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ITS2 ITS3

» Largest pixel detector in high - e * Replace three innermost layers
energy physics *~Inner Barrel of ITS2

» 7 Layers » + Ultra thin (50um) and bendable

* 10 m? active area — half-cylindrical detection

layers with self-supported arched

structure

e 24k 180 nm CMOS MAPS e Commercial 65 nm CMOS
+ 12.5 GPixel ALPIDE chip ol _, \ imaging technology and stitching
+ Stable, > 99 % functional e

» Material budget: 0.35 % X/X,
» Beam pipe radius: 18.2 mm

* Radial position: 24 mm

* Water cooling

» Material budget: 0.05 % X/X,
« Beam pipe radius: 16 mm

* Radial position: 18 mm

» Air cooling
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ALICE Inner Tracking System
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https://cds.cern.ch/record/2644611
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How can FCC-ee benefit

Synergy with Lepton Colliders i

ALICE ITS3 is a stepping stone for lepton colliders with similar

rEQUirementS: _ Particle gun muons IDEA Delphes simulation
. . . g = e 1GeV, Standard IDEA: R(Layerl) =1.7 cm, w(VTX layers) =280 um
*  Moderate radiation environment L P o s LN
©

» 10GeV, Standard IDEA: R(Layerl) =1.7 cm, w(VTX layers) = 280 um
= 10GeV, + R(Layerl) =13cm

10GeV, + w(first 3 VTX layers) = 30 um
e 100GeV, Standard IDEA: R(Layerl) =1.7 cm, w(VTX layers) = 280 um _|
= 100GeV, + R(Layerl) =13cm

* Low material budget and high spatial resolution is crucial

| IlII]Il

T T°T IIHI

»  First layer closer to the beam pipe for better IP resolution

ALICE ITS3 | FCC-ee S Nt E
Position Precision 5um 3 um E - \ e
Low X/X, 0.05 % 0.3% of -
Radiation Tolerance NIEL <10% <10 ; e ]

i L
b
*

o)

Future collider groups joined the ITS3 efforts: Loy s Fpmyedose el memfiasye¥ syl g o by
10 20 30 40 50 60 70 80 90
M. Mager, ECCW?2023 D. Contardo, ECCW2023 0 [degrees]

F. Palla, ECCPW2024 A. lig, ECCPW2024 L. Freitag & A. llg, ECCPW L. Freitag, Bachelor Thesis

ECFA Detector R&D Roadmap



https://cds.cern.ch/record/2784893
https://indico.cern.ch/event/1202105/timetable/#363-si-detector-development-fo
https://indico.cern.ch/event/1307378/contributions/5726732/
https://indico.cern.ch/event/1202105/timetable/#362-tracking-system-requiremen
https://indico.cern.ch/event/1307378/contributions/5726734/
https://cds.cern.ch/record/2851362?ln=en
https://cds.cern.ch/record/2851362?ln=en
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TPSCo 65 nm Process and Modifications ™ #e==""

nwell colection nwel collection nwell collection

NMosS PMOS I = NMOS PMOS electrode NMOS PMOS electrode

S B = = o - rﬁ e = = ] — — — — -
g | = (e - =T - T . .. T I_V:r—lg"'""" = T
pwol SIS L__pwel L nwell pwell | nwel - 1 pwe t owel | pwell lL | - | pwen
deep pwell deeppwel | [ deeppwel N dooppwell N desppeell 4 N e e
. low dose n-type implant low dose rtype impiant
§ - 5 depletion bound: ifi
3 g . lepletion boundary MOdIerd depletion boundary
- 2 Modified .
a depleted zone £ with gap
depleted zone depleted zone
d depletion boundary

ﬁ More charge sharing _
A Faster charge collection —

* Deep p-well shields the CMOS circuitry from * Further modifications needed for the full depletion of
collecting charge the sensitive layer:

* Low capacitance of the small collection electrode * Modified: to reach full depletion
results in lower power consumption * Modified with gap: more control over charge

» Applying substrate bias increases depletion and sharing

improves radiation tolerance

180 nm CMOS Pixel Sensors



http://dx.doi.org/10.1016/j.nima.2017.07.046
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ALICE

*  6X6 pixel matrix * 64x64 [v1], 48x32 [v1], 48x24 » 32x32 pixel matrix

» Direct analog readout of central [v2] pixel matrix » Asynchronous digital readout
4x4 pixels * Rolling shutter analog readout with ToT

« Pitch: 10, 15, 20, 25 um » Pitch: 15, 25 uym * Pitch: 15 pym

APTS, CE65, DPTS



https://doi.org/10.1088/1748-0221/18/01/C01065
https://doi.org/10.1016/j.nima.2022.167213
https://doi.org/10.1016/j.nima.2023.168589
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Variants of APTS
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To study the influence on capacitance and charge
collection, different variance of the geometry and size of
p-well and n-well collection electrode were produced:

* Reference

» Larger n-well collection electrode

» Finger-shaped p-well enclosure

* Smaller p-well enclosure

1.5mm

P-Type: only reference variant on chip
Multiplexer: all four variants on same chip

Comparison of: pitches, variants and irradiation damage
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ALICE

- TESTING APTS

Lab Measurements
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Fe55
radioactive source

Ne

olllle ‘mmm- i o T

Proximity Board
sets voltages &
hosts ADCs

Carrier Board
hosts the chip

DAQ Board
hosts the FPGA

+ Water cooling used to set a standard temperature
during tests (16°-20°C)

* The measurement of the Fe-55 spectrum is used to
calibrate the sensor readout to the collected charge
at different bias voltages
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Charge Collection

Pitch Comparison Variant Comparison

0.07

) APTS SF 0.085
; ALICE ITS3 preliminary type: modified with gap ALICE ITS3 preliminary APFTS 3 MUX
‘ Fe-55 source measurement ts spiit: 4

pitch: 20 um
Fe-55 source measurements type: modified with gap
Plotted on 27 Mar 2023 split: 4
Viun = Vower = = 1.2V

Plotted on 27 Sep 2022

e
o
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Vimser = 500 mV

o
o
a
—

0.04 4

£ pitch = 10 ym

=3 pitch = 15 ym
0.03

Relative frequency (per 1 mV)

pitch = 20 ym 0.034 Larger n-well

1 pitch = 25 um : collection electrode
0.02 Finger-shape

Chips: pwell enclosure

g
=
b=
~

- AF10P_W22825

Relative frequency (per 1 mV)

0.01 4 H AF15P W2282 il ol | . Smaller p-well
- AF20P W2286 I i s enclosure
= - AF25P W22B7 vty A =
Reference
0.00 v ’ . 0.000 -
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Seed pixel signal (mV) Seed pixel signal (mV)

« The entire generated charge is collected pointingto the  « Sensor variant with higher capacitance leads to lower
near-full depletion of the sensitive layer signal in mVv

 All pitches and variants show similar results indicating
efficient charge collection

* Freedom to choose pitch depending on application
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Charge Collection

Irradiation Comparison

o ALICE ITS3 prelimi piteh: 15
preliminary pitch: 15 um
Fe-55 source measurements e o dified with gap
N 1+ Plotted on 27 Mar 2023
Z 0.04 i
— I
@ [
5 r
> 0.03 d ‘
c . .
g 1 _[ [ Non-irradiated
T 0.02 1013 1MeV neqem~2
E; 1 A7 | 10 1MeV naqcm2
3 F[_ér_ﬁg—;;{? il 105 1MeV negcm 2
2001 i 0", 2x105 1MeV n ,cm~?
4 ) 5x10%5 1MeV ng,cm™2
0.00 G ™ = 10'® 1MeV neqscm=2
70 20 40 60 80 100 120 140

Seed pixel signal (mV)

* Up to 10 1MeV ng,cm?2 all similar behaviour (ALICE ITS3 radiation tolerance requirement < 10'3 NIEL)
- After 10'* 1MeV n,,cm? performance worsens, less charge gets collected and Fe-55 peak becomes less visible
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ALICE

- TESTING APTS
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ALICE

* 6 ALPIDEs (ITS2) as reference planes (not cooled)
* 1 APTS sensor as DUT at standard temperature
(~16°C)
« 1 APTS as trigger
+ Tested at
+ SPS with 120 GeV hadrons
* PS with 10 GeV hadrons
+ DESY with 0.8-5 GeV electrons

* The test beam measurements are used to determine
the detection efficiency and the spatial resolution.
 All plots show points above 3 x RMS noise




Detection efficiency (%)
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Pitch Comparison

Detection Efficiency

1

032 L e o0 type: modified with gap
954
90+
854

801

754

7 Associatign window radius: 75 um. Plotting for thresholds above 3xnoise AMS.

P L APTS SF

split: 4
— Non-irradiated
Ireset = 100 pA
\ lasn =5 pA
Tbiasp = 0.5 pA

Ipiasa = 150 pA
Inias3 = 200 pA
Vreser = 500 mV

Vpwetl = Vagp = 1.2V
T=15°C
ALICE ITS3 beam test preliminary
@DESY June 2022, 4 GeV/c electrons Pitch =10 um
@SPS 2022/2023, 120 GeV/c hadrons —4— Pitch = 15 ym
Plotted on 15 Dec 2023 4— Pitch = 20 pm
Pitch = 25 ym

—4— Pitch = 25 pym - Caribou

100 150 200 250 300 350
Threshold (™)

99% efficiency reached for all pitches

Worse efficiencies at higher thresholds due to more
charge sharing

Smaller pitches — less range of operation due to
more charge sharing

Spatial Resolution

1.5

o
N

APTS SF
type: modified with gap
split: 4
6.5 4.6 r{on—irridiated
=55 4.0 E
£ B S 3
2 PSP S -
§ | ﬂ—'d
=S 45 W 347G
= [ & -
° ]
g g
% 35 W 2.7 8 —$— Hit/no-hit spatial resolution
‘é Rl g ¥ Analogue spatial resolution
o
w25 21¢ 4-- Average cluster size
ALICE ITS3 beam test preliminary < Pitch = 10 ym
@SPS 2022/2023, 120 GeV/c hadrons —4— Pitch = 15 pm
15{ ¥, Plotted on 15 Dec 2023 15 )
R Ty i, L +— Pitch = 20 ym
Bl T B s R ) Pitch = 25 pm
0.5 L Association window radius: 75 um. Plotting for thresholds above 3¥noise RMS 0.9
100 150 200 250 300 350
Threshold (e”)

« Spatial resolution better than pitch/+/12 thanks to charge
sharing

* 10 um pitch sensor: extremely good resolution (<3 um)
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Variant Comparison

Detection Efficiency Spatial Resolution

7 2.75 APTS SF
109 type: mo B b3R5 140 Gavie madrars type: mocifed wit gop
Plotted on 19 Jan 2024 i 4
2.50 Irradiation: None

95 res 00 pA
g z5 225?L s
5 90 E - =200 pA
£ g4 2005 yoe IV Ty
5 85 2 B
c £ 3
=] 3 1753 #— Hit/no-hit spatial reselution
§ ol ® " om w wm oo z N — & ¢ Average cluster size
T imii " s i
8 S S e S AT Fainar Larger NWELL collection electrode &2 e — 150 & Larger NWELL collection electrode

Plotted on 19 Jan 2024 Reference - - % Reference
751 —4— Finger-shaped PWELL enclosure Wi e 4+ Finger-shaped PWELL enclosure
Smaller PWELL enclosure 1 S— 1.25 Smaller PWELL enclosure
+— Ptype B S e
70 | Association wingow radius: 75 jum_ Plotting for thresholds above 3xngise AMS. T ; —4— P-type
i oo = — = o o o s s 75 . ltting for thest ise s, 100
Threshokd (e~) 50 Bo a0 300 350
99% efficiency reached for all variants * More charge sharing improves the spatial resolution

« Little to no impact of sensor geometry except for large n-well
* RMS noise for multiplexer ~ 13-14% higher than P- variant

type in all cases due to higher currents



Rebekka Wittwer 22.02.2024 / 19th TREDI Workshop

Variant Comparison

Detection Efficiency Spatial Resolution

100 + + APTS SF \
type: modified with gap

pitch: 10 um

98 split: 4
Variant: Reference . .
E— Irradiation: Non: °
o e e Efficiency loss
. 96 leses = 100 pA

focused on the edges
and corners of the
pixel at high
thresholds

+ Little to no impact of

i s sensor geometry

-2 : - variation

86

g
94,

92

92

In-pixel track intercept y (um)
Detection efficiency (%)
Detection efficiency (%)

Stat. error

g jrons. .
19 jan >
o L 3
%00  -333 -167 0.00 167 3.33 00 % 84y 5 10 15
In-pixel track intercept x (um) Distance along the path (um)
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Variant Comparison

Detection Efficiency Spatial Resolution

=0 e | 7 APTSSF
[ [ type: modified with gap

100 100
e € p.tlcth_::apm
333 98 ?;rl';."tt‘. Rslfﬁren(e -
- Trveang - 340 + Efficiency loss
. x ” focused on the edges
2 167 = =
z » S S and corners of the
> i i. pixel at high
H thresholds
e 'z z” + Little to no impact of
= sensor geometry
5 . . variation
Stat. error

5.0 y |
Woo -333 -167 000 167 333 500 845 5 10 15
In-pixel track intercept x (um) Distance along the path (um)
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Irradiation Comparison

Detection Efficiency Spatial Resolution

APTS SF 4.5 2.3
100 )
lYIIJE: Tod'fled with gap g’;s::dmed with gap
split: &
4 ) plit: 4
pitch = 15 um 40 2.1 pitch = 15 um
95 : Ireser = variable
£ T35 199
- 90 - & )
> 2
c c %
< N
$ g % -
5 85 ° i % —#— Hit/no-hit spatial resolution
c o w 2 i
=25 ~ — 155 % Analogue spatial resolution
2 = .. ALICE ITS3 beam test preliminary o s 9 | P
S 80 Non-iradiated = N 0 @SPS 2022/2023, 120 GeV/¢ hadrons & |~%- Average clustersize
£ —+ 2 ’ ‘o Plotted on 15 Dec 2023 £ —4— Non-irradiated
A 103 1 MeV ngq cm™2 v 20 LT AL S 138 10'? 1 MeV neq cm™2
- eq
4 -
5 : —4— 10 1 MeV ngq cm~? —4— 10 1 MeV neq cm™2
ALICE ITS3 beam test preliminary 105 1 MeV Neg cm-2 1.5 Oceibnc 1.1 = 2
@SPS 2022/2023, 120 GeV/c hadrons e 10° 1 MeV ngq cm™
Plotted on 15 Dec 2023 —4— 2x10% 1 MeV ngq cm™? —4— 2 %10 1 MeV neg cm~2
701 Association window radius: 75 um. Plotting for thresholds above 3xndlse RMS. 1,0 +-Assoclation window radius: 75 pm. Plotting for thresholds above 3xnolse RMS il 0.9 s
50 100 150 200 250 300 350 50 100 150 200 250 300 350

Threshold (e™)

Threshold (e™)

99% efficiency reachable with irradiation up to 1014 Resolution worsens after a irradiation of 104 1MeV n,,cm-
1MeV n,,cm-2with the application of bias voltage



Irradiation Comp

Not Irradiated

Spatial resolution (um)

7 275

ALICE ITS3 beam test preliminary

@SPS 202272023, 120 GeV/c hadrons

Plotted on 19 Jan 2024
6 2.50

___——————§¢ %
5 r_,,,f—f—J ———— 2325
_—
_—
-

4 2.00
3 1.75
2 1.50
1 = 2 1.25

Associstion windaw radius: 75 pm. Plotting for thresholds sbove 3xnoise RMS. 1.00

50 100 150 200 250 300 350
Threshold (e}

Average cluster size (pixel)
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Irradiation: 104 1MeV ng,cm2

APTS SF

ALICE ITS3 beam test preliminary
023, 120 GeV/c hadrons

type: modified with gap
pitch: 20 pm @SPS 2022/21
split: 4 Plotted on 19 Jan 2024
Irradiation: None 6
=100 pA
€5
E
=2
2
—4— Hit/no-hit spatial resolution 23
-4-- Average cluster size =
Larger NWELL collection electrode 2
a2
Reference
4— Finger-shaped PWELL enclosure
Smaller PWELL enclosure 1
+— P-type
50 100

Spatial resolution of larger n-well less affected by
irradiation thanks to larger collection area but not
surpassing performance of other sensor geometries

150

200
Threshold (e™)

2.75 APTS SF
type: modified with gap
pitch: 20 um
2.50 split: 4
Irradiation: 10% 1 MeV nuq cm~
225 ¢
2
&
2.00%
g
1 755 —#— Hit/no-hit spatial resolution
= Average cluster size
150 s Larger NWELL collection electrode
Reference
o —4— Finger-shaped PWELL enclosure
Smaller PWELL enclosure
—4— P-type
1.00
300 350
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ALICE

SUMMARY AND OUTLOOK
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Summary and Outlook

Charge Collection: In-pixel study:

+ All pitches and variants very similar + Efficiency loss focused on the edges and corners of

* The entire generated charge is collected pointing to the pixel at high thresholds '
near-full depletion of sensitive layer + Little to no impact of sensor geometry variation

Efficiency: — Radiation Tolerance:

» All pitches and variants very similar » All variants very similar, good performance (operation

* Over 99% efficiency reached over 99% efficiency) up to the irradiation level of 1e14

« Smaller pitches — less range of operation due to NIEL

charge sharing

APTS results show that sensor performance
required by ITS3 detector design is feasible

Resolution:
» Effect of charge sharing/cluster size visible » Testing of stitched design started
* 10 um pitch sensor: extremely good resolution (<3 * Assembly of wafer-scale sensors defined

pm) * TDR now with LHCC
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ALICE

Thank you
for your attention,

This project has received funding from the European Unions Horizon Europe research and innovation programme under grant agreement No 101057511
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ALICE
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ALICE 3 Superconducting

magnet system
LHC LS4 2033/34

» ALICE 3 is centred around a
60 m2 MAPS tracker

- innermost layers will be based
on wafer-scale Silicon sensors
“iris tracker”, similar to ITS3
(but in vacuum)

- outer tracker will be based on
modules like ITS2 (but order of
magnitude larger)

absorber

Letter of intent for

» This is the next big and concrete | ALICE 3
step for this technology

Magnus Mager (CERN) | Si detector development for ALICE ITS3 and ALICE 3 | FCC week, London | 08.06.2023 | 31



ALICE 3

vertex detector
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ALICE

Based on wafer-scale, ultra-thin, curved MAPS

radial distance from interaction point: 5 mm
(inside beampipe, retractable configuration)

unprecedented spatial resolution: = 2.5 pm
... and material budget: = 0.1% Xo/layer

at radiation levels of: = 106 TMeV neg/cm2 +
300 Mrad

and hit rates up to: 94 MHz/cm?2

Unprecedented performance figures
- largely leverages on the ITS3 developments
- pushes improvements on a number of fronts

Magnus Mager (CERN) | Si detector development for ALICE ITS3 and ALICE 3 | FCC week, London | 08.06.2023 | 34
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ALICE ITS3 @)

Performance improvement ALICE

pointing resolution

10° - > Improvement of pointing resolution by:
— standalone
=== ITS2+TPC - drastic reduction of material budget
2 s nidene (0.3 = 0.05% Xoflayer)
E ) TR i - being closer to the interaction point
5 (24 — 18 mm)
i R Ry, - thinner and smaller beam pipe
g R, N, (700 — 500 pm; 18 = 16 mm)
é 10! - N S
o R R » Directly boosts the ALICE core physics
L program that is largely based on:
- low momenta
10° +————+

Transverse momentum [GeV/c]

[ALICE-PUBLIC-2018-013] T > Eg Ac S/B ImproveS by faCtOI’ 10,

improvement of factor 2 over all momenta significance by factor 4

Magnus Mager (CERN) | Si detector development for ALICE ITS3 and ALICE 3 | FCC week, London | 08.06.2023 | 13
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ALICE

Feb55 Spectrum

Amptek SUPER Silicon Drift Detector (SDD): 25 mm2/500 pum

o *5Fe The measurement of the Fe55 spectrum is
11.2 s peaking time 5.89 keV used to calibrate the sensor readout to the
P/B Ratio §,200:1 collected charge

2 125 eV FWHM
5 > * Number of electrons generated by Ka :
S 1640
» Number of electrons generated by Kf :
6.49 keV 1800
0 1 2 3 4 5 6 7 8

Energy (keV)
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Variant Comparison

Detection Efficiency Spatial Resolution

iGoh < 100 100 APTS SF
] B type: modified with gap

:
o o s - Efficiency loss
96 l =100 pA
2 o focused on the edges
2 'z ™ and corners of the
p £ fa pixel at high
thresholds
2 - g 8% « Little to no impact of
_ e sensor geometry
B variation

10000 -667 -333 0.00 333 667 1000 845 10 20 30
In-pixel track intercept x (um) Distance along the path (um)
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Variant Comparison

Detection Efficiency Spatial Resolution

/\

10.00 Tk 100y 1 71 APTSSF
type: modified with gap
H x [ ] |
-
»

pitch: 20 um
98/ sp\w; 4
667} reacintion: Nome - o
. » Efficiency loss
¥ - 96 lres 100 pA

550 focused on the edges

g 3.33} ¥ z z 150 pA
z . : 3 2008 and corners of the
¥ g fa rhec T T pixel at high
thresholds
§ s I A « Little to no impact of
" % sensor geometry
o7 . .l variation

Stat. error

“10%00  -667  -3.33 000 333 6.67 10.00 84, 10 20 30
In-pixel track intercept x (um) Distance along the path (um)
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