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The ALICE experiment

ALICE

 Main goal of the ALICE Physics program: study
the properties and the evolution of a heavy ion
collision, with a particular attention to the Quark-
gluon plasma (QGP) state: deconfined state of
strongly-interacting QCD matter

* Review paper (ALICE highlights in Run 1 & 2)
DOI: 10.1140/epjcl/s10052-024-12935-y

The ALICE experiment:
A journey through QCD

F. Barile - XIII ICNFP 2024



ALICE Inner Tracking System 2: ITS2 =

ALICE

S Current innermost tracker:
- Inner Tracking System (ITS) based on Monolithic Active Pixel Sensor ALPIDE
- Installed during Mar-May ‘21 (LHC LS2)
- 7 layers
- * 3 Inner Barrel (IB)
e 4 Outer Barrel (OB)

- ~ 10 m2 active silicon area ( > 20k MAPS), 12.5 Gpixel
== * Layer O ~ 24 mm from interaction point
e * Inner barrel: X/X0 ~ 0.35%

Middle layers

ITS2: assembled
three inner-most
half-layers

Beam pipe

\_

doi:10.1088/0954-3899/41/8/087002 F. Barile - XIII ICNFP 2024 3




ALICE

ALICE Inner Tracking System 2: ITS2

>
lllllllllllllll

Can we reduce the material budget further?

ITS2: assembled
three inner-most
half-layers

Beam pipe

F. Barlle - XIII ICNFP 2024 4



ITS2 inner barrel: material budget

ALICE
ITS2 Inner Barrel Stave
3 cm/ 1024 pixels
Nine pixel sensors on a polyimide
flexible printed circuit (FPC) +
carbon fibre support structure N
(Space Frame) + water cooling =
circuit (Cold Plate). S T
T Vot ¢
ALPIDE die on carrier card
FPC (Flex.
Printed Circuit) Cold Plate

ITS2: assembled
three inner-most
half-layers

F. Barile - XIII ICNFP 2024 5)



ITS2 inner barrel: material budget

_ CERN-LHCC-2019-018 | LHCC-I-034 01/12/2019 ALICE
e Observations:

- Silicon: 1/7" of total material

Carbon
Aluminum
Kapton

Glue

Silicon

mean = 0.35 %

— lrregularities due to support/cooling
and overlapping staves

9x Pixel Chip

—_—

ALPDE) — X

—
\
=
;=
0
>
9]
©
S
et
p—
L
iy
3
=
o
=
>

FPC (Flex.
Printed Circuit)

20 30 40
Azimuthal angle [°]

The azimuthal distribution of the material of ITS2 Layer O traversed by particles with |n| < 1. The
angular interval in the figure corresponds to two staves;

F. Barile - XIII ICNFP 2024 6



ITS2 inner barrel: material budget

_ CERN-LHCC-2019-018 | LHCC-I-034 01/12/2019 ALICE
e Observations:

- Silicon: 1/7" of total material | | Other

Carbon
Aluminum
Kapton

Glue

Silicon

mean = 0.31 %

— lrregularities due to support/cooling
and overlapping staves

 Removal of water cooling:

— possible if power consumption
stays below 40 mW/cm?

-| | L
ey

-
Vv
=
£
w
~
U
©
e
ey
P -
8]
bl
(=]
<
>

20 30 40
Azimuthal angle [ ]
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ITS2 inner barrel: material budget

_ CERN-LHCC-2019-018 | LHCC-I-034 01/12/2019 ALICE
e Observations:

- Silicon: 1/7" of total material | | mmm Carbon

mEm Glue
Silicon
— mean =0.14 %

— lrregularities due to support/cooling
and overlapping staves

 Removal of water cooling:

— possible if power consumption
stays below 40 mW/cm?

* Removal of the circuit board
(power + data)

— possible if integrated on chip

—
\
=
=
(%]
>
(9]
(o]
e
-
L.
=
=

Q
X
>

20 30 40
Azimuthal angle [°]
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ITS2 inner barrel: material budget

_ CERN-LHCC-2019-018 | LHCC-I-034 01/12/2019 ALICE
e Observations:

- Silicon: 1/7" of total material | | Silicon

— mean = 0.05 %

— lrregularities due to support/cooling
and overlapping staves

 Removal of water cooling:

— possible if power consumption
stays below 40 mW/cm?

* Removal of the circuit board
(power + data)

— possible if integrated on chip

—
Vv
S
£
w
-
o
[v]
—
=]
[
e
B

(=]
s
>

* Removal of mechanical support | ‘ 20

— benefit from increased stiffness by
rolling Si wafers

30 40
Azimuthal angle [°]
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ITS3 layout @

ALICE
=== (a) Cylindrical support structure
Half-layer
= sensor
Longeron

* Replacement of the ITS2 Inner Barrel with 3 layers Half-ring
of bent wafer-scale sensor ASIC

* Three concentric cylindrical layers that are split

into an upper and a lower half Beampipe

* Each such half-layer is made of one single piece
of silicon

F. Barile - XIII ICNFP 2024 10



ITS3 - benefits

e Closer to interaction point:

— innermost layer radius from 24 mm to 19 mm (thanks to the new beam pipe
radius: 18 mm - 16.2 mm)

* Reduction of material budget per layer - from 0.35% X/X0 to 0.07% X/XO
« Homogeneous material distribution

Engineering model

LO [r] = 19 mm
L1 [r] = 25.2 mm
L2 [r] = 31.5 mm

F. Barile - XIII ICNFP 2024 11



ITS3 requirements and R&D @®

ALICE

* MAPS in 65 nm technology (TPSCo*
CMOS)

* 300 mm wafer-scale chips, fabricated
using stitching**

* Bending of silicon, thinned to < 50
um - flexible (bent to target radii)

 Air cooling and ultra-light mechanical
supports (carbon foam)

CERN-LHCC-2024-003/ALICE-TDR-021
https.//cds.cern.ch/record/2890181/files/ALICE-TDR-021.pdf

* Tower Partners Semiconductor Company

** Stitching technique: Tower Semiconductor Ltd. Stitching design
rules for forming interconnect layers, US Patent 6225013B1. 2001.
Stitching allows the connection of otherwise unconnected reticles on a
wafer already at wafer production stage.

ITS3 ta rget radii ALPIDEs (180 nm) bent to ITS3 target
radii

F. Barile - XIII ICNFP 2024 12
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ITS3: layer assembly

3 layer integration

Layer 2 Layers 2+1

F. Barile - XIII ICNFP 2024 13



The ITS3 roadmap

ALICE 2 ALICE 21

2017 2018 2019 2020 | 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

Successfully

qualified the 65

fim process for ER2 - ITS3 sensor

2021 2023 | Protoiype 2025
MLR1: first 65 2022 ER1 - first stitched MAPS. | 2024
nm process Two large stitched ER3 ITS3 sensor
MAPS (55 Prototypes. production
different ﬁgak'.assess yield and
stitching.

structures) Tests ongoing.

F. Barile - XIII ICNFP 2024



MLR1: 65 nm technology qualification

Goals: Leam technology features / Characterize charge collection / Validate radiation hardness

A Analogue Pixel Test Structure (APTS)
TR *  Matrix: 6x6 pixels
ﬁ: *  Direct analog readout of central 4x4
1.5 mm g' *  OpAmp buffer for enhanced time resolution
g: *  SF buffer for stable readout
' gj‘ . Pixel pitch: 10, 15, 20, 25 ym
gg!
DAQ Board Proximity Card Carrier Card
\J
A Digital Pixel Test Structure
*  Matrix 32x32 pixels
* Digital readout
1.5 mm *  Pixel pitch: 15 pm
Intensive qualification strategy: validation in terms
of charge collection efficiency, detection efficiency and
| radiation hardness

F. Barile - XIII ICNFP 2024 15
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ELECTRODE = — L I E

 Based on MAPS and TPSCo 65 nm CMOS e Tl

technology, 50 um thick

* Three different chip designs for characterization
and qualification purposes:

- Standard type (similar in ALPIDE)

- Modified type
- Modified type with gap

Charge collection efficiency and speed

Modified with gap

F. Barile - XIILICNFP 2024 u 16




65nm technology - *°Fe source response

0.08

1 mV)
© o
o o
(@)} ~

o
o
;

o
o
B

o
o
w

o
o
N

Relative frequency (per

=
o
=

o
o
=)

Mn-K i
APTS - n-Kq 10 um p!tch
J 15 ym pitch
. . 1 20 um pitch
Modified with gap | | 25 um pitch
J | =)
O
u] H Mn-Kg
_J_J
" : o e R g ARy =y o =—Ey B /
20 40 60 80 100 120 140

Seed pixel signal (mV)

Seed pixel (pixel with the highest signal in an event)

F. Barile - XIIT ICNFP 2024

ALICE

Seed pixel signal spectra measured
with APTS sensors atV_, = - 1.2V *Fe

emitted X-rays (5.9 and 6.5 keV
photons)

Comparison of pitches for APTS with
process modification:

* Pixels of different pitches show
similar results - indication of very
efficient charge collection

* Allows to choose optimal pitch for
the final sensor

17



Radiation hardness

APTS ALICE
0.08
0.07 - 1 Non-irradiated
s TOT T VeV neq - |
— 0.06+ 1 10 1MeVneggcm™
go.os- | 1011 MeVnggcm2
> [ 2x10%1MeVnegcm2 ] )
g 0.04- [ 5x 1051 MeVnggcm2 Seed pixel signal spectrum (*°Fe), 15
% 003 L, H ] 1061MeVneqcm2 pum pixel pitch, modified with gap type,
© APTS sensor irradiated to different non-
i 0.02 lonising radiation fluences.
]
o
00 Up to the ITS3 radiation hardness
0.00 | , . ‘ LB, ‘ o requirement (10" 1 MeV n__ cm), the
0 20 40 60 80 100 120 140 €q

Seed pixel signal (mV) effect of the irradiation is negligible.

F. Barile - XIII ICNFP 2024 18



Detection efficiency & Fake hit rate

109 | ALICE ITS3 103
100 - —— ALICE ITS3 TDR

o1} EESSR FE ot R W el S S O (S R £ CERN-LHCC-2024-003|

081 951 r10% _ —s— Detection efficiency
9 R |, -4~ Fake-hit rate
> o 904 101 7 —# Non-irradiated
£ 961 5 g 10% 1MeV neq cm~2
g £ g5 100 %L 10% 1MeV neq cm2
9 = g ™ —$— 1075 1MeV n.g cm2
= o T 80 L1071 2 10 kGy
= | :
g 10 um pitch g % —§— 100 kGy

ek ] -2
s} 901 15 um pitch 75 4 102 % —#— 10 kGy + 10" 1MeV ngy cm
—+#— 20 um pitch esreneth Iy W | —
. 25 um pitch 701 FHR meakurement sensitivity limit 1023
75 100 125 150 175 200 225 250 275 300 325 350 5100 125 150 175 200 225 250 275 300 325 350

Threshold (e-) Threshold (via Veass) (€7)

DPTS (15 um pixel pitch) detection efficiency and fake-hit

APTS detection efficiency vs. threshold for different rate as a function of average threshold (V_, = -2.4 V).

pixel pitches, measured atV_, =0V

: ggggg% Sggg;lgtrilc;gf/\r/(iatﬁ(sjlgtgrg\l/xeilfszlfgbstrate Irradiation dose received by the chips is indicated by colour

bias (green for dose relevant for ITS3).

Efficiency > 99% and FHR < 2x102 pixs*after irradiation at
ITS3 requirements

F. Barile - XIIT ICNFP 2024 19



Stitched MAPS in Engineering Run 1 (ER1, 65 nm}#

e Stitched prototypes, produced in engineering run 1
(ER1) in summer 2023, 24 wafer, six of each

sensor per wafer

- MOSS (MOnolithic Stitched Sensor)

e 14 x259 mm?
* 6.72 Mpixel, different pitches (18 and

22.5 pm)
* First subset thinned down to 50 ym

* Goal: Show feasibility of stitching process

(laboratory + test beam)

Repeated Sensor Unit Endcap R

2 Pads 10

Endcap L
Pads 1

20

1.5'mm  [II ICNFP 2024

—

.39'E1m
+——25.5 mm ——  Peripheral circuits Pads

t
£
£
3
|
)



Stitched MAPS in Engineering Run 1 (ER1, 65 nm)#

AILTCF

Handling of such a large, thin chip is not trivial - development of tools and procedures!
Picking, mounting, bonding

Detection efficiency (%)

100
99

981
961
941
92+
90+
881
861

84
0

Vcasb (DAC)

: d : i ' ' 0
5 10 15 20 25 30 35 40

= e
ek
» w

=
b
w

10-°

i
o
©

107°

,_.
o
i

Fake-hit rate (pixel~! event™1)

10—10

—4— Detection efficiency

o * Test on the pixel matrix: chip is operational
e « Beam test campaigns at the CERN PS: efficiency expected
—4— Top region 2 from MLR1 chips is confirmed

—4— T ion 3 . i i izati
2o *  Yield: currently under study with extensive characterization

campaign with wafer prober

F. Barile - XIII ICNFP 2024 21



Future ITS3 milestones

* ER2 - full size prototype sensor with ITS3
specifications

* Modular design: each sensor is divided into 3,
4, or 5 segments with 12 RSUs

* Powering and readout only from end-caps

e Submission to the foundry in fall 2024

* ERS3 - final sensor production

* Final assembly and commissioning

97,82

78,256

\_.\ 259,992 Y,
45 11,5
] 265,992 __

F. Barile - XIII ICNFP 2024 22




Summary

 |ITS3 will be installed during LS3 to be ready for LHC Run 4 (2029-2032)
* Key R&D milestones achieved, in particular,

- 65nm technology has been validated for the use in ITS3:

* modified-with-gap design is more efficient compared to the
modified and standard design

« all the tested chips show detection excellent efficiency over large
threshold range term for the ITS3 radiation hardness requirements

(10 kGy + 102 1 MeV n, cm?)
e Stitching qualification is ongoing:
- MOSS design is functional

- First studies on first large-scale stitched sensors performance (ER1)
shows promising result - to be extended on more chip and wafers

F. Barile - XIII ICNFP 2024
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Backup

ALICE

F. Barile - XIIT ICNFP 2024 24



ER1 wafer

SRS

gD ] M EE §F &=

Design reticle

F. Barile - XIII ICNFP 2024

" 300 mm (12") wafer
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ER1 wafer

Repeated sensor unit (RSU)

EFFrEes

Design reticle

F. Barile - XIII ICNFP 2024

" 300 mm (12") wafer
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ER1 wafer

EFreEry

Design reticle © 300 mm (12") wafer

F. Barile - XIII ICNFP 2024 27



ER1 wafer

EFFrEes

Design reticle © 300 mm (12") wafer

F. Barile - XIII ICNFP 2024 28



ER1 wafer

EFreEry

Design reticle © 300 mm (12") wafer

F. Barile - XIII ICNFP 2024 29



ER1 wafer

Left endcap
Right endcap

Design reticle © 300 mm (12") wafer

F. Barile - XIII ICNFP 2024 30



Qualification strategy

ALICE
DAQ Board Proximity Card Carrier Card

Dedicated test system: test_in laboratory and test beam facilities
— The chips are glued and wire-bonded to carrier card PCBs

- Test system provides power, biasing, control and readout

F. Barile - XIII ICNFP 2024 31



Spatial resolution

Spatial resolution (um)

4.50 1

4.25 1

4.00 1

375

ALICEITS3
doi.org/10.1016/j.nima.2023.168589
DPTS, Vayp/ = -2.4V

e e L b=
w RS [0, o

=
N
Average cluster size (pixel)

+4

=
o

m\
g
LY N 'Z.:Eﬁ\h
- o
-5 <
m'“‘-mﬁiﬁh%
75 100 125 150 175 200 225 250 275 300 325 350

Threshold (via Veass) (€7)

——
_$_
-

+

DPTS

Spatial resolution
Average cluster size
Non-irradiated

10" 1MeV ngy cm—2

10%* 1MeV ngg cm™2

105 1MeV ngg cm=2

10 kGy

100 kGy

10 kGy + 1013 1MeV ngq cm™2

ALICE

DPTS (15 pm pixel pitch) spatial resolution (solid lines) and average cluster size (dashed lines) Vs threshold

The spatial resolution measured slightly better than pixel pitch / V12 (no degradation with received dose)
Slight systematic decrease of average cluster size with the increasing non-ionising radiation dose

Nuclear Inst. and Methods in Physics Research, A 1056 (2023) 168589
https://www.sciencedirect.com/science/article/pii/S016890022300579X?via%3Dihub

F. Barile - XIII ICNFP 2024
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Power consumption

100 Det. efficiency
- Fake-hit rate
3 |
; Ibias = 20 nA
e Ibias = 30 NA
5 967 lbias = 50 NA
e lbias = 100 nA
E 94 1
v
o
g 92 1 $ _‘ +
Bl oo ~OI [ [ TS IO | S .
901 i —“&— g i FHR measu{r)ement sensit|vity limjt i

L 101

=
o
A

=
o
S

50 75 100 125 150 175 200 225 250 275 300 325 350
Threshold (e™)

DPTS front end designed to investigate power consumption, critical aspect for the ITS3 (ITS3 target < 40

mW/cm?):
« atleasta main current | __of 30 nAis needed
« 16 mW/cm? as measured on 15 pm pixel

L 102

=
=]
=}

Fake-hit rate (pixel=!s™1)

=
=
w

7.6 mW/cm?if projected to the final ITS3 sensor pixel pitch

F. Barile - XIIT ICNFP 2024

DPTS

33

ALICE



Circuit

ALICE
The topology of the circuit follows an evolutionary
path with roots in the ALPIDE sensor chip used in
the ITS2.
AVDD AVDD AVDD
IBIAS DE;O IRESET DE DB DE;O
ol VRCAS p—" M6
IN nY l:\
o VCASB D_E M7 OouTD
DO . M4 U
OUTA _/\_ r i
SUB |
_E M2 VCASN |:>—| M8
VS D—E M3 IBIASN p—[_ M9

Figure 3.40: Simplified schematic of the pixel front-end amplifier and discrimination sections
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General requirements for the sensor ASIC design

ALICE

Table 2.1: ITS3 general parameters.

Beampipe inner/outer radius (mm) 16.0/16.5

IB Layer parameters Layer 0 Layer 1 Layer 2
Radial position (mm) 19.0 25.2 31.5
Length (sensitive area) (mm) 260 260 260
Pseudo-rapidity coverage® +2.5 +2.3 +2.0
Active area (cm?) 305 407 507
Pixel sensors dimensions (mm?) 266 x 58.7 266 x 78.3 266 x 97.8
Number of pixel sensors / layer 2

Material budget (% Xy / layer) 0.07

Silicon thickness (um / layer) <50

Pixel size (jum?) 0(20 x 22.5)

Power density (mW /cm?) 40

NIEL (1 MeV neq cm™2) 1013

TID (kGray) 10

* The pseudorapidity coverage of the detector layers refers to tracks originating from a
collision at the nominal interaction point (z = 0).

F. Barile - XIIT ICNFP 2024 35



General requirements for the sensor ASIC design G

ALICE

Table 3.2: General requirements for the sensor ASIC design.

Particle Rate

Pb-Pb Interaction Rate (average) 50 kHz

Pb-Pb Interaction Rate (expected peak rate including safety factor of 2) 164kHz

Total particle flux (@164 kHz, Layer 0, z=0cm) 5.75 MHzcm 2
Hadronic flux (all centralities, @164 kHz, Layer 0, z=0cm) 2.55 MHzcem 2
QED electrons flux (@164 kHz, Layer 0, z=0cm) 3.20 MHzcem ™2
Detection Performance

Single point resolution < 5pm

Pixel pitch < 25 nm

Fill factor (fractional sensitive area) > 92%
Detection efficiency > 99%

Fake-hit rate < 0.1pixel st
Fake-hit occupancy (10ps Frame Duration) < 1079 pixel ' frame ™’
Frame duration programmable 2—10ns

Readout Efficiency

Fraction of Pb-Pb interactions fully recorded, Layer 0 > 99.9%
Fraction of incomplete Pb-Pb interactions, Layer 0 <1x1073

Power Budget

Power Dissipation Density, Active Region < 40mW em 2
Power Dissipation Density, Peripheral Region < 1000 mW c¢cm~?
Radiation Load

NIEL 10 1MeV neq cm™2
TID 10 kGy

Environmental Conditions

Target Operating Temperature 15°C to 30°C

F. Barile - XIII ICNFP 2024 36



ALICE Inner Tracking System 2: ITSZ

Detector Barrel Staves

210
n. of Staves 48 42 30 24 20 16 12

Layer #

F. Barile - XIII ICNFP 2024 37



ITS2

Table 4. Main layout parameters of the new ITS2.

Layer no. | Average Stave No. of No. of Total no.
radius  length staves HICs/  of chips
(mm) (mm) stave
0 23 271 12 1 108
1 31 271 16 1 144
2 39 271 20 1 180 PR
g 196 844 24 8 2688
4 245 844 30 8 3360
5 344 1478 42 14 8232
6 399 1478 48 14 9408

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05062/pdf

F. Barile - XIII ICNFP 2024
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ALICE Inner Tracking System 2: ITS2

3 cm/ 1024 pixels

1.5¢cm/
512 pixels

/I! L'U“.;-,’
ot

71}13 i ;ﬁ?ﬁj aﬂﬂln"lx‘-" y ﬂ!wn

F. Barile -

ALPIDE die on carrier card

ALICE

Built using ALPIDE, a Silicon pixel chip based on
180 nm Monolithic Active Pixel Sensor (MAPS)

NWELL TRANSISTORS NWELL
DIODE NMOS PMOS DIODE
= Vast
i
PWELL PWELL A _NWELL PWELL —-EV
: 'i:- .- — 8B
DEEP PWELL P F
[ a e |
\\ ' /’__I ------- il ¥,
1 ey o \ ’//
'-",II ----- ) _ = —
: “¢f . Diffusion Y
Epitaxial Layer P- h_._..1 5 Np ~ 107 cm

XIIT ICNFP 2024

39



ITS2

Parameter Inner Barrel  Outer Barrel
Chip dimensions [mm X mm] 15 %30

Silicon thickness [pm] 50 100
Spatial resolution [jim] % 10 (5)
Detection efficiency > 99%

Fake-hit probability [evt~'pixel '] < 1076 (< 107%)
Integration time [15] <30 (10)

Power density [mW /cm?] <300 (~ 35) < 100 (~ 20)
TID radiation hardness” [krad] 270 10
NIEL radiation hardness” [1 MeV Neq/ cm?] 1.7 x 1012 1 x 10!
Readout rate, Pb-Pb interactions [kHz] 100

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05062/pdf
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LS3 replacement of IB (20262025 €

Radial distance (mm) of ALICE
beam pipe and layers 0, 1, 2.

(a) Cylindrical support structure

Half-layer

sensor
: Longeron
Half-ring
25
25 et
| I
Beampipe I . :
e Zoom of supporting
carbon fibre foam
structures
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Stitched MAPS in Engineering Run 1 (ER1,

SUPPLIES
—

SUPPLIES
—_—

I/Os
A
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Stitched MAPS in Engineering Run 1 (ER1, 65nm){}

ALICE

12x REPEATED SENSOR UNIT

_3x10.2443!1|'s ]
TRANSMITTERS A1 72X
| [x@10G24
| |8 [remead eS| ||[| 2] | --- TOP HALF SENSOR UNIT %
E 5 x TH@E 10624 Q O
= i
E ' 1 CLOCKING | é )]
©o Z % [ POWERING CONTROL | % E
0w 2| [ rsucontroL | 3
I IE oll =
T B o S
TH@10G24
_I UEJ THE106G24 ENg_;TDFIkNG EEE BOTTOM HALF SENSOH UNIT E
TX@10G24 &
3% 10.24 G E
TRANSMITTERS

5:4.5 mm——> < 21.666 mm >
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