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e
The ALICE ITS3 - a bent vertex detector

ALICE
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e Ready for LHC RUN 4 - mounted during LS3 Cylindrical support structure

-

e Built using wafer-scale MAPS (Monolithic Active Pixel

Sensors), produced using stitching

* Thinner (<50 um) H-layer H-ring
e Mechanically held in place by carbon foam ribs sensor
e Bent to the target radius longeron

- 1st layer at 19 mm, closer to the Interaction Point

- new beam-pipe at 16.5 mm Beam pipe

e Less material budget, less power consumption

e Better tracking efficiency and impact parameter f
resolution , =19 mm
e |ITS3 will replace the 3 innermost layers with only 6 innermost layer

sensors 26 cm long Rbeam vipe 16.5 mm 2



e
The ALICE ITS3 - a bent vertex detector

ALICE

- Impact parameter resolution

e Ready for LHC RUN 4 - mounted during LS3 § = -iTS2 standslone
e Built using wafer-scale MAPS (Monolithic Active Pixel B © | ITS2+TRC{full MC)

- |TS3 standalone
=== |TS3+TPC
O ITS3+TPC (full MC)

Sensors), produced using stitching
e Thinner (£ 50 um)
e Mechanically held in place by carbon foam ribs
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e Bent to the target radius
- 1st layer at 19 mm, closer to the Interaction Point !

- new beam-pipe at 16.5 mm | Improved Performance

. . 0
e Less material budget, less power consumption 0
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e Better tracking efficiency and impact parameter

resolution d, t(gck impact parameter

e ITS3 will replace the 3 innermost layers with only 6

sensors 26 cm long
primary vertex

secondary vertex
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ITS3 prototypes and technology validation - MLR1

ALICE

e MAPS technology provide sensor and electronics integration in one single chip reducing cost, power, material budget
e |TS2 features 180 nm MAPS technology (ALPIDE sensor), with ALPIDE
e Multi Layer Reticle 1 - First submission with the TPSCo 65 nm MAPS technology for the ITS3
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e produced in three designs: standard, modified, MOD. WITH GAP

mOdiﬂed'With'gap p epitaxial layer

e Validation in laboratory with >2Fe source and at _

beam-tests (CERN SPS)




Fe source measurements

@INFN-BO

ALICE  APTS, Modified-with-gap type I
Seed threshold = 100mv. | CPEEl o _ SR T —
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@ The seed pixel is the pixel with the largest amount of collected charge mean 5
(2 The matrix signal represents the total charge collected within an N x N matrix centered on the seed pixel
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>>Fe source measurements @INFN- -BO

HLTCE APTS, Modified-with-gap design
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1l Ve = OO Y Depleted zone
Vsup =-1.2V el a7
[ Vsup =-2.4V .
1 Vaup =-3.6V Pitch: 15 um
Vsub = '4.8 V

Type: modified-with-gap design
Reverse-bias: from 0 to -4.8 V
Source: 37 MBq *°Fe

[ e Seed pixel signal distribution of the 4 innermost

pixel of APTS at different bias voltages,

| - — expressed in mV.

Tl e The amplitude rises with increasing reverse-bias
voltage — due to the expansion of the depletion

75 100 e 150 175 region and the related decrease in capacitance.
Seed pixel signal (mv)



Resume of >°’Fe measurements

ALICE
Pitch = 15 um Vsub =-1.2V Mod. with gap, Vew = -1.2 V
;525 —r
Z —#— Mod. with gap #—- Mod. with gap !
® The standard type shows a reduced Charge 8 20 Modified Modified .
= —e— Standard —e— Standard
Collection efficiency (CCE) along with an increase 215 .
. . (o 2] P?tch:lOum
in the average cluster size. 310 iR
. v H:\.——Qf"q l/”r_’_!\i gy & Pitch = 25 um
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o —_
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. . . . U 90
Z e The degradation in energy resolution*) is more e
8 pronounced for larger pixel pitches, primarily 80 &
o o 2
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g g
3 gathered from a greater sensor volume. >
V4 . . . . P 1
e DUT remains operational across all irradiation TRV I A . . A [ el "
© L] . —a |
levels. g 125 SN
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UThe energy resolution is computed as the ratio of the FWHM of the Mn-Ka peak divided by its mean. ”7@1,"7@1/;7@1/ 13;5\’4';7@1/ 3
ICCE is the ratio of the most probable value of the 3x3-pixel matrix signal distribution to the most %C%C%C’be&b ! 7
probable value of the signal distribution for cluster size of 1. DS



ALICE
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Beam test data taking and analysis

Reference arm D Trigger Reference arm
0 1 2 3 4 ) 6 7
ALPIDE 'I ! z Beam )
T direction
% 1 ]

4 b4 - s 4

Beam telescope scheme
e DUT: APTS sensors differing for design,
pitch and irradiation level

Power Supply (DAQ
and VBB)

——

e telescope: 6 reference ALPIDE planes used for tracking
® trigger: APTS sensor (pixel pitch 25 um)
® Beam: 120 GeV positive hadrons @CERN SPS
e Beam test data analysis performed using Corryvreckan'
o software written in C++
o offline event reconstruction and analysis
(masking + pre-alignment, telescope alignment, DUT
alignment, efficiency and spatial residuals analysis)
—goal: measure APTS efficiency and spatial resolution 3

(Whttps://project-corryvreckan.web.cern.ch/project-corryvreckan/
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ITS3 beam tests - Efficiency results %%

aLICE Modified* with gap
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701 Association wingow radius: 75 pm. Plotting for threslholds above 3anise RMS.
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—— Vp=-12V
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—4— Vop=-3.6V
—4— Vop,=-4.8V
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Threshold (e~)

*wrt ordinary MAPS design used for ALPIDE: see here
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Detection efficiency:

# tracks, ass.cluster, DUT
total # trackspyr

_-!-J

Chip fully efficient (> 99%) for a
wide threshold range also at
different voltages




ITS3 beam tests - Efficiency results |

ALICE Design comparison

Detection efficiency (%)
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100
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95

90 -

85 -

80 -

75 A

70 1

Standard
ALICE ITS3 beam test preliminary Modified
@SPS October 2022, 120 GeV/c hadrons —4— Modified with gap
Plotted on 31 Mar 2023
Association wingow radius: 75 pm. Plotting for threslholds above 3anise RMS. . -
50 100 150 200 250 300

Threshold (e™)

Detection efficiency:

_ # tracks; ass.cluster, DUT
total # trackspyr

Modified with gap shows also at at
higher thresholds the best
efficiency values

Design type (Vbb =1.2V) | Noise (¢e)

Standard 24
Modified 28
Mod.Gap 28
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Detection Efficienc

aLice Modified with gap design - Irradiate
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Detection efficiency (%)

(1)

100
99

y - APTS

95 -1

90

85 1

80 1

75 1

70 1

Non-irradiated
—f— 10'3 1MeV neq cm™2
104 1MeV neq cm™2
—4— 10'° 1MeV neq cm™2
—4— 2-10% 1MeV neq cm™2

50

ITS3 requirement: 99% efficiency with radiation load of 10° NIEL for Layer 0 (19 mm from R = 0)

100 150 200 250
Threshold (e™)

350

low dose n-type implant

Depleted zone

p epitaxial layer

# tracks, ass.cluster, DUT
total # trackspyr

Detection efficiency drops
significantly after THR=100
electrons, over 10* of NIEL'!
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Spatial resolution - APTS

ALICE Modified with gap design - non irradiated
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low dose n-type implant

Depleted zone
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Spatial resolution computed as:

_ 2 2
Ox(y) = \/ ODUT,x(y) — track

Spatial resolution always under 4 pum
also at different voltages
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Spatial resolution - APTS

ALICE Modified with gap design - irradiated
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Spatial resolution computed as:

_ 2 2
Ox(y) = \/ ODUT,x(y) — track

A decrease in spatial resolution
performance is observed over 10> NIEL
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APTS efficiency - resume S
ALICE
Pitch = 15 um Vewp =-1.2V Mod. with gap, Vs =-1.2 V
—_ 100 ; . & PY
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g =9
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2 2 Il 94 'S
L O E Pitch = 10 um
E oY el Mod. with gap * Pitch = 15 um
8 9 Modified Mod. with gap - Pitch = 20 um
“é 8 4| + standard Modified 4 Pitch = 25 um
g 0 N R S R | 15 20 25 4, 5 2, 3
x Veub (V) Pitch (um ey T, T, o,
S, v, v, %
e Modified and mod. with gap design efficiency over 99% for all Vbb Yo, T, Ty,
and all pitches Irradiation
e irradiated APTS, mod. with gap: in general larger pitches are less efficient as the 14

irradiation level gets higher



APTS resolution - resume

ALICE
Pitch = 15 um Veub =-1.2V Mod. with gap, Vs =-1.2V

— -# Hit/no-hit resolution -
g_ o 3+ Analogue resolution _ mongwidth gap Pitch = 10 pm
Zo\o Mod. with gap i i Pitch = 15 ym
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> O = 4] '
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g Q_ 2_ 3 1T L Lo 2l &
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S 0 -1.2 -2.4 -3.6 -4.8 10 15 20 25 4, s Zois Zoy 3,

8 Veuts: 1Y) Pitch (um “e 31,,7 24, 51,,7 06

S ®°, 8, & 7%

QC/))\Q 9(\0)\? 90/77\9
Irradiation
e Non irradiated chips: all the designs reach spatial resolution under 4 um (ALPIDE~5 pm)
e Irradiated chips (modified-with-gap) maintain their resolution performance through all the irradiation levels
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@® Summary and conclusions

ALICE

ITS3 will be installed during LS3 to be ready for LHC Run 4 (2029-2032).
The sensor qualification with the Analog Pixel Test Structure has shown that:

e From the results of the APTS measurements with the >°Fe source:
o modified and modified with gap APTS show higher charge collection compared to the standard design APTS
o all the DUT remain operational across all irradiation levels (up to 10*°> 1 MeV Neg /cm).
® Results of data analysis from the APTS beam tests show that:
o modified-with-gap design is the most efficient compared to the modified and standard design
o all the tested modified-with-gap sensors show at least 99% detection efficiency over large threshold range,
even surpassing (smaller pitches) the ITS3 radiation hardness requirements (10 kGy + 10* 1 MeV Neq /cm).
o all the sensors show a spatial resolution under pitch/¥12 (also irradiated chips - all pitches)
e Modified-with-gap design has been chosen as the benchmark for the following steps of the ITS3 R&D (testing

Riccardo Ricci | INFN Bologna

with wafer-scale sensors)
® Results on MLR1 chips qualified the 65 nm technology for the use in ITS3 and put the basis for studies on new

wafer-scale sensors
16
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@ ALICE and the ITS2

AL

University andeNFN, Salerno

Riccardo Ricci

ALPIDE

ICE

g
Wi, S8 cpIpe

DEEP PWELL

Diffusion
N,

Epitaxial Layer P-

The ALICE vertex detector (ITS = Inner Tracking System) has been

upgraded during LHC Long Shutdown 2 (LS2) in preparation for Run3

— 23 mm from the Interaction Point (innermost layer)

e High tracking performance also at low p. (100 um pointing
resolution at p.. = 200 MeV)

e Built using ALPIDE, a Silicon pixel chip based on 180 nm Monollthlc

Active Pixel Sensor (MAPS)




(® Material budget - ITS2 vs ITS3

H LIC E —=Letter of Intent: ALICE COLLABORATION, CERN-LHCC-2019-018. LHCC-I-034
Other
ITS2, Layer O s
! y -_— Caa:;on
Aluminum
'\; el . Kapton
= - Glue
£ 05 silicon
-3 - mean = 0.35%
204 [": 1
K .
© X 0.2
c
=2 01
S MATERIAL BUDGET:
o 0.0 4 - _ _ . - |
E up to 0.35 X0 0 10 20 Azmum;oanglel_lao 50 60
Z
— ITS3, LayerO < 035 Temperature gradient
[S] < - : : : - : simulation with air cooling
S ol e ° ITS3 Lo, nf<1,2,=0 |t
z | | Silicon-only =00 (XIX;)= 0,069 %
o o o | carbon Foam | .
= Glue
2 [ |Lcontribution 20|
3 0.208 - Shieon s
m MATERIAL BUDGET 0 15 ..................................
$0.07 X, assuming '
0.10

final sensor thickness < 50 um,
implementing air cooling,

removing aluminum structure,
glue...

0.05

68 ¢ 45 2 25 8
¢ (rad)

Carbon foam structure to
keep the sensors in place

20
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arwe Benefits in ALICE measurements from ITS3

® Low-mass dileptons
Beauty-strange mesons
o exclusive reconstruction of BSO
o non-prompt D.* (50% from B%* and 50% from BSO)
® Beauty baryons
o non-prompt A"
o exclusive reconstruction of /\bO
e Charm strange and multi-strange baryons
o Z.°(cds), =" (cus), Q7 (css)
® Searches for light charm hypernuclei

Riccardo Ricci | INFN Bologna

o bound state of a A" and a neutron (c-deuteron)
o bound state of a A_" and a deuteron (c-triton)

21




. New Monolvthlc Active Pixel Sensor designs

ALICE
i - - 7 =5
\ PWELL | NWELL ‘—-‘\ _ PWELL | NWELL
DEEP PWELL ) DEEP PWELL

* Based on MAPS and TPSCo 65 nm CMOS
technology

* 50 um thick

* Three different chip designs for

STANDARD

characterization and qualification purposes:
1. Standard type

2. Modified type
3. Modified type with gap

Riccardo Ricci | INFN Bologna
CHARGE SHARING
CHARGE COLLECTION EFFICIENCY AND SPEED

MODIFIED
— WITH GAP
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ITS3 prototypes and technology validation - MLR1

ALICE Multi Layer Reticle 1 - First submission with the TPSCo 65 nm MAPS technology for the ITS3
Goal — test and qualification (long R&D work done together with CERN EP R&D WP1, WP2)

APTS - Analog Pixel Test Structure DPTS - Digital Pixel Test Structure CE65 - Circuit Exploratoire 65 nm

I*2

TRERREEEE

©
c
S
O
R B~ 7 |\ SL | (|- -
Z
z
= L T i1 N | 1T J g
2 ® matrix: 6x6 pixels ® matrix: 32x32 pixels ® matrix: 64x32 or 48x32
S e readout: direct analogue e readout: digital with ToT e readout: Rolling shutter readout (down
4] . . .
g e readout of central 4x4 e pitch: 10, 15, 20, 25 um to 50 ps integration time
e pitch: 10, 15, 20, 25 um e design: modified with gap e pitch: 15 um or 25 pm
e design: standard, modified, e design: standard, modified, modified
modified-with-gap with gap

Intensive characterization campaign:
Validation in terms of charge collection efficiency, detection efficiency and radiation hardness




Basic setup components | 1 G
ALICE APTS laboratory setup =3

DAQ board

- 5V power channel
- USB 3.0 interface to PC

PROXIMITY board
- communication between DAQ board and APTS p - =
DUT CARRIER board TS 1

- chip_ID: AF15P_W22B20
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DUT
CARRIER

wafer 22
APTS pixel pitch

Source (um)

1~}
" /NS
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APTS - noise

ALICE
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100

90 1

Signal/Noise

60 1

50 1

40

» - standard
modified
-—8- modified with gap
804~
---- .
o
/7
o/
& d
R4
s
y
0 1 2 3 4
Vg (V)
Noise oV -1.2V 48V

701

standard 25(0.95) 24(1.03) 23(1.11)
modified 34(0.58) 28(0.84) 24(1.13)
mod.gap 36(0.61) 28(0.85) 24(1.12)

[0][0] RMS = 0.84 mV
[0][1] RMS = 0.85 mV
[0][2] RMS = 0.83 mV
[0][3] RMS = 0.83 mV
[1][0] RMS = 0.84 mV
[1][1] RMS = 0.85 mV
[1][2] RMS = 0.85 mV
[1][3] RMS = 0.86 mV
l [2][0] RMS = 0.82 mV

0.5

o
N

[2][1] RMS = 0.85 mV
[2][2] RMS = 0.87 mV

[2]1[3] RMS = 0.86 mV
‘ [3]1[0] RMS = 0.85 mV
[3]1[1] RMS = 0.83 mV
[3]1[2] RMS = 0.85 mV
’ ! * [3][3] RMS = 0.84 mV

0.1 ' ‘

Relative frequency
o
w

=
N

0.0 - —
—4

Baseline (mV)
Once the baseline is subtracted from the signal, the noise is evaluated as the standard
deviation of the chip output at a frame located n samples before the frame used for the
baseline estimation. The number n is chosen as the difference between the frame
number where the waveform reaches its minimum (used for the signal extraction) and
the frame number used for the baseline

25



APTS - noise
Modified with gap type

ALICE
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Noise (mV)

6 ]
: —~A& - Non irradiated
: 1013 1MeV negcm=2
| 104 1MeV neqgcm—2
- | 10'° 1MeV nggcm™2
i
: 2-10'° 1MeV negem=2
: 10%% 1MeV neqgcm=2
a4
|
: lreset - 100pA
: =k lreset = 250pA
I
3 A
A
e i 5 "‘-’—
5 | .
Vg
T g SET— B
& —— ®
1 T T T T T T
15 20 25 30 35 40

Temperature (°C)

Irradiated sensors show good noise
performance up to 10> 1MeV neqcm'2

This has been confirmed with 99%
efficiency reached during beam tests
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>>Fe source setup - INFN-BO

ALICE

|

- Source housing diameter: 16 mm

- Hole: 5 mm

- Vertical distance source-chip:
almost 3 mm

- when the source is not use, is inside a
concrete holder

T AT

Beryllium window

Riccardo Ricci | INFN Bologna

Active spot
Copper plate
Monel

Welded
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55Fe source results - spectrum with APTS

ALICE  Modified-with-gap type - different voltages, INFN-BO

0.0035
Vsup = 0.0 V
1 Vsup=-12V
1 Veup =-2.4V
1 Veup =-3.6V
[ 1 Vsup=-48V

T

In accordance with has been
observed during beam tests

O & O O O
o o o o o
) S o ) S
= - N N w
(o U o U o

Riccardo Ricci | INFN Bologna
Relative frequency (per 20 e™)

0.0005-

0:0000, 250 500 750 1000 1250 1500 1750 2000

Seed pixel signal (e™)
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55Fe source results - spectrum with APTS

ALICE  Modified-with-gap type - different voltages, INFN-BO

0.0030

~ Standard type Pitch = 10 pm Moving from the standard design to the

v 0.0025/ Modified type 1 1 Pitch = 15 pm L . .

R [ Modified with gap type 1 Pitch = 20 um modified and modified with gap:

% 0.0020; < Pitch = 25 pm

el [ Pitch = 25 yum - Caribou

50.00154 | —the Most Probable Value (MPV)for the seed
o g signal, increases to higher values
S *0.0010
o 2
§ 3 0.0005 : — improvement in the signal to noise ratio, from 9
z ’ to 18
- g'gggg 0 500 1000 1500 2000
5 ' Seed pixel signal (e7)
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m IQJ 0.0025 1 10131 MeV neq cm—2
(@] o
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Q > :
o $ 0.0015 -,
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Detection Efficiency - APTS B

Efficiency changes depending on

aLice Standard design

n APTS SF the applied reverse bias voltage
1099 I s .~ ) (o Non-irradiated PP g
type: standard
pitch: 15 pm Vbb (V) Noise (e)
95 - split: 4
ALICE ITS3 beam test preliminary  Ireset =100 pA 0.0 75
= 1 @SPS October 2022, 120 GeV/c hadrons /biasn =5 HA :
X | | Plotted on 27 Mar 2023 Ibiasp = 0.5 HA
> 901 Ibiasa = 150 pA 1.2 24
m O Ipias3 =200 pA
c Q , Vieset =500 mV 24 24
o o= \l
(_OD :;EJ [‘“ﬁ?:& prell = Vsup
@ g 837 r=20°C 3.6 23
pd c
L o°
Z B 4.8 23
—_ Q9 80 A
g 8 NMOS PMOS COLLECTION
< (res I, 8 e
E 75 1 DEEP PWELL )/ . DEEP PWELL
4 ’ v
701 Association wingow radius: 75 pm. Plotting for threslholds above 3><nqise RMS. | : Depleted Zzone ,:
50 100 150 200 250 300 350 ‘.‘ ,,'
Threshold (&™) X 4
# tTaCkS]_ aSS.CluSteT', DUT P* EPITAXIAL LAYER \\\ 4 grintleos bl
: ]
total # trackspyr



Detection efficiency (%)
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109(.9) i
95 +
90 -
85 -
80 -
751

701
50

ALICE ITS3 beam test preliminary
@SPS October 2022, 120 GeV/c hadrons
Plotted on 23 Aug 2023

Association window radius: 75 pm. Plotting for thresholds above 3Xxnoise RMS.

Threshold (e™)

ITS3 - APTS Results - Resolution

ALICE Modified design

APTS SF
Non-irradiated
type = modified
split: 4

pitch: 15 pm
Ireset = 100 pA
Ibiasn =5 HA
Ibiasp = 0.5 PA
Ibiasa = 150 pA
Ibias3 = 200 pA
Vieset = 500 mV

prell = Vsub
T =15 °C
s = LB

+ Vsup = 2.4V
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ITS3 - Wafer-scale sensors
ALICE MOSS

First large-scale stitched sensor, MOnolithic Stitched Sensor
(MOSS) received on April 2023:
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® Repeated identical but functionally independent units, with
in-silicon interconnections and peripheral structures of the

sensor
e Laboratory tests: once checked the basic functionalities, full
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characterization to assess yield of different sensor sections

» [l MOSS chip on carrier
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Validation of a MAPS telescope for future use in beam

aice  test setup =
e Telescope with 4 MAPS (ALTAI, similar to the
ALPIDE used in the current ALICE ITS2)
® Tested at CERN PS by June 2024
® Sensors are fully efficient
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Validation of a MAPS telescope for future use in beam
aice  test setup
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e Telescope with 4 MAPS (ALTAI, similar to the - iti:gg—;
ALPIDE used in the current ALICE ITS2) — ALPIDE 3
® Tested at CERN PS in June 2024
® Sensors are fully efficient
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Validation of a MAPS telescope for future use in
aice  peam test setup

Efficiency and resolution
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DUT Alignment
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ALICE ITS3 beam test preliminary
@SPS October 2022, 120 GeV/c hadrons
Plotted on 27 Mar 2023

Association window radius: 75 um. Plotting for thrne;srholds above 3><n0irse RMS.
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®

ace  1ypical analysis procedure with Corryvreckan

Telescope alignment:

o spatial cut decreases starting
from 4*pitch to the APTS pitch
e baseline selection: frame 96
e signal selection: frames 98-101

Analysis flow: e Performed excluding the DUT
e masking from th.e tracl§ reconsfcruc;tion
| e prealignment (telescope and DUT) e NO region-of-interest inside the
5’ e alignment - telescope Sensor
| e alignment-DUT DUT alignment:
5| @ analysis e 4 steps with decreasing spatial cut

38



Analysis with Corryvreckan - Noise estimation

ALICE
scaled_noise_AF15P_W22_ 1.2V
£ 30000 — Entries 6001
S I Mean 0.007275
For each pixel obtained a gaussian distribution: * ..~ Sdber BRI
e the RMS of the pixel value distributions is B
o the noise 20000
2| e noise estimation done for all the analysed - APTS
O L
2 runs o 15000 — 15 um pixel pitch
S| e resolutions and efficiencies plotted only for: = design: modified with gap
— threshold > 3*RMS 10000 —
3 -
o -
o 5000 —
S -
= [ ! T el Lo ! ! i e S R B R
i 91|50 —1400 50 (l) slo 100 150
pixel value (e)
e Baseline selection: frame 96 (Nb)
e Signal selection: minimum searched between frame 98 and 101 (Ns)
e Noise selection: frame 2Nb - Ns— same done for APTS in laboratory 39
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Monolithic Active Pixel Sensors (MAPS)

ALICE
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> The single Si chip includes both detection volume and readout electronics (instead of
connecting two different units - hybrid pixel sensors)
> Many advantages:
o small pixel pitch O(10-30 um)
o lower power consumption O(10-100 mW/cm?) thanks to lower capacitance
O thin: <50 um (0.05% X))
o commercial process

NWELL TRANSISTORS
DIODE NMOS PMOS

PWELL G PWELL A _NWELL PWELL
DEEP PWELL DEEP PWELL

o8

21+

DIFFUSION

13 .. -3
Epitaxial Layer P- Np ~ 10*° cm




ALICE
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Pointing resolution and vertex detectors layers

The pointing resolution Op can be written as:
Sp ms
0p ~ O o
p~0p DOp
where Op™ is the contribution due to the multiple scattering and Op* the one given by the structure of

the detector (number of layers ad proximity to the Interaction Point.)

This indicates that is possible to achieve a better op by having a better spatial resolution of the detector,
going closer to the IP, and having a lower material budget (in this particular case, of the beampipe and
the innermost layer).

0" ~ r16rMs 7 = \/( r2 01)2 + (
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