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CEPC and Its Beam Timing

e Circular Electron-Positron Collider (90, 160, 250 GeV)
— Higgs factory (10° Higgs) (e 15,2016, o Fene)
— Z & W factory (10%° 79)
* Baseline design in CDR(to be released in 2018)
* Bunch spacing 680 ns (25 ns @ Z-pole)

IP_ee(LSS1)

— Continuous colliding mode

C=100 km

Exrt (LSS6) |

— Power pulsing not applicable

— New constraint for the detector development:
Very low power consumption

Extr (LSS4)

RF Station (Higgs)

Fully Partial Double Ring - 100Km*

* CEPC Accelerator CDR and R&D towards TDR, J. Gao, Accelerator session on Sat. morning
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Detector Concept

7240mm

Yoke/Muon

Yoke/Muon

4400mm

1
l Yoke/Muon | HCal lqoo LumiCal IP  Vertex
6983mm 4143mm 2350mm

Particle Flow Oriented Detector for CEPC*
* Two detector concepts

* One is ILD-like, which is optimized for
- 3 Tesla magnet
-L*=22m

* Physics performance of the Particle Flow Oriented detector at the CEPC, Manqi Ruan, Poster
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Baseline Silicon Tracker Layout

VXD:

* Same layout as the ILD vertex
* 3 layers of double-sided pixels
* 05p=2.8um, inner most layer
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Silicon Internal Tracker (SIT) — 2 inner layers Si strip detectors

Forward Tracking Detector (FTD) — 5 disks (2 with pixels and 3 with Si strip sensor)
on each side, comparing 7 disks on ILD, due to smaller L*

Silicon External Tracker (SET) — 1 outer layer Si strip detector

End-cap Tracking Detector (ETD) — 1 end-cap Si strip detector on each side
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Silicon Tracker Requirements

B=3T Efficient tagging of heavy quarks
> momentum resolution Oyp. = 2x107° @©1x107 /( p; sin o)
: : 10
» impact parameter resolution o . =5un®
ro = O p(GeV)sin¥? gm

Vertex specifications:
* 0,p Near the IP: <3 um
* material budget: < 0.15%X ,/layer
* pixel occupancy: <1 %
* radiation tolerance: lonising dose <1 Mrad/ year
Non-ionising fluences <10** n, ./ (cm” year)
* first layer located at a radius: ~1.6 cm

Tracking specifications:
* Ocp : < 7 um —» small pitch (50 pm)
* material budget: < 0.65%X ,/layer
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Performance Studies — IP Resolution

10° - ,
- a  full simulation(6=85°) Z\Wu, C.Fu, et al (lHEP), CDR draft
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Pixel Sensor Specificati

* Current R&D focused on the pixel sensor for the Vertex

* To achieve S.P. resolution

 Digital pixel with in-pixel discriminator ~ 16um

* Analog pixel ~ 20um (heavily rely on power pulsing as in the ILC)
* To lower the material budget

e Sensor thickness ~ 50um
* Heat load <50 mW/cm? constrained by air cooling

 To tackle beam-related background
e 20us/frame?
e 1Mrad/year & 2X10%2neq/ (cm?2-year)?

Physics driven requirements Running constraints Sensor specifications

Ogp 2.8UM . Small pixel 16um

Material budget 0.15% Xo/layer > Thinning 50um
A >Air cooling ----------=--m-mmmmooes > low power 50mW/cm?

r of Inner most layer temm >beam-related background -----> fast readout 20us?

S

>radiation damage

""" > radiation tolerance
<1 Mrad/ year ?

<2x10*n,,/ (cm’year) ?

July 6,2018 ICHEP2018, COEX, SEOUL



R&D Activities
|C o Particle
» Two monolithic pixel technologies ) l ‘ .- | f

» CMOS pixel sensor (CPS) o
* TowerJazz CIS 0.18 um process
* Quadruple well process
* Thick (~20 um) epitaxial layer
* with high resistivity (21 kQecm)

Deep Pwell

P Epitaxial layer

P++ substrate

> SOI pixel sensor L5 it s
: ke B BOX (Buried Oxide)
 LAPIS 0.2 um process R e || s
* High resistive substrate (>1 kQecm) —— 1
« Double SOI layers available b e i
. . . Substrate) Buded n-Well
* Thinning and backside process b+ :|-
Radiation T e
(X-ray, Electron, Alpha, Charged Particles, ...)
© Rey. Hori
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R&D Activities - CMOS Pixel Sensor

* Sensor design & TCAD simulation | Y.Zhang, et al, NIMA 831(2016)99-104

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

 JadePix], 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

Static address Analog output 0-15 Polarization ; Analog output 0-15
A FM A
r \ r N\

BHESHAANAARES E9n NAANGR%A RN 8RR RD RO AR AN DN RHAA NN NN RN NA R RN N
* Sensor characterization ongoing g

. 7.872 mm x 3.892 mm
— Noise level

— Gain calibration with °°Fe ' e
— Charge collection efficiency with *Sr *
— Irradiation with Neutron

]
=
=
e
!
o
a7
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o
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|
=
it
=

L T T
1 i e il G W S e e B DS RN

— Test beam in Aug. 2018 e

X. Shi, CEPC Workshop Rome May 24-26 2018
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SFe Source Calibration

Test results from JadePix1: diode + SF structure

%25000— ™ Pixel (1035) %30000:
= B zzsooo:
20000 -

C 20000}
15000(-

5.9 keV x ray 1500

10000
k,=3520 /
l k,=3860 5000 -

10000

5000 -

Ll gl\ll \II\III\I‘\II\‘I\I 11 | 11 1 1 |
004500 00 1000 1500 2000 2500 3000 3500 4000 4500

7\ | | | | | | | | | I | | I | I ‘ Lo,
QOO 1000 1500 2000 2500 3000 3500 40
Seed Pixel Charge [ADC]

CVF =32 uVler CVF =26 pV/e
Equivalent C, =5 fF Equivalent C;,, = 6.15 fF
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JadePix2 design: Rolling-shutter Mode

Vrefl Vref_latch \
| | | Latch
! Calib Read ! Read
efz_.Re/ad N Calj .)_ E+
LA

TCH Row_sel

s ES; 1 Cali Out- Out
l :>[' ' |
\ Power_on Read \ Read\
Vret1
Vref_lntch /

Version 1: differential amplifier + latch

ILatch \

1 Vref3 Row_sel
Put+ Out

Vref 1 vref2

|

LATCH|

>t

Clamp
Power_on

Vret_tatch / Jadep | X2 Layout

Power_on

Version 2: two stage CS amplifiers + latch Chip features:
Submitted in 2017. — 3X3.3mm?
— 96 X112 pixels with 8 sub-matrix
— Processing speed: 11.2us/frame with 100 ns/row
— Qutput data speed: 160 MHz
— Power: 3.7uA /pixel (14.4 mW/cm? @pixel matrix)

Two different pixel versions:
e Amplifier + Discriminator
* Pixel size: 22pum X 22um

* Positively biased sensing diode;

* Offset cancellation technique; Y. ZHOU, HSTD11, OKINAWA Dec. 10-15 2017
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Noise Measurement of JadePix2

FPN: 1.08mV @input node TN: 0.4mV @input node
29'1 e- Threshold Distribution — 10'8 e- Temporal Noise
- Entries 1536 350(— Entries 1536
400 Mean 0.575 C Mean  0.0004174
- Std Dev  0.00108 C Std Dev  0.0002302
350 300(—
Z\ E E\ -
= 300— h— 2501
& f ST
O 250 =
a 7k 8 200
& - n -
o 200 o C
2 - O 1507
g 1501 E
Z o S N
100 < 100f¢
50 —Lﬁu 50
O:\ ‘ I I I ‘ I j— l 1 l l l ‘ l l l ‘ l l l I ;
0.566 0.568 0.57 0.572 0.574 0.576 0.578 0.58 o) I A ol Lo Lo b
Threshold [V] 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004

Noise [V]

Total noise = v29.12 + 10.82 = 31 e
Converted by simulation results, not calibrated yet
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MIC4 Design: Asynchronous Mode

Matrix (128 X 64) » Based on the ALPIDE design
8 super pixel columns * Super pixel introduced

__________ 1
 Super pixel<0>

> Submitted in 2017

» TowerlJazz180 nm CIS process

|
|
|
|
|
|
I
|
I
: |
Super pixel<14> | |
|
|

Super pixel<15>

> Pixel size: 25 um x 25 um

4 a4 24 » Matrix: 128 rows x 64 columns
8b current Column-level priority
DACs encoder readout
| J .
2 Analog readout » Zero suppression readout
0B Vot chain for test rl:
voltage 1 | Data Formatting
DACs
F 3
) ] oo Serial out port
Bandgap Pixel config Serializer ::> (1.2 Gbps)

MIC4 over all block diagram

P. YANG, CEPC Workshop WUHAN Apr. 19-21 2017
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Threshold and Noise distribution in MIC4
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» Mean FPN ~ 31 e-, TN around 6 e-
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R&D Activities - SOI Pixel Sensor

* First submission (CPV1) in June 2015
— 16*16 um with in-pixel-discriminator
— 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
— Thinned down to 75 um

* Sensing diode, 2um

—— | * HV protection, diode-connected NMOS
] L 15U I e .
RAISOT | g I * Voltage amplifier, DC Gain ~ 10
L: ; « Reset & Clamp
@ I o
5 analog, digital * Inverter as discriminator
© = ! * Layout, 16 um pitch
o
= I
3L ; N CS_bias
. | 4 S lluA D
) , Velamp 0000 Mo
< A\ A< \< V.diode
Aout 11 LI e pout H\ LI
B row_en
CA[5:0] |—¢
> column address decoder
Sensing diode  Voltage Amp CDS stage Inverter

Yunpeng Lu, et al, A prototype SOI pixel sensor for CEPC vertex, FEE2018, May 2018
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Spatial Resolution

e 1064nm laser beam
— Focused beam waist ~ 3.4 um
— Intensity adjustable

 Spatial resolution versus signal charge
— Obtained the best resolution of 2.3um at around 3000e" signal charge
— Consistent with the simulation

(um)
4
3.5
3 0.5pitch
T R i
2
1.5
1
0.5
0
0 1000 2000 3000 4000 5000 (e7)

S.P. resolutin as a function of signal charge
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Future Plan on R&D

* Laboratory and test-beam characterizations

* Coordination of sensor design team for next submission

* Novel readout scheme

* Large area pixel array design

* Radiation hardness

* Time stamp @ Z-pole?

* Small (16um X 16um) pixel, targeting on 3um single point resolution

— To explore SOI 3D connection technology by designing the in-pixel
digital logic in a separated tier

— Or to look for any new process
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Summary and Outlook

 R&D focused on the inner layer of the Vertex
* CPS & SOI prototype design submitted

— In-pixel electronics, small pixel size

— new asynchronous readout architecture

* Preliminary test results is encouraging
— 2.3um resolution achieved on 16 um small pitch with in-pixel
discriminator

* Engineering run submission is planned in 2019-2020
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Thank you for your attention!
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CEPC CDR Parameters D. Wang
Higgs | W | Z (3T) | Z (2T)
Number of IPs 2
Beam energy (GeV) 120 | 80 | 455
Circumference (km) 100
Synchrotron radiation loss/turn (GeV) 1.73 | 0.34 | 0.036
Crossing angle at IP (mrad) 16.5X2
Piwinski angle 2.58 7.0 23.8
Number of particles/bunch N, (1010) 15.0 12.0 8.0
Bunch number (bunch spacing) 242 (0.68us) 1524 (0.21ps) 12000 (25ns+10%gap)
Beam current (mA) 17.4 87.9 461.0
Synchrotron radiation power /beam (MW) 30 30 16.5
Bending radius (km) 10.7
Momentum compact (10-3) 1.11
B function at IP £.* / B, * (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 0.2/0.001
Emittance &/&, (nm) 1.21/0.0031 0.54/0.0016 0.18/0.004 0.18/0.0016
Beam size at IP o, /o, (um) 20.9/0.068 13.9/0.049 6.0/0.078 6.0/0.04
Beam-beam parameters £/& 0.031/0.109 0.013/0.106 0.0041/0.056 0.0041/0.072
RF voltage V- (GV) 2.17 0.47 0.10
RF frequency f - (MHz) (harmonic) 650 (216816)
Natural bunch length o (mm) 2.72 2.98 242
Bunch length & (mm) 3.26 5.9 8.5
Betatron tune v/ v, 363.10/365.22
Synchrotron tune v. 0.065 0.0395 0.028
HOM power/cavity (2 cell) (kw) 0.54 0.75 1.94
Natural energy spread (%) 0.1 0.066 0.038
Energy acceptance requirement (%) 1.35 04 0.23
Energy acceptance by RF (%) 2.06 1.47 1.7
Photon number due to beamstrahlung 0.29 0.35 0.55
Lifetime simulation (min) 100
Lifetime (hour) 0.67 1.4 4.0 2.1
F (hour glass) 0.89 0.94 0.99
Luminosity/IP L (10°*cms!) 2.93 10.1 16.6 | 32.1




Radiation Background Levels

H. Zhu, CEPC Workshop Rome May 24-26 2018

* Using hit density, total ionizing dose (TID) and non-ionizing
energy loss (NIEL) to quantify the radiation background levels

* Adopted the calculation method used for the ATLAS background
estimation (ATL-GEN-2005-001), safety factor of x10 applied

Total Ionizing Dose [kRad/year], {s=240 GeV Mon-Ionizing Energy Loss [1 MeV nm/cmz‘ year], {s=240 GeV

R [ecm]
R [cm]

7 [cm]
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Combined Beam-Induced Backgrounds
2x1012 1MeV neq:/cm2 per year

H. Zhu, CEPC Workshop Rome May 24-26 2018

E Radiation Bkg, {s=240 GeV
. . . g O Combine
« Radiation backgrounds from pair . o5 0 rate Pascuction
. . . r\]E 102 £ /A Beam Lost Particles
production, radiative Bhabha g
. e
scattering + beamstrahlung > 5
=10
* Most significant contributions from = =
the pair production 2
1010
(safety factor: 10)
2.5 hltS/CmZ BX -1 ’ ’ ! EJXD RadiGus [cm]
> adiation Brg, (5200 Gov ~ 1MRad peryear |
N'E & O Combined E Radiation Bkg, ¥5=240 GeV -~
0 =] [ Pair Production :C|>J_‘ O  combined
w1 /\  Beam Lost Particles 5 10° 0O Pair Production mo
E g = = /M Beam Lost Particles [I00T
= N
-;jl@_l ° E 102
g e
& =t
.
'510‘2 10 =
- detector occupancy <1%
10*313 1 °
1 2 3 4 5 6 i S S s I "
2 3 4 5 6

VXD Radius [cm])

VXD Radius

[cm]
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MIC4 Readout architecture

!

Block{0]

(sm STATE 4
ADDR_EN

[ Block{1]

il

RESET_PIX

SELECT ADDR_EN RESETJPIY B

8*8 pixels

SouT

RESET_PIX

Block{2]

Block[3] |e

| state[0]
RESETI[0]

valid[0]

b state[ 1]
RESET[1]

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

P state[3]
RESET[3]

Block[4]

Block(5]

ADDR<D:3>

o

l

ADDRX40:7>
ADDRY<0:7>

H

Matrix readout architecture:

> AERD (Address-Encoder and Reset-Decoder)
many connection lines occupy larger area than
the logic circuit itself

OR gate chain: speed is limited with the
number of the chain pixels

Combine these two solutions: 64 pixels as a
group using OR gate chain, groups using AERD
structure to readout

\ RESET_PIX Pix_o R—Iogicj
20 address lines to the Peripher;

Block{6]

Block[7]

1
=, o)

[ state[0]
RESET[0]

valid[1]

state[1]
RESET[1]

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

state[3]
RESET[3]

VALID

> state[0]

]
]

Block[8]

Block[9] [~

Block[10]

—

Block[11]

t state[0]
+ RESET[0]

valid[2]

state[1]
+ RESET[1]

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

state[3]
| RESET[3]

valid
SELECT[0]

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

state[3]
SELECT[3]

CLK

Periphery

ADDR<3:2
01

ADDR<1:0>

Block[12] |z
Block[13]
Block[14]

Block[15]

e

b state[0]
RESETI[0]

wvalid[3]

P state[ 1]
+ RESET[1]

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

P state[3]
RESET[3]

10
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Characterization of Analog Front-end in MIC4

> [ @
R -
- —a
< o3 :
—°
% 0.2 = Amplitude ]
é’: L . -o- Full width -
- ¥ /P e - Rise time —12
< "o G- — Threshold .
' 0.1 ol O sena. ]
7o © 000 o -y
0.9 - : M .
i i ]
| - ]
0.8 I L L : L : : 0 I | | | 1 | | | | | 1 1 1 | 1 1 1 0
0.5 0 0.5 1 15 2 25 3 35 0 02 04 06 08 1
t [us]
AU [V]

Analog output parameters as a function of the amount of injected charge.

* The front-end response is non-linear which is as expected.

e Peaking time < 1 ps, duration < 3 ps, close to the simulation results.
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Laser Test Setup

motor
* 1064nm laser beam
— Focused beam waist ~ 3.4 um
— Energy adjustable ~ pJ/pulse laser
* 3-dimensional stepping motor Sub-board
— Minimum step size: 0.1um s; ) g;
chip

* Thinning chip (75 um)

— Backside illumination (no aluminum)
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L_aser position scan with different laser intensity

Scan two adjacent digital pixels
—Step size of 1um
—Threshold is fixed (minimum threshold without noise hit)

laser scan
direction

1 1-

L pixel0 pixell T pixelO pixell
[=] [«
Q r a L
w - 7} .
L 0.6 . £ 0.6 . )
3 Signal charge g 0 Signal charge Normalized response
'Té 0.4 = 1574e" Té 0.4 =2308e" = hits / pulses
s [ 5 L
c L < L

0.2~ 02
0_..\..@. I SN N S AN AP I SPUT AP O_H\Hw [ EPAETN RINI AUVENN AUVETI AFTAT IAVIN
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
position[um] position[um]

i I .

T pixelO pixell L pixel pixell
[=] o
& [ . & L i
S 06 Signal charge 06 ignal charge
8¢ =13148e" ST 4722e
g 041 S 0.4
s L s
c L c L

0.2_— 0.2_—
) IS AN A I I T NI WP WU I W P, o) I [T I AU AUVENN AL AP AT NI
0 2 4 6 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
position[um] position[um]
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