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CMOS APS - A Novel Detection Technology for Particle Physics

Outline
e Silicon detectors in HEP — a brief historical excursus

* First applications of CMOS APS in HEP (STAR, ALICE)
e CMOS APS Fully Depleted

* Novel developments and future applications in HEP

 Applications to medical imaging

L. Musa — Physics Colloquium, Heidelberg, 27 April 2018 2



Silicon detectors in HEP
Brief historical excursus
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Silicon Trackers — Key to solve complex events close to IP

Run Number: 201289, Event Number: 24151616
Date: 2012-04-15 16:52:58 CEST

Sk A

T
.,/ 7

—
LHC pp collisions: a candidate Z boson event in the dimuon
decay with 25 reconstructed vertices (ATLAS, April 2012)
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Silicon detectors at the hart of all LHC experiments

Complex systems operated in a challenging high track density environment
Innermost regions usually equipped with pixel detectors

CMS Pixel Detector ALICE Drift Detector ALICE Strip Detector ATLAS SCT Barrel
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The first detection layers, the closest to the IP, are crucial for the measurement of the
interaction vertex (primary vertex) and the decay vertex of short-lived particles (secondary vertex)

displaced tracks

secondary vertex

prompt tracks

| radial distance of first detection la

7T AT

typical (proper) decay length of charm and beauty hadrons: =100um and =500um respectively
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The rise of silicon detectors in HEP

Towards end of 1970’s: intensive R&D on devices which could measure short-lived particles (1012 - 10-13%)

R&D at CERN! and Pisa® demonstrated that strip detectors (100-200um pitch):
» exhibit high detection efficiency (>99%), good spatial resolution (~¥20um) and good stability
* allow precise vertex reconstruction

However the technology for the fabrication of these devises was very tricky, thus limiting their availability

1980 — fabrication of silicon detectors using standard IC planar process (PIN diode =» ustrip detector)

J. Kemmer, et al., “Development of 10-micrometer resolution silicon counters for charm signature observation with the
ACCMOR spectrometer”, Proceedings of Silicon Detectors for High Energy Physics, Nucl. Instr. and Meth. 169 (1980) 499.

First use of silicon strips detectors by NA11(CERN SPS)
and E706 (FNAL)

(A) NA11 (1981): 6 planes (24 x 36mm?): resistivity 2-3
k€Q2cm, thickness 280um, pitch 20um

(B) E706 (1982): 4 planes (3x3 cm?) + 2 planes (5x5cm?)
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The rise of silicon detectors in HEP

The next step forward came with the advent of the VLSI technology that allowed coupling ASIC amplifier chips
directly to the detectors

1990s - LEP, first silicon vertex detectors were installed in DELPHI and ALEPH experiments, then OPAL and L3

1989 - first DELPHI vertex detector, consisting of two layers of single-sided strip detectors

Projective geometry =» ambiguity at high multiplicities (high occupancy)

This started to become apparent already at DELPHI:

* High number of ambiguities =» reconstruction efficiency suffered a lot,
especially in the forward direction

Not usable close to IP in hadron colliders (LHC) or HIl experiments at SPS

DELPHTHLERY Z-7 cvent

Another problem at (very) high particle load = degradation of the sensor by the high radiation dose

This implies starting with a signal-to-noise ratio, which can only be obtained with detector with small capacitance
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The Inception of Silicon Pixel Detectors

“The silicon micropattern detector: a dream?”
E.H.M Heijine, P. Jarron, A. Olsen and N. Redaelli, Nucl. Instrum. Meth. A 273 (1988) 615

“Development of silicon micropattern detectors” Sy
CERN RD19 collaboration, Nucl. Instrum. Meth. A 348 (1994) 399

| storereofoererof o oret
Ab b 4b 4D 4b 4b 4b 4b 4> 4b 4 SN
AV AV AV AV AV AV AV AV AV AV AV Readout chip

{ 1995 — First Hybrid Pixel detector installed in WA97 (CERN, Omega facility) }

1996/97 — First Collider Hybrid Pixel Detector installed in DELPHI (CERN, LEP)

Hybrid pixel detector

CERN — WA97 Experiment (1995)

L * 5x5cm?area RS \ I // / .

- « 7 detector planes "
e ° 0.5 Mpixels

* Pixel size 75 x 500 um?
e 1 kHz trigger rate
Omega2 chip

Readout —%

chips ™~ i

i
Detector = | m
ladders T

Work carried out by RD19 for WA97 and NA57/CERN No-field, Pb-Pb, 153 reconstructed tracks
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Pixel Detectors at the LHC experiments

Parameters ALICE ATLAS CMS

Nr. layers 2 3 3

Radial coverage [mm] 39-76 50-120 44 - 102
Nr of pixels 9.8 M 80 M 66 M
Surface [m?] 0.21 1.7 1

Cell size (r¢ x z) [um?] 50 x 425 50 x 400 100 x 150
Silicon thickness (sens. + ASIC) - x/X, [%] 0.21+0.16 0.27 +0.19 0.30+0.19
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Beyond Hybrid Pixel Détectors ...

e Limited number of sensors producers (~10 world-wide)

* noindustrial scale production = high cost

* Complex and costly interconnection between sensors and ASIC
* Interconnection technology (micro-bump bonding) limits:

* pitch (currently ~30um)

* input capacitance = power

Azom.com

Lower production cost

uuuuuuuuuuu

Higher integration (pitch, x/X,) é CMOS Pixel Sensors

Lower power (x/X,, cost)

Fraunhofer 1ZM — 50 um

VTT Microelectronics Centre Fraunhofer 1ZM
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Beyond Hybrid Pixel Détectors ...

Hybrid Pixel Detector Since the very beginning of pixel

development (CERN RD 19):

Monolithic Pixel Detector
front-end

AE_ 42 : | N__ |pwell .
ﬁ _““E"“*‘ """ \ p-opi . : dream to integrate sensor and
_ |n-well . . .
readout electronics in one chip

p++ substrate

pixel

detector

ﬂ‘_pamc,et,ack Motivation to reduce: cost, power,
Pack material budget, assembly and
N. Wermes (Univ. of Bonn) N. Wermes (Univ. of Bonn)

integration complexity

Several major obstacles to overcome:

* CMOS generally not available on high resistivity silicon (needed as bulk material for the sensor) v

Full CMOS circuitry not possible within the pixel area (only one type of transistor & slow readout) v

Exist in many different flavours: CMOS, HV CMOS, DEPFET, SOI
The following will cover only CMOS Active Pixel Sensors (CMOS MAPS) = CMOS Active Pixel Sensors (CPS)
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Beyond Hybrid Pixel Detectors - Monolithic Pixel Detectors

Mimosa-26
2.7 cm?

’ v
IHUNHBEANRRBNRBRBY |

1999 2016

e Ty s |

2014 - First CPS Detector

STAR HFT CBM MVD ALICE ITS Upgrade (and MFT) sPHENIX
0.16 m? — 356 M pixels 0.08 m? — 146 M pixel 10 m? - 12 G pixel 0.2 m?2— 251 M pixel
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First application to Vertex Detectors
Measurement of short-lived particles
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Secondary Vertex Determination

Example: D° meson

Open charm
Particle Decay Channel ct (um) Pointi D° reconstructed
A?ml neg L momentum
DO K-t (3.8%) 123 ‘ nele
D* K-t (9.5%) 312
D; K K-t (5.2%) 150
AL pKxt (5.0%) 60 < Secondary
A A vertex
/i
fo!
displaced tracks g- 'll 4—% E
s /&
= PEr
I Q 1 ._
A ‘ '|' o : 2 Q‘O
4 ] __
e ’,;./ secondary vertex w‘ : 4
& v : ! :
&« .

Primary vertex

Analysis based on invariant mass, PID and decay topology
15

prompt tracks
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Secondary Vertex Determination

Example: D° meson

ALICE, Int. J. Mod. Phys. A 29 (2014) 1430044
T T T | T T T T | T T T T | T T T T | T T T T | T T T T { T T T T
DY reconstructed

/ momentum

[%2]

c

310" .
3 :O OQMO‘OOO‘OOOOQQO_OOOOOOOOOOQOOOQO{;

Pb-Pb\s, =276 TeV | C
centrality 0-7.5%
p,>2 GeV/c

Pointing
Angle©

1065*

—e— without selection
— with selection

secondary

M(K) (GeV/c?)

10° £ E
- m=1.865+0.001 GeV/c? ] A ) vertex
" 6=0.017+0.001 GeV/c® ] A
| S(30) = 8492 + 305 Ao
10¢ - S/B(30) = 0.13 | e / <
i ] = S
S ," 204 :
DK y i OZ L
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 Il ' : - ?b
] d _. »
175 18 185 19 195 2 205 N ; g
v ' ' 8
T V&OKA

Invariant mass distribution of K'it* pairs before

and after applying selection criteria on the
relation between the secondary (D° decay) Primary vertex

and primary vertices

Analysis based on invariant mass, PID and decay topology
16
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Mechanical support with kinematic

A N mounts (insertion side)

« 2layers
* 10 sectors total (in 2 halves)
* 4 |adders/sector

RDO Buffers /,[_)rivérs 1
: =

A

L. Musa — Physics Colloquium, Heidelberg, 27 April 2018

power ~ 160mW/cm?

Rolling Shutter
~180us integr. time

Ladder with 10 MAPS sensors (~ 2x2 cm? each)

[

2-layer kapton flex cable with Al traces
20cm

v

Key dates
* 3-sector prototype May 2013
* Full detector Jan 2014

o
.....

carbon fiber sector tubes
(~ 200 um thick)



STAR Pixel Detector — Performance

x10°
'_‘1 0.1 . PrOtons 2 2 i T | T T | T TT | T T | T T | I'T T | T T | T TT | T I_:
E, ¢ Kaons ) EAUAU ﬁ = 200GeV 1.0< pT <12.0 E
N ® Pions 2F20.0M 0-80% Events E
a 46.um &51 .8FProjected S/VS+B =220 S/VS+B =33 -
> 4 6:— Counts = 2387 + 827
%’ F .
10 o 1 4:_ —:
1.25 =
@ : ]
R -
[ NG STAR Preliminary 7
c 0.8 —
806i =
105" =02 04 06 08 1 12 14 O L .
p [GeVic] 04:_ _:
0.2;— ~ —;
. . . L1 | L 111 | L 111 | L 111 | L1 11 | L 111 | | | L 111 | L1
DCA pointing resolution 1717518 1.85 1.9 1.95 2 2.05 2.1
» 46 um for 750 MeV/c Kaons Invariant Mass m,_(GeV/c?)

» ~30umforp>1GeV/c
D? — K st production in Vs,, = 200GeV Au+Au collisions
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Novel MAPS technology

New Inner Tracking System (ITS)

e CMOS Pixels
—> improved resolution, less material, faster readout

PEERE AW . Y RN IRm “l'.\

,,,,,,,, 6 layers:
fffff 2 hybrid silicon pixel
2 silicon drift
> 2 silicon strip
i UL T Inner-most layer:

radial distance: 39 mm

material: X/Xo=1.14%

pitch: 50 x 425 pm?2
rate capability: 1 kHz

|IB| =0.5T

ALICE o

Upgrade of the

ALICE Experiment

L. Musa — Physics Colloquium, Heidelberg, 27 April 2018

7 layers:
all Monolithic Active Pixel Sensors

Inner-most layer:
radial distance: 23 mm
material: X/Xo= 0.3%
pitch: O(80 x 30 pm?)

rate capability: 100 kHz (Pb-Pb)

Journal of Physics G
Nuclear and Particle Physics

e B0l S
XY 100 30N

Upgrade of the
Inner Tracking System

0P Pt

19



A new ITS: closer to IP, thinner, higher position resolution

Closer to IP: 39mm = 22mm
Thinner: ~1.14% % ~ 0.3% (for inner layers)

o Bare Smaller pixels: ~ 50um x 425um = 27um x 29um

Increase granularity (x 103): 20 chan/cm?® ® 2k pixel/cm3

10 m? active silicon area: 12.5 G-pixels, ¢ = 5um

ALPIDE (ALICE Pixel Detector) - Developed for the ALICE upgrade (ITS and MFT)
1.5<n<15 will be used (or it is proposed) for several other HEP detectors and non HEP applications

SsPHENIX (BNL) proton CT (tracking) CSES — HEPD?2

= — g‘ ey

_»——Proton beam
v 7
o s tracking detectors:
33 sad S58 142384 aa 8 Kecord paths of indvidual

i protons with high preasion
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ALICE CMOS Pixel Sensor

CMOS Pixel Sensor using 0.18um CMOS Imaging Process 28 um collection electrode
NWELL NMOS PMOS ‘T"-:‘-' - ‘ .
DIODE TRANSISTOR TRANSISTOR N ‘ 0.3 pJ / bit

. JEJL
PWELL PWELL NWELL
N, ~ 1016
x:::\ _ A \‘.DEEP PWELL 2x2 pixel
Nl et i volume Artistic view of a
/h N, ~10% SEM picture of
he ALPIDE cross section

Epitaxial Layer P- i Lo

C,, =5 fF

pixel capacitance =5 fF (@ V,, = -3 V)

Q,, (MIP) = 1300 e = V = 40mV
» High-resistivity (> 1kQ cm) p-type epitaxial layer (25um) on p-type substrate

» Small n-well diode (2 um diameter), ~100 times smaller than pixel => low capacitance (~fF)

» Reverse bias voltage (-6V < V;; < 0V) to substrate (contact from the top) to increase depletion zone
around NWELL collection diode

» Deep PWELL shields NWELL of PMOS transistors =>» full CMOS circuitry within active area

L. Musa — Physics Colloquium, Heidelberg, 27 April 2018
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ALICE CMOS Pixel Sensor

1024 pixel columns AMP CO i—l| s / cm? \
- - - A AP 130,000 pixels / cm= 27x29x25 um
LH L OH O OH 1 LH o
charge collection time <10ns (V,, =-3V)
L D OOy o il . o
w s < < < spatial resolution ~ 5 um
g D% \ D% \ D% (NN % \u signal processing max particle rate ~ 100 MHz / cm?
~ - ’ ’ ; circuitry integrated
= [ 1 ) LHE (L LHE (L LHE L in pixel matrix fake-hit rate: < 10° pixel / event
[H HILH HILH HILH H] power : =300 nW /pixel
CH O CH O DR O CH
T T T T Spatial Resolution & Cluster Size
Bias, Data Buffering, Interface € = :10 o
= Ho O
ALPIDE — 50um thick E 13 EN
- = E _56
! 41— Resolution Cluster Size 3
- - & W7-R10- X (V,=3V) = 5
3 -O- W7-R10- Y (V, =-3V) —a
= = —53
= 2— =
= = =P
1;— _51
— o —— 5|o — 1c|>o — 1éo — 2c|>o ' ;58

Threshold (e’

~
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CMOS APS Fully Depleted

Improving timing performance and radiation tolerance

L. Musa — Physics Colloquium, Heidelberg, 27 April 2018 23



Fully depleted CMOS APS

A process modification for CMOS Active Pixel Sensors for enhanced depletion, timing performance
and radiation tolerance

NWELL nwell collection
NMOS PMOS electrode

NMOS PMOS COLLECTION
== =] . ___ _ELECTRODE__ __ _ == == == == _— - = [_]E[_,
PWELL NWELL :I |‘\ PWELL NWELL pwell nwell J,I I’ U | pwell nwell
DEEP PWELL y \ DEEP PWELL _ _ __ _Geeppwell _____ g 0 0 deeppwell _ _ _ _ _
7 \\ o undepleted zone :
// \ Seaa
II ‘\ low dose n-type implant T T T T - - - - - -7
1 \
! ‘I . depletion boundary
] ] very low reverse CE bias
1
|\\ DEPLETED ZONE 4
\\ /I
\ / depleted zone
/ DEPLETION BOUNDARY  pmmmmm e e e e e e ]
P= EPITAXIAL LAYER p epitaxial layer
Standard Process (+DEEP PWELL) Modified Process with low-dose n-type implant (+DEEP PWELL)

The process modification requires a single additional process mask with no changes on the sensor and circuit layout

For details on process modification and experimental results see: NIM, A 871C (2017) pp. 90-96 (CERN/Tower)

The ALICE test vehicle chip (investigator) and prototype ALPIDE chips exist with both flavors
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A process modification for CMOS APS for full depletion

Depletion of the low-dose implant up to the Charge Collection Electrode (NWELL) is obtained at
moderate reverse bias voltage (= -5V)

) collec NWELL COLLECTION
WS PM-OS o == == NWS PM-OS ELECC%'ROI():E © - =
-_-T T O TEmT = = OO e - .
i wa ] | g puel el PWELL | NWELL ' [ \_ PWELL | NWELL |
Tnpedl , deep pwel DEEP PWELL ‘ DEEP PWELL

__________________________________________________________________________

_________________ LOW DOSE N-TYPE IMPLANT

depletion boundary ﬂ
DEPLETED ZONE
depleted zone

p- epitaxial layer

DEPLETION
BOUNDARY

P= EPITAXIAL LAYER

very low reverse CE bias higher reverse CE bias

Punchthrough (pwell to substrate) sets in at >-30V for a high-res layer of 30um

L holes in the pwell entering the epitaxial layer
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A process modification for CMOS APS for full depletion

Depletion of the epitaxial layer and the low dose implant

nwell collection
electrode

v

pwell & deep pwell

low dose n-
type implant

hole density (cm3)

] 1e+19

/

depleted zone

nwell collection
electrode

pwell & deep pwell /

low dose n-
type implant

electron density (cm-8)

- 1e+17

/

depleted zone

- -
. 1e-17 . 1e-02
p* substrate p* substrate
High-res = 18um, Ve =5V, V  petrate = ~15V

Simulated hole (left) and electron (right) densities. The junctions are indicated with a red line and the edge of
the depleted cone with white lines.
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A process modification for CMOS APS for full depletion

"1’1,. = >>Fe: two X-Ray emission modes:
; Jm/ N\ ml 1. K-a:5.9 keV (1640 e/h), rel. freq.: 89.5% atten. length in Si: 29um

)
2. K-p:6.5keV (1800 e/h), rel. freq.: 10.5% atten. length in Si: 37um

N

Epitaxial P-

x10°

F —— seed signal
- —— matrix 5|gnal

Entries [(4 ADC)]

For X-Ray absorption in sensor with the std process three cases can be defined:

1. Absorption in depletion volume: charge collected by drift, no charge sharing,
single pixel cluster:
* Events populate the calibration peak in signal histograms

e charge collection time expected to be = 1ns % 100 200 300 400 %0 690

2. Absorption in epitaxial layer: charge partially collected by diffusion and then
drift, charge sharing between pixels depending on position of X-Ray absorption e L. — seedpiel

* Charge collection depends on distance of the X Ray absorption from depletion X matx

Signal [ADC]
3 8

3. Absorption in substrate

* Contribution depending on depth of X-Ray absorption position in substrate and
charge carrier lifetime within substrate
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A process modification for CMOS APS for full depletion

Experimental Results with the INVESTIGATOR CHIP (an ALICE test vehicle chip)

— [2]
% 0.18—~ —— standard Process T B
3 ~ —— Modified Process 1 3 04 Standard Process
O 0.16—  Modified Process 2 g "L —— Modified Process 1
© — ‘e
L (O] B
ﬁ 014 8 B Modified Process 2
g - g 0.08—
= 0.12]- | 5 B
Z - Z L
0.1 0.06— }
0.08F- Cluster Signal - Seed Signal (
0.06 0.04~ { w
0-04 } 0.021- ]
0.02 “Wj 1 B b ps |
OMWWA s i 1 L IHJ ‘n [ R O_' IJIR’ B [JT 1r [ I R R I : ‘Lk [ B
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Cluster Signal [mV] Seed Signal [mV]

Signal and cluster distribution from a a >°Fe radioactive source measured at room temperature for standard and
modified process with higher (modified process 1) and lower (modified process 2) dose for the low-dose implant
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A process modification for CMOS APS for full depletion

Experimental Results with the INVESTIGATOR CHIP (an ALICE test vehicle chip)

102

50

[ |

Signal rise time (ns)

40

30

10

20

il

10

lIlI|IlIl|lIl||Il|l|l|lI TTTTTTTTT]TT

1 1 1 i | 1 | i | | | i | | | i 1 1 1

0 20 40 60 80 100

| -
120 140
Signal (mV)

Counts

Normalized Counts

0.25 - ———— Standard Process : Peak =27.8ns, RMS =5.0ns
R ——  Modified Process 1: Peak = 22.2ns, RMS = 3.7ns
B Modified Process 2: Peak = 23.2ns, RMS = 4.2ns
0.2— il
0.15—
0.1 —
0.05
B o D[%
OEHMAIMIIII%—h—ELL.]_ IJIJLIIIIlII
0 10 20 30 40 50 60 70

Signal rise time (ns)

Charge collection time vs. signal (left) and signal rise time distribution (right) from a >>Fe radioactive source for
standard and modified process with higher (modified process 1) and lower (modified process 2) dose

Time resolution limited by chip output buffer speed (= 20ns) and noise

A new version of the investigator chip w/o buffer speed limitation is being tested now

L. Musa — Physics Colloquium, Heidelberg, 27 April 2018
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A process modification for CMOS APS for full depletion

20Sr measurements on modified-process (INVESTIGATOR chip)
Non-irradiated, 1x10'* 1MeV n_./cm? (NIEL) and 100 krad (TID), 1x1015 1 MeV n../cm? (NIEL) and 1Mrad (TID)

0.035 -
3 g 0.22)
g Vsub = 6V Unirradiated MPV = 18,937 +/- 0.122 mV g 0.21— 1 Vsub = 6V
g 003 1614 neq MPV = 19.499 +/- 0.147 mV 4 = ’
= , 1615 neq MPV = 15.904 +/- 0.124 mV < 0.18/ . . 4
(] [:]“I g - Unirradiated Peak = 16.67 sigma 1.96 ns - sigma/peak = 11.76 %
'E 0.025 ‘ : = 016 1e14 neq Peak = 16.03 sigma 2.10 ns - sigma/peak = 13.10 %
% ‘ ”l h % | ’ 1e15 neq Peak = 18.98 sigma 2.78 ns - sigma/peak = 14.63 %
o 0.02F1 ' ‘ “'[‘]l‘ o 0.14— L
' T Ml 0.12) I
A ) ‘ ‘il[‘ - 1 A
0.015{ J" 1 0.1}
; { ’ L”;‘” 0.08} I
0.01}; ‘ J THE 0 - *
q ] b, 0.06/ |
J ldh, ~ 0 L~ - J
o.ooSJ bl A 7 TN, P 0.04 1
P U ek, o0k 1 |
.I“ -' ~—{ B r -L
0 ) | ll’l"[ | L 1 1 I I | I 1 L I l | 1 J I 1 1 0— F"’l!;?‘ H‘ T, ik 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 .90 100
Signal [mV] Signal rise time [ns]

Little signal loss after irradiation, signal well separated from noise
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Ultra-lightweight Vertex Detector
Approaching 0-mass detector
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ALICE innovates: ultra Iightweight'suppc)rt structures and cooling

Inner Barrel Stave

ALICE ITS Upgrade

Aluminum (13.9%)
—— Glue (5.5%)
Water (11.0%)
Kapton (23.8%)
Carbaon (26.3%)
Silicon (13.5%)
— Other (5.9%)

Mean X/X0 = 0.260%

Half Inner Barrel

Silicon sensor + readout circuitry
only 13% of the total material budget [

-0.2 -0.1 0 0.1 0
\ f / ! ‘rad\
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Can we further reduce the mass of a vertex detector?

Cooling Ducts How to further reduce material budget?
- -
G Eliminate active cooling

Cold Plate =>» possible for power densities below 20mW/cm?

Te——— 9 Pixel Sensors . _
Eliminate electrical substrate
0.05% x/X,
\ =» Possible if sensor covers the full stave length
Flex Printed Circuit ALPIDE

1024 pixel columns A comp
D_D D_D D_D D_D/ .
AR AN RN A
S0 0 S S0 S0 signal processing
~ el o sio ol sio ol slo CIFFUIt!’y mtegr:?\ted
ALPIDE Chip: pixel matrix power ~7mW/cm? ... L0 in pixel matrix
L . W OO {dO [
... the rest (¥30mW/cm?) is dissipated at the sensor periphery
CH O O O O

T " T " T 07

Bias, Data Buffering, Interface

Can we put the circuit periphery at the periphery of the detector?
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What’s next? - Future R&D opportunities using CMOS technologies

1-D or 2-D stitched version of a sensor chip

A
o
0]
=
©
>
)
=
2
Q.
=
(@]
c
=:
\4
< >

15 cm Stitching available also for 300mm technologies

The use of CMOS and stitching technologies open new opportunities

= Vertex detectors, large area tracking detectors, digital caloremeters

* enhanced performance (spatial and time resolution)

large cost saving due to low production costs

* reduction of power consumption and material budget

Migration to smaller technology nodes (180nm = 65nm, 40nm) = large power reduction
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What’s next? - Future R&D opportunities using CMOS technologies

Can we exploit flexible nature of 'thin Silicon ?

Chipworks: 30um-thick RF-SOI CMOS Silicon Genesis: 20 micron thick Si wafer
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“Silicon-only” Cylindrical Vertex Detector (Inner Barrel)

External Structura\ shell

Layers supported by high-thermal conductive Open cell
carbon foam (half-ring) carbon foam

Cooling is provided by air flow through the carbon

foam Beampipe OR 16mm

Beampipe fixation
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A 3D Pixel Chamber
Active target using CMQOS APS

usa — Physics Colloquium, Heidelberg, 27 April 2018



A pixel chamber as heavy-flavour image‘r

Studies on 3D Pixel Chamber Imager for measuring charm and beauty at a fixed target experiment

The heart is a 3D pixel chamber used as active target

The idea is to have a detector able to provide the image of the proton-nucleus or nucleus-nucleus
interaction and track the particles generated in the inelastic collision just starting at the interaction point

Pixel Chamber

The pixel chamber is realized with a stack-up of thin CMOS ~ 25 x 106 pixel/cm3

sensors providing truly 3D (almost) continuous tracking with a //M
precision of few microns for very high rate and multiplicity W [ L L

/
/
/

environment

J -

Nuclear interaction inside a stack-up of N fine pitch pixel sensor

 N=100, H~50um, L=0.1nuclear collision length (~30mm) === —

* cm boost: = 14 at 400 GeV/c (SPS), =60 at 7TeV (LHC)
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A pixel chamber as heavy-flavour 'image'r

Using ALPIDE, Pixel Chamber Detector with a volume of about 15(w) x 30(L) x 5(H) mm?
» segmented in pixels of about 27 x 29 x 50 um?
* providing the measurement of 25 x 10° space points / cm?

* with a spatial resolution of =5um in the three dimensions

Besides the huge granularity which ensures a three-dimensional image-like reconstruction of the event, this detector is
sufficiently radiation hard (10** - 10> 1MeV n_ ) and fast for measurements in fixed-target mode (integration time O(1us)).

The Pixel Chamber is coupled to a compact silicon telescope
immersed in a magnetic filed of few tesla for precise measurement of
particle momenta.

magnet

In this way a very compact instrument for imaging of heavy flavors with
unprecedented precisions can be realized.

The detector could also be complemented with other detectors o
specialized for specific measurements (e.g. electrons, muons, photons)
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Pixel Chamber - proof of princip'lé demonstrator

A different configuration based on planes transverse to the beam direction

!

PYYVTRE.

GEANT Simulation

Demonstrator will be
tested at SPS summer 2018

Pixel Chamber + telescope
to measure beam position
and emerging particles
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Xe-Pb measurements at SPS with ALPIDE

Xe —Pb @ SPS (2017)

15 AGeV/c Xe

10 mm Pb target, 3cm away
3 ALPIDE layers

2 cm plane spacing

First look at data: plenty of events
some with interaction in silicon




Hadron Therapy
Use of CMOS APS for pCT
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Hadron therapy: physics rationale

Proton (ion) energy transfer is highly localized (Bragg peak): greater effectiveness and much
lower collateral damage respect to traditional-x=rays therapy.

ol Ll | I Pl [ F 1 /i
s/ o),
/ = ‘
= A / g _Bragg peak
S 4
'Eu‘ i \.
ionizing 2 3
radiation S . . | . s LNER
2 , [protons /,/,/ \d
& 15C ions 1 \
— ‘
‘ |
—
0 | | | | | | | |
0 20 40 60 80 100 120 140 160

Depth in water [mm] Radiotherapy and Oncology 95 (2010) 3—22

Radiation Oncology*Biology*Physics 83 (2012) 1549-1557

The Bragg peak position (depth) in the body depends on the ion energy and the tissue density
it traverses. Changing energy determines the aiming depth.
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Hadron therapy: reduced collateral CEINETE

X-Rays treatment Planned dose Protons treatment

E i (s s )

0% 50% 100%

[ Radiation Oncology*Biology*Physics 83 (2012) 1549-1557 ]
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Hadron therapy facilities around the world

Only =1% of the candidates for proton therapy can be treated in the active facilities worldwide ....
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N Total No. of
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lons A>1 . g
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" 140000 =C= Active Facilities 3
c for lons A>1 * o
2 120000 o o
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- . <
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Year PHYSICAL REVIEW ACCELERATORS

AND BEAMS 19, 124802 (2016)

=8000 more treatment rooms are needed around the globe
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Hadron therapy: the aiming limit ‘problem

Aiming the Bragg peak requires fine tuning of the proton energy to account for the
tissue densities they have to traverse to reach the tumor.

/

Relative dose [arbitrar
w IS “«
Tt T
&
3
2
=
5
S

/é

Depth in water [mm]

Poorresolution from X-Rays CT

X-ray 3D CT cannot distinguish tissue
densities with the required precision:
proton therapy limit today (bigger
systematic error, up to 5%). But
protons actually can (and with much
less dose, = 1.5 mGy vs. 10-100 mGy).
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Fin a better than 0.5%

[ NIM B 268 (2010) 3295-3305 ][ Eur. Phys. J. Plus (2011) 126: 78 ]

X-Rays

Protons

Protons — different reconstruction

T A -

[ %wMMBMSMNHMMFMH]
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The proton Computed TOmography (pCT) scanner

The pCT works on the same principle as a “standard” x-rays CT: recording particles passing through
the target from different angles to reconstruct a 3D image. Main difference is that, while photons
are simply absorbed, protons also scatter.

Proton true trajectory

Y Proton beam

Energy tracking detectors:
Record paths of individual
measurement S protons with high precision
, 1 i
p

L L Yeew
ruw
.y

—
L

\ N

Stacks of thin
scirtillator plates:
Dete mine energy loss

Entry and exit points + angle of protons with high precision
Most Likely Path calculation

[ Med Phys 40 (2013) 031103 ]

NIM A 699 (2013) 205-210

At Ieasroton tracks (energy loss, exit pointl & angle, entry point) have
to be recorded to provide a detailed enough image. This leads to long exposure time (10s minutes)
with current state of the art: limited to R&D only.
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State-of-the-art: pCT scanner in R&D world

State of the art prototypes pCT trackers employ silicon micro-strips or scintillating fibers to get
high speed readout over large area at reasonable bandwidth

“Slow”, as readout speed of 10s MHz (and
1 actual particles rate much less due to
Poisson). 10 minutes for a full pCT!

[ NIM A 699 (2013) 205-210 |

Requires two layers (x and y) for every
2 station, material budget affects protons
scattering + high voltage or gas.

Non commercial technology, built in house
T 3 (scintillating fibers) or derived from HEP
experiments (micro-strips).

Current state of the art, in-house built gaseous detector

Such approach covers the large area necessary to track particles over a head-sized target (=10 x
30 cm?) with “affordable” complexity and bandwidth. Effective for R&D, unlikely to meet the
requirements of a commercially feasible pCT system

L. Musa — Physics Colloquium, Heidelberg, 27 April 2018
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Large CMOS sensors — Tracking Iay‘er requirements for pCT

e Fast (> 10 MHz cm™) proton tracking at low power in silicon (50 mW cm2)
* Monolithic, thinned (< 50 um) and large area (> 16 cm?) device to minimize proton scattering.

e No support structure behind the silicon.

* Cost effective, reliable, simplified commissioning & operations, commercial process (for large production)

* Low voltage for real clinical usage
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Large sensors — broad beam useful for Imaging purposes

Broad beam over the entire target area put lesser requirements on the tracking and calorimeter system

Mix of fast (MHz) wobbling magnets and scatterer(s) generates an almost uniform illumination profile (typical example reported in plot)

For scanning

/QuadrupoleQ
magnets

Beam profile __|
monitor

Scanning <
magnets

Dose monitor/
flateness — =———f————pp 3=

monitor

. o

For wobbling

a4 )

. Beam profile
monitor

Scanning
magnets

v

_—~ Scatterer

- Ridge filter

| Dose monitor/
flateness monitor

Multi leaf

collimator

[—
Compensator

N Patient

Radiation Oncology Journal 2015;33(4):337-343
http://dx.doi.org/10.3857/r0j.2015.33.4.337
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\collimator /

e Mitsubishi multi-purpose nozzle system

Broad beam area: 25 x 25 cm?

Scanning beam area: 24 x 24 cm?

For a 20 x 20 cm?imaging area, 10° protonsin 10 s
exposure - 250 kHz cm?

Considering non uniformity, time fluctuations, etc...

relative dose

M) = 1MHzcm?

12F

*  Mcasurements 1.2} *  Mcasurcments
(a) — TP calculations (b) —  TPS calculations
1F —t—o—o—aata '8 A T PPOUOUPRPRT L
08 E
| g 0.8
06 - Z o6}
=
04 = 0.4
021 02}
0 Lee L3 N N . 2 2 l1ese 0 At 2 " N AN
4 46 4 2 0 2 4 6 8 4 6 4 2 0 2 4 6 8
lateral position (cm) lateral position (cm)

|

https://doi.org/10.1088/0031-9155/51/7/020

T Akagi et al 2006 Phys. Med. Biol. 51 1919 ]
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ALPIDE — proton rate capablities

ALPIDE pixel matrix can cope with particle rates of =<100MHz cm~ (power density 40mW/cm?)

PALPIDE-3 Sensor (OV V)
} 3 »

e )

pALPIDE-3

[}

PIF @PSI - Nov 2015, 200 MeV protons, 1.6 x 108 cm2s?

Output bandwidth of ALPIDE (1 Gbit/s) limits maximum rate to 14 MHz cm-2
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Large sensors — ALPIDE first ”prdtbn” light

ALPIDE used to take a demonstrative proton radiography of a pen:
metal, different plastic densities, air distinguishable Raw data of a single projection (4.5 x 105 hits)

iIMPACT pen image w/ Alpide monolithic pixel sensor 70 MeV protons / TIFPA beamline at APSS Trento

=
E &

y

14 -12  -10 6 4 -2 0 2 4 6 8 10 12 14

"IMPACT: an innovative tracker and calorimeter for proton computed tomography" x [mm]

TRPMS-2018-0013.R1 Transactions on Radiation and Plasma Medical Sciences
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Covalent bonding of optimized absorbers to CMOS chip

Absorber: SiGe (IR and low-energy X-rays)
i GaAs (medium-energy X-rays]

"é; E CZT [h|gh -energy X-rays)
v EPITAXY LY

Wafer-sensor
Low-T covalen

'’ BONDING

Wafer-readout

N xel 25-50-100
| l.llﬁﬁﬁ!mi > LB g a2 pixe pm

LT T T T T T TH N A R G A

RS se s caEd CMOS-ASIC readout (X-rays)
= SPAD (infrared]

Courtesy of G-Ray
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Covalent bonding of optimized absorbers to CMOS chip

G—ray|}

G-ray’s unique and proprietary
Epidavros™ system

Courtesy of G-Ray

SiGe- p|||ar epltaxg bg EpldavrosTM sgstem [Aprll 9“2818]
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Covalent bonding of optimized absorbers to CMOS chip

.
AL

™, 4

Y
[ N
y . ¥

Semiconductor EPITAXY %

v

Wafer-sensor\

Absorber

Covalent low-T

CMOS readout

for infrared and X-rays

5 S o g
s e e ’
) e
- - 5]

3 | H ;

O (G oo
X E I :
" | INVESTIGATOR CARRIER vi.1

©)
S ;; o
1 o)
'S . 3 XXX
wt# i IR 3

INVESTIGATOR CHIP @ CERN

NOVIPIX CHIP @ CSEM & Empa
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Low-temperature bonding: tech'n‘ology development

Modified EVG ComBond® System at G-ray —ray E

G-ray’s Argon
Plasma Module
for atomic-scale
wafer’s surface
cleaning

s Low-T bonding

bonded interface reduced to a
seamless 1 nm (Q1-2018)!

————

Experiments Experiments Experiments »
2016 2017 2018 e




Picture (>>Fe) of a flower 30 x 1s
“photographed” with ALPIDE
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Thank You!
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What’s next? - Future R&D oppOktunitie’s using CMOS technologies

High-Granularity Digital Calorimeter Prototype R&D in the context of FoCal in ALICE

Extremely compact design
Small Moliere radius (RM = 10.5 £ 0.5mm)

Z (mm)
(&3 /E (o/o)

=]
=]
1

10

Te Nl
. .,

e Simulation (ideal detector)  N\g_ e

o Simulation (real detector)

= Data(e/e*) (optimized calibration)

Prototype based on MIMOSA pixel chip
e 24 layers (1 X, W+ MIMOSA23)

* 39M pixels, 30um pitch
* Beam tests from 2 to 250 GeV/c (DESY, CERN PS & SPS,

e Cosmic muons

Preparing next generation prototype with ALPIDE Extremely good position resolution
L. Musa — Physics Colloquium, Heidelberg, 27 April 2018

o Data(e/e’) (old calibration)

1_ 1 1 IIIIII| 1 1 IIIIII| 1—]

1 10 10°
Energy (GeV)

Very good energy linearity and resolution
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ALICE CMOS Pixel Sensor

Blank Wafers QA at TMEC (SRP and XSEM measurements)

Resistivity : ITS5 run,7608519.1-6A1,25 um epi

105 M 1
T T T T T T T T T T T T T T TV T T T T T T T T T T

\\v\\\\\\\\\\\\\‘\‘\\\‘<(<(‘\\“\\\\\\\V\\\\\\\\\\\\\\‘((((((((“‘\\\\\\_ )

g l o i 1 kQcm e e —— g
Q ’ : Y (I;[:;cs.w 30) Wafer thickness 97.22um
E ::: . . 1 1 1 1 1 1 1 1 1
o g ggg run. 221’?‘)_1/2 I g 25 TMEC 5.0kV 12.7mm x500 SE(M) 11/4/2016 10:46 100um
= —v— run, , Top- | ::::. \ 19.17
& 10" l @ ITS5 run, 6A1,Bottom-43/5 EEEE (9'25)
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ALICE CMOS Pixel Sensor

Low capacitance = large S/N at low power = csb HFT8 T ko)
c F HR-20 (6.2 kQcm)
T 5 |+ HR-30 (1 kacm) !
. % :_ v HR-40A (1 kgcm)
NWELL DIODE output signal =Q /C S 45 HR-408 (7.5 kacm) )
4
 Minimize spread of charge over asf-  Explorerchip (ALICER&D) — °
many pixels 3 ] R T
251, L. t S :
* minimize capacitance: N
» small diode surface e I BN e Ry

Vg [V]
®» |arge depletion volume
Diode 3um x 3um square n-well , White line: boundaries of depletion region

= Silicon strip capacitance: > 10 pF (~1.5 pF / cm)
=~ Hybrid pixel capacitance: ~300 fF

=~ Monolithic pixel capacitance: < 5 fF

C,=1fF: 1300e =» 200mV (almost a digital signal)

-1V, 1x103 cm3 -1V, 1x10%2 cm3 -6V, 1x1012 cm3
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Detector stave based on ALPIDE | .
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Projected pérformance of the ALICE ITS Upgrade

Impact parameter resolution Tracking efficiency (ITS standalone)
Pointing Resolution Tracking efficiency
%_ P : ALICE o\o 100
\’350 L ; ===#=== CurrentITS, Z (Pb-Pb data, 2011) |. ~ L
c C -------- Upgraded ITS, Z <>->" 7
'.g 300 —e— Current ITS, rg (Pb-Pb data, 2011) | C 80
% i : Upgraded ITS, rg G_) 7
n L R ‘_'L:> : RS :
§250 - rﬂ 60 ALICE
c i --------- Current ITS
'..E. 200 ’“ - Upgraded ITS
E 150 AN P I 40“ 1B XiX,= 0.3%; OB: X/X = 0.8%
50 [ |
: Ofiii-'i"ii Lol Lol
o 1 0 10" 1 10
p, (GeVic) P, (GeV/c)

~40 pum at p; = 500 MeV/c
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LET Response studies — Lovain-la-Neuve

Sequence of images of single clusters. Each image corresponds to 20 x 20 pixels

3c** (LET=1.3MeV-cm?/mg) Vag =0V 9=0" Tgyp =0.25us

0 50 100 150 200 250 300 350

22Ne’* (LET=3.3MeV.-cm?/mg) Vgg =0V 9=0" Teqp =0.25ps

0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350
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LET Response studies — Lovain-la-Neuve

Sequence of images of single clusters. Each image corresponds to 20 x 20 pixels VS. V,, @ LET = 5.7

TAI®Y (LET=5.7MeV.cm?/mg) Vgg =0V 9=0" Tgu =0.25ps

O & » O @ » 0O ©

ZTAI* (LET=5.7 MeV-cm?/mg) Vgg= -3V 9=0" Ty =0.25us

TAIBY (LET=5.7 MeV.-cm?/mq) Vgg = -6V 9=0" Tyy =25.00pus

10
15

o
w
o

100 350
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LET Response studies — Lovain-la-Neuve

Sequence of images of single clusters. Each image corresponds to 20 x 20 pixels VS. angle @ Vy, = -6

13-4+ (LET=1.3MeV~Cm2/mg) Vgg = -6V 9=0" T =0.25us

Be** (LET=1.3MeV-cm?/mg) Vgg = -6V 9=45" Ty =0.25us

0 50 100 150 200 250 300 350

Bt (LET=1.3MeV-cm?/mg) Vgg = -6V 9=80" T.yp =0.25us

0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

13C: DUT energy [MeV] =131, Rangein Si[um]=269.3 (= 10 pixels)
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