
e
=+=30uBk g 60%
\ T
E
S 50%
0E+00 1E+11 1E+12 1E+13

Irradiation fluence [n,,/cm?]

5 X 5 cluster

——

==18u1k
=B-20u2k

===30u8k

2502k \\
A
\

DE+00 1E+11 1E+12 1E+13

Irradiation fluence [n,,/cm?]

Charge collection with non-ionizing damage
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First CPS prototype design

Goals: sensing optimization and in-pixel pre-amplifier study

Floorplan overview

» Two independent matrices: Matrix-1 with 33 x 33 um? pixels (except one sector
SFA20 with 16x16 um? pixels), Matrix-2 with 16x16 um? pixels.

» Matrix-1 includes 3 sectors with in-pixel pre-amplifier

» SFAZ20 in Matrix-1 contains pixel with AC-coupled pixels

[
|

SR 96Rows

SR 96Rows

7.88 mm
A
| Analog out bus (x16) | | Analog out bus (x16) |
| I
. | |
3 !
no: — 3 — ! [-9]
e % g ! g g Matrix-2 g
- « Matrix-1 @ Each sector: 16
o Each sector: 16 col. x 48 rows col. x 96 rows
™ | Pixel: 33 pm x 33 pum Pixel: 16 um x
g 16 um
) e I ] ~ o i i 0
z|l = ! - |- N af | 3
=1l < | < i< < @i @
< w w ™ w A o
el © | “nijn v i Z
2 i
| .
— |
Analog out bus (x16) | | Analog out bus (x16) |

12 October 2017, NME’2017, IHEP, Beijing

TowerJazz 0.18 pm CIS process
November 2015 submission

Chip received in 2016 June, test
In progress
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First CPS prototype design — pixel structures

DC-coupled SF pixels: 2T/3T structure Y. ZHANG, Y. ZHOU (IHEP)

» different diode geometries vdiode  yqda Vdiode g4,

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

=> to verify the TCAD simulation results R‘—i
» two biasing modes (2T/3T)
» two transistor types (nmos/pmos SF)

Pixel Array

Periphery iref T
QOut

AC-coupled structure

AC-coupled pixel Vdiode Velamp

Vdda .
> sensing node AC-coupled with circuit Reset_”: Cam'%r | §
> diode bias voltage could be higher than 5 3
power supply, i.e. upto 10 V X
Row_Sel
= larger depletion region & lower Cd - = -
sub - ixel array
=> higher SNR R I -

@ FPheriphery

12 October 2017, NME’2017, IHEP, Beijing 16



First CPS prototype design — pixel structures

Y. ZHANG (IHEP)

In-pixel pre-amplifier

» Common source amplifier with AC feedback, CDS in pixel
> Only active when the row is selected to be read - power saving

» Using a twin-well process only NMOS can be used, while both types of
transistors are used in our prototype

-
PWR_On r:—||:|
V_clp
l_": L2/W2
‘ cip &
Trade-off between : |—|
- | 1 |
v Noise (TN, 1/f RTS) é =
v PSRR Pdiff/Nwell % | T Sict_Row b
v’ Diode Bias Voltage L, Liwz El—n
Nwell/Pepi .
% PWR_On D_H:I Pix_Out
Gnd!$

12 October 2017, NME’2017, IHEP, Beijing 17



2"d submission —rolling shutter prototype

Digital pixels in rolling-shutter readout mode: 2 different versions

Version 1: differential amplifier + latch

Pitch size: 22 um

Vbias !ru_i Read
I Read
Tefl - . I
I AP
\ Power_cn Rr:ac\ Rc—ac\

"ef_l i

Read E

L",TCI-I

Vest fancn

12 October 2017, NME’2017, IHEP, Beijing

PN
Voiac

l_l Vress Fag_zel

LATCH

ITou_t—

Clamp
Power_on Power_on

v:ef_,'_nt:h

= y

Version 2: two stage CS amplifiers + latch

Same amount of transistors;
Offset cancellation technique;
Version 2 has higher signal gain,
but suffers “more” from “Latch”
input voltage distortion. L

18
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2"d submission —rolling shutter prototype

Version 1;

Version 2:

Vbias

AV4

Vrefl Vref2

Y Y

Z

Power_on

12 October 2017, NME’2017, IHEP, Beijing

Power on

Y. ZHOU (IHEP)

Differential Amplifier Noise simulation:

Input DC level: 600 mV
Biasing current: 3.7 pA
Gain: 8.3

RMS noise: 1.962 mV

ENC: = 7 ¢ (for best case; highly relaied on the
equivalent Csensing point)

Readout speed: 100 ns/row

Single-end CS Amplifier Noise simulation:

Input DC level: 520 mV
Gain: 8

RMS noise: 1.566 mV
ENC: 6.3 e- (for best case)

Readout speed: 80 ns/row
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2"d Submission: rolling-shutter mode prototype

IHEP logo

Analogue out buffer (>8)

Y. ZHOU (IHEP)

D1

Al
A2

D2

Sequence

D3

A3
A4

D4

PISO 16 in 1 (>7)

— 3 X 3.3mm?;
— 96 X 112 pixels with 8 sub-matrix

— Processing speed: 11.2 ps/frame for 100 ns/row;

— Output data speed: 160 MHz;
— Power:3.7 uA/pixel;

12 October 2017, NME’2017, IHEP, Beijing
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‘ 2"d Submission: asynchronous mode prototype

P. YANG (CCNU)

ﬂ N STATE

SELECT

_ ’// & Block[0]
Active low
ADDR_EN Block[ ]

Block{2]

8*8 pixels sk

RESET_PIX

ADDR_EN RESET|PIX B

SOuUT

fi

RESET_PIX

L state[0] valid[0]
RESETI[0]
b state[1] SELECT[0]

RESET[1]

p- state[2]
RESET[2] ADDRPIX[1:0]

P state[3]
RESET[3]

Block[4]

Block{5]

ADDRkO0:3>
<«
= rﬁl )

i

Block[6]

ADDRX<0:7>
<—
ADDRY<O0:7>

Block[7]

\ o Pix_OR_lo@

[ state[0]
RESETI[0]

valid[1]

state[1]
RESET[1]

SELECTI[1]
state[2]
RESET[2] ADDRPIX[1:0]

state[3]
RESET[3]

20 address lines to the Peripherylze«s k—

| —

&

Block[9]

Block[10]

» ALPIDE matrix readout circuit AERD
has many connection lines occupy

Block[11]

t state[0]
RESET[0]

valid[2]

state[1]
+ RESET[1]

SELECT[2]
state[2]
RESET[2] ADDRPIX[1:0]

p state[3]
[ RESET[3]

1

Block[12]

larger area than the logic circuit itself;
» OR gate chain: speed is limited with the
number of the chain pixels; Block( 4]
» Combine these two solutions: 64 pixels
as a group using OR gate chain, groups
using AERD structure to readout

:

12 October 2017, NME’2017, IHEP, Beijing

p state[0]
RESET[0]

valid[3]

P state[ 1]
+ RESET[1]

SELECT[3]
state[2]
RESET[2] ADDRPIX[1:0]

P state[3]
RESET[3]

VALID
b state[0] valid %
SELECT[0]
state[ 1] CLK
SELECT[1] SELECT fe—]| s
[
state[2]  ADDRPIX[1:0] 2
SELECT[2] =9
L.
state[3] ADDR<3:23 d'i
SELECT[3] 01
ADDR<1:0>|
10
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‘ Asynchronous mode prototype — front-end |

Cascode Amplifier Threshold Bias Circuit

1

1 1
il :
1 H
QT A |EM8:
i | 1
g 1
1 1
H

1

For Test Current Camparatar
.................. CCNU
1 1 []
: : HE H
: | i : W
: ; ' : PIX_IN
' 1 HH H
E Y IDBD—{ M7 H
ouT s ; 4! :
' s e "4 ;oo
. i HH —|—|' > — t
1 E H ! ' PeakingTime: about 1uS
; 5 il : v OUT_#
T E :‘I.O"S“ZD_{EMQ [\ threshold
1 1 H |
: oD M 4
VLI i : : —
: D—( M6i \p  Pulse Durstion: <3us
' : OUT_D
1 H
: [
1
1
1
1
Teaca :
1

Clipping Circuit
Simulation results

» Signal charge creates negative voltage stepAV,,
B « ENC: 8¢

t input node(PIX_IN).
at input node(PIX_IN) . Power cons.: 61 nA/pixel

* From OUT_A baseline voltage to point where . Threshold: 140 e

discriminated output OUT_D flips when 7, > 7

B » Peaking time < 1 us

AVour AR

12 October 2017, NME’2017, IHEP, Beijing

CS.AVPIX_IN _ C

S

Qin

COUT A

COUT A CPIX _IN

Pulse duration < 3 ps
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Asynchronous mode prototype — front-end Il

m CSA based front-end circuit

= Signal process chain

> Pixel size: 25 x 25 ym?

Y. ZHANG (IHEP)

Collection
ZS diode

—L_ Vsub

o
_—— oG] ———— -

CSA based analog front-end

o

\ 4

S

—— o —— —

d STATE
) |[memory ‘

Pixel digital readout™

* Designed by Ping @ CCNU

12 October 2017, NME’2017, IHEP, Beijing
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Asynchronous mode prototype overview

MIC4 chip:
3.2 mm: 64 col
/\"‘\ -
8*8 pix
3.6mm |1 8*8 pix
128 row Clock for
readout
Adgresk line
Ak Last row also used for analog readout
N
0.3mm Volltage DACs, analog readout chain
V
N XYZ _
Scan logic(Anaolog readout for test)
0.5mm ) .
Periphery Readout Logic
VY,
N
0.2mm Power, Analog Pads, Digital Pads

12 October 2017, NME’2017, IHEP, Beijing

P. YANG et al.
(CCNU)

3.2 X 3.7 mm?
128 X 64 pixels
Integration time: < 5 ps

Power consumption: < 80 mW/cm?

Chip periphery
Band gap
Voltage DAC
Current DAC
LVDS
Custom designed PADs

24



R&D activities

» SOl pixel sensor

12 October 2017, NME’2017, IHEP, Beijing 25



SOl pixel sensor R&D activities

Y. LU et al. (IHEP)

SOI Pixel Detector Radiation

Device Layer (40nm) =

_ , == = TT
Buried Oxide (200nm) — | BOX(Buried Oxde) | _
n+ 4,

CMOS Circutt /: T

/ 'q-r_y

Substrate (260um) —»

Si Sensor
{High Resistivity
Substrate)

Sputtered Al Layer — |
(200nm)
INTPIX2P5 prototype for the sensor depletion study, 2015
» Fully depleted around 190 V

> Seed/cluster ration decrease with V.

CPV prototypes for CEPC
CPV1/2, 2015/2016
Small pixel size, 16 um pitch

Focus on Sensing diode + Front end

YV V V V¥V

Digital pixel (in-pixel hit discrimination)

12 October 2017, NME’2017, IHEP, Beijing
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‘ SOl pixel sensor R&D activities

Y. LU et al. (IHEP)

A comparison of digital pixels

ASTRAL ALPIDE

Process technology 0.18 ppm CMOS 0.2 um SOl
Readout strategy Rolling shutter asynchronous Rolling shutter
Readout time 20 us <2 Us

Power 85 mW/cm? 39 mW/cm? Analog power

< 10 mW/cm?

Pixel size 22 X 33 umi? 28 X 28 um? 16 x 16 um?
Spatial resolution = Sum Expected < 3um
Total signal for MIP =]200 e (20um epi-layer partly depleted) =4000 e (back
thinning to 50um,
fully depleted)

* Unique opportunity to explore very compact pixel circuit
— 3 times larger MIP signal

— Possibly smaller cluster size
Ref: Y. Lu, Circular Electron Positron Collider workshop, Wuhan, April 19-21, 2017.
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First SOI pixel prototype

Y. LU et al. (IHEP)

* First digital pixel of 16um pitch

* CSvoltage amplifier, gain ~ 10

* Inverter as discriminator

* Threshold charge injected to sensing node
* Pixel array: 64*32 (digital) + 64*32 (analog)
* Double-SOI process for shielding and radiation enhancement
 Submitted June, 2015

CPV1 digital pixel

A

(a) ¥ EE

>

16pm
Ref: Y. Lu, Circular Electron Positron Collider workshop, Wuhan, April 19-21, 2017.
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First SOI pixel prototype

Y. LU et al. (IHEP)

Single pixel test

* Chip circuit function verified on single pixel
— Voltage gain of amplifier ~ 10
— Threshold scan

— Temporal noise ~ 50e (< 20 e” expected)

» Bias voltage not applicable due to a design fault
— Diode capacitance 3 times larger

Hits registered Resolution
Graph
14 (um)
53 hit le 5mV N 3.sj— CPV1 -+
L X R C L
4 r ’
10 34 .
@ r -

3 32— P
r CEPE .o~

6 P 3 i _/’/
C &

4 281 i :
C i

E 28 !

& 2 I i
0 : ; eengehl;ceel e e e R
0.945 0.95 0.955 0.96 0.965 Threshold (e7)
Test input (V) Resolution vs Threshold, Simulation by Z. WU
Circular Electron Positron Collider Workshop, 2017.4.20, Wuhan 19

Ref: Y. Lu, Circular Electron Positron Collider workshop, Wuhan, April 19-21, 2017.
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Second SOl pixel prototype design

Y. LU et al. (IHEP)

* Protection diode added

— Enable full depletion on sensor

* In-pixel CDS stage inserted
— improve RTC and FPN noise

— replace the charge injection threshold

 Submitted June, 2016

Voltage CD5

amplifier stage Inverter Column bus
Protection _ —
diode :
" Velamp "
Vdiode t — £ L
rese
- 1 | .
Vin 1 -
I, >
\I

Ref: Y. Lu, Circular Electron Positron Collider workshop, Wuhan, April 19-21, 2017.
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Summary and outlook

Pixel sensor is the core component for VTX
» R&D started along the physics driven requirement
» Running constraints not settle yet

CMOQOS pixel sensors prototypes
» Exploratory prototype under test

> 2" CPS submission under fabrication, targeting on highly compact digital pixels
and fast readout development

Two compact SOI pixel sensor prototypes
> Fully depletion of SOI verified
» Circuit function verified on single pixel

» Evaluation of digital pixel array underway
Optimization study of vertex system needed

Possible change of sensor design
> Beam related background level

> Impact of partial-double ring scheme, with time-stamp of microsecond

12 October 2017, NME’2017, IHEP, Beijing 31



Thanks for your attention |



