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Super Tau-Charm Facility

“» STCF: next generation e *e -~ collider in China
— Center-of-mass energy: 2-7 GeV
— Peak luminosity: > 0.5%x10% cm~2?st at 4 GeV
— Collision data: more than 1 ab-/y
— With potential to further increase luminosity and beam polarization

800 m
storage ring

-

.....

Main Drift Chamber]

~7m

2026/2/5 2




Detector Considerations for ITK

“* Physics requirements

(polar angle: 20°~160°)

Solid angle coverage: 93%-4n

Main drift chamber(MDC)

291 cm

185 cm

b _
149 cm "

Inner tracker(ITK) <130 EMC
. ~0.3%X.l Oxy pum I
0.3% 0 ayel‘ 105 cm .—me—_,‘
6. <100 g + o,/p~05% @ 1GeV s _
° / ]
Xy - dE/dx ~ 6%
MDC f -
. Optlmlzed i ///,‘/ ! 40
Process Physics Interest Requirements em g Tk
Sub-detector o T3 A
T Kave, CPV in 7 sector, acceptance: 93% of 4r; trk. effi. 3 3 3 3
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)
D, tag Charm physics op/p =0.5%, 0, = 130 um at 1 GeV/c

“ Tracking challenges at low p;

— Momentum resolution: Multiple Coulomb scattering
— Track reconstruction efficiency

*» Low material budget is essential to satisfy the physics requirements
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https://doi.org/10.1007/s11467-023-1333-z

Conceptual Design

“* MAPS is one of the options for the Inner Tracker (ITKM)
— Another option is the MPGD based Inner Tracker (ITKW)

“* Four layers of silicon pixel detectors, with radii of 36 mm, 88 mm, 140 mm, and
196 mm

— Beam pipe radium: 30 mm
% Total area: 2.5 m?
% 6222 chips with single chip size of ~2 cm x 2 cm

160°




Design Targets

(3 = NWELL PMOS NMOS
*» Requirements on the MAPS based Inner Tracker Spacng DIODE Spacng  TRANSISTOR, TRANSISTOR
3 @ - GRGIG
Requirements c ||[T$$M‘I
Hit position resolution | <100 pm dimgepkt}or‘;‘\
L . region®. /7
Hit time resolution ~20ns N
Power consumption ~50 mW /cm? 5 ‘... p™ epitaxial layer *
Material budget ~0.3% Xq per layer Particle hit‘/ P substrate
Hit rate >1MHz/ cm? _ ] ]
MAPS with small fill-factor is preferred
TID >1.0 Mrad/year
NIEL > 1.0 x 101 1 MeV neq/cm?/year
Physics Process Cross-section (nb) Rate (Hz) 040
V— =3.097 GeV, £ =0.75x10% cm 25!, AE = 0.848 MeV ?E 0% I —a— 400 kHz physical events rate[ /
o 030
Iy 4500 337500 @ i ili
L - o o Pileup probability
. — utu 270 20000 Tg 0.20
ngh event Bhabha (¢ € (20°, 160°) 734 55000 2 .
rate at STCF Yy (6 € (20°, 160°) 36 2700 s
PaTs 11.4 900 2 010 _
Hadronic from continuum 25.6 2000 Jg“ 0.05 4 /
2y process (68 € (20%, 160°), E > 0.1 GeV ~233 1740 S S S N O
2026/2/5 Total ~5300 ~400000 100 oo o

Time window (ns)



MAPS Prototypes

180 nm process 130 nm process
» Low-resistivity substrate + high-resistivity EPI  High-resistivity substrate, no EPI
» Mature process in HEP * Domestic process

CharTPix_180 CharTPix_130

TR

ST U L L

il

Design started in 2021, finished in 2023 Design started in 2023
Submitted in Mar. 2024 Submitted in Sep. 2024
Chips returned in Dec. 2024 Chips returned in Mar. 2025
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Sensor Design

s+ Pixel size considerations

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

— The ALPIDE sensor is already optimized and proven experimentally - keep the sensor
geometry as close to ALPIDE as possible

» 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
« 3" gption: digital connected small pixels

diog metal @ E

A: pixel B: Pixel-based C: Pixel-based D: Strip-based E: Strip-based
30pm X30um 180pm X 30um 90um X 60um 180um X 30um 90um X 60um
Metal line connected Nwell (active) connected

v" small input capacitance v’ faster charge collection
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Readout Architecture

¢ In-pixel circuit

""" — Analog amplifier, comparator
B [ Rom_row ] — Coarse time latches
[ -
Dgt?a%?or | X Dlgltal readout o |
— Column level priority logic
Digital Logic: _ o _
ch . « Token ring priority coding
ontrol signal v
Tokenout o 8-bit TOA, 8-bit ToT@20 MHz
— Data processing module
i FSM__ | [ Fswm FSM__ | [ _FsM < Power consumption estimation for
[ = DACGrgy Counter+Driver e\; | 2cmx20m Chlp
ol R S — Strip-based: 55.7 mW/cm?
PLL i Pixel Config. *
VoS — Pixel-based: 46.2 mW/cm?2
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Timing Improving Consideration

¢ Precise timing provides more potential

** Promising readout architecture: digital

{} Data

Digital
logic

v" Small collection diode

- Good time performance

- Good spatial resolution

v" Multiple readout channels

—> High digital power
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v’ Large collection diode
- Low time performance
- Low spatial resolution
v" Fewer readout channels

- Low digital power

@ Data

Digital
logic

"OR" for multiple small pixel

{} Data

Amp
Digital
Cmp |OgiC
] ime
] leasuremen

v" Small collection diode

- Good time performance
- Good spatial resolution
v" Fewer readout channels

—> Low digital power



Super Pixel Design

% Combining non-adjacent pixels: avoid ToT loss
“ Super pixel with 6x12 pixel array
— 6 sets of digital readout logic

— When cluster size < 3X4, no ToT loss occurs

Digital Logic

or[ o o PL P2 P Additional 3-bit for group address
D (e [o o o e e[ [ (e o o
. — S S AU PN S S SN U A S SN
P2_DIS /\ o> oD o] oD |[oD- (oD (oD (oD | oD D> oD | D
P3_DIS \ » NN 3’[>4’[>] i~ 7’[>8’[>j o ’[>11 ’[>12 —
o — R N o e o O Sl S O S S S
Combining adjacent pixels > > > > P> > b b b D b D

- ToT loss
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Digital Logic

Pixel Pitch: 33 ymx33 um

Pixel Array: 576 rows x 144 columns
Simulated Threshold: ~ 150 e-
TOA+TOT measurement

<~ 2 ns bin size: 500 MHz VCO

Simulated Power Consumption: < 50
mW/cm?

10



CharTPix 180 - Sensor Characterization

» 3T sensors °°Fe test

Energy spectrum

Spectrum
»
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S - Fitting function
E Kalpha: 4.84mV 5.4%
500[— Kbera: 5.32mV 5.0%
400~
300}
200[
100 A
4l IJ} \
[1) M ber it 1 | | L |
0

Entries

Q-T plot

g

Rise time(ns)

$

power a0l

20

7 8 9
Amplitude(mV)

1x6 strip-based

FMC adaptor
board

chipboard KC705 PC

general
adaptor
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CharTPix 180 - Laser Test

¢ Laser test to characterize the charge collection profile

icien 0
Efficiency 91.62% Efficiency 70.22%

I _ 15
E %)
E_f | 'y | E 155 5
£ 162 N 9§ | 2
E s 15.45
. . . 16,155 0.8 I
With laser intensity ; :
16.1
F 0.6
1 P I 15.35
equivalent to 600e- :
163 0.4 I 15.3
(~O 375 MIP) = 03 | 15.25
. 15.95" 0s
E 3O“m . - I 15.2
15.9— 0.1 ’
k ol | I 15.37 15.38 15.39 15.4 15.4115.42 1543 15.44 15.45 0
153715351539 154 1541 154215431544 T
xtrmm) I Efficiency 0
Efficiency 99. 99% I - -_ _939193/0
E N "N £ 155 - - 0.35&95
. . E 162 g& | o 1
fiber optic [IRNE s > B 09875 I 0.9999
16.15[° 0.9999 15.45 -._
generator _ : | ™ 0.99985
rager  With laser intensity e . | R |
. 16058 ' | 15.35 U o BT ooeers
F 0.99975 |
KC705 equivalent to 1600e- ¢ | | e
attenuator ok 0.9997 : (EE = ™ ]
- - - 0.99965
(~ 1 M I P) 15'953 o I 192 :- = 0.9996
- o958 1 152 = 0.99955
15.91 0.99955 I ) -- - -1
) 3 1537 15,38 15.39 154 1541154215.43 15.44
Chlp data 15.3715.3815.39 15.4 15.4115.4215.4315.44 | x(mm)

Almost 100% efficiency! s(mm)
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CharTPix 130 - Sensor Characterization

. . ' Fe55 source measurements UBO
3T sensors: 6x6 pixel test structure with parallel as| 533;
analog readout of all pixels 407 SU86
g p 35 l[ S5Fe SpeCtrum
. . .30F 3
Using a 16ch-ADC readout system 5.
§ 20}
151
1.0
05
0.0 ; ; ; . !
0 20 40 60 80 100
- o= Amplitude of Sensor/mV
; Chip carrier board Wire bonding I
1st Ver. Mother board z51 T
g 24f Sensor Capacitance
i‘H Cont. data 16 channel §
g ~Dc(sch negative-edge |3 2
' trigger <
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CharTPix 130 - Electronics Test

CharTPix_130 MAPS with super-pixel readout

«»» Threshold: 252.0 Mismatch: 31.0
% TN: 7.1 TN sigma: 2.3(@SUB = -4 V)

Threshold Map Calibrated Temporal Noise Map Calibrated

Temporal Noise Map ...
Entries 81689

Mean x 73
Mean y 293.4
B Std Dev x 416

500 "7‘ =T ::,-:'-' '_—:7 = __; 500 e = e : SE - B Std Devy_ 166.2

ROW
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Beam Test

X Telescope System » Six layers of Jadepix-3 chips serving as reference
tracking detectors (JO-J5)

» One layer of LGAD as the timing reference detector

» Two DUT layers: CharTPix_180 and CharTPix_130

v’ Particle Species
» 4 GeV hadron
» 10 GeV hadron
» 10 GeV muon
» 1 GeV electron

JO J1 )2 purt ourz 15 14 13

LGAD
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Test Result — CharTPix 180

Efficiency vs Threshold Time resolution vs Threshold

EFQJ ” ) E 60 ET
80 - o Fogg

+ 10GeV, bias -6V, active-connect
+ 10GeV, bias -8V, metal-connect

70 50

6 4GeV. biag 4V, ack \ + 10GeV, bias -6V, active-connect
------- eV, bias -4V, active-connec
; i Wi i 45 10GeV, bias -6V, metal-connect
60 f:! 4GeV, bias -4V, metal-connect ‘ +
i i i ‘.'E] {-) 4GeV, bias -4V, active-connect
40 -E] 4GeV, bias -4V, metal-connect
o - - - -

50

JI|IIII|III\|IIII|IIII|IIII

IlliIIIIiIIIlilIIIiIIIIiIIIIiIIIIiIIIIiII
400 500 600 700 800 900 1000 1100 11 1 1 | 111 1 | 1 1 11 | 1111 I 1111 | 1 11 1 | 1 11 1 | 1 11 1 I 1 111 I 1 1
Threshold (e-) 300 400 500 600 700 800 900 1000 1100
Threshold (e-)

wr
or

» The efficiency of strip-based pixel is better then that of pixel-based pixel

> ~ 40 ns time resolution is achieved without time-walk correction
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Test Result — CharTPix 130

Efficiency vs Threshold Position Resolution vs Threshold Time resolution vs Threshold
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— T
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» Efficiency drops rapidly as the threshold increases
» ~ 5 um spatial resolution is achieved with charge center of gravity applied

» ~ 40 ns time resolution is achieved with time-walk correction
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* MAPS with low power consumption, high spatial resolution and timing resolution, and

TOT measurement is required for STCF inner tracker

** MAPS prototypes are developed

— Large size pixels are explored in 180 nm process
— Spatial resolution: ~5 um with super-pixel design @ 250e- threshold

— Time resolution: ~40ns —» 20 ns

* Irradiation performance will be evaluated in the near future

Thanks for your attention !
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In-pixel: analog front-end

“ Amplifier + Comparator
¢ Simulated performance (180mmx30mm,strip-based sensor)
— ENC ~14 e-, MISMATCH ~ 6.6 e
— Power consumption: ~800 nA/pix, ~26 mW/cm?  rommmmooommmooooooooooo
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In-pixel: digital

r HIT_FLAG_IN

** In-pixel digital circuits
— Priority readout based on TOKEN (FE-13)

|
| |
| |
| Dzi?jor LE i f . D—D— s Q —J D Rl |
. X LE[— Q - |
— Timestamp frequency: 20 MHz | e R ° ? (R
— 8-bit leading-/falling-edge | — |
TE
| g SRAM_LE - |
— Readout clock: 10MHz | — rrmeour | READ |
LTmesame S . _._._._
— 0 — 0 0
I I | H ﬁ
— 0 — 0 . /MRESET 8”%
' ' : Ty
— O _ O L § g_ ,—‘
I I L EE /LE_SRamMm 5'205
hlt — 1 READ ] 0 L W /TE_SRAM §7‘25§ I I
| ) | B TOKENOUT_1 § 20 %
] 1 - 0 STOKEMD i'sn b
| | 2 ] | |
hit 4 1 hit — 1 L mEaD 21
! I gé%j | [
— 1 ] 1 . B /READINT_1 § § J
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