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The basic building block of all silicon detectors is the diode. o-side

n-side less doped

p-type material (doped heavily with acceptor, trivalent
atoms) is brought into contact with n type materlal
(doped with pentavalent atoms) /Q LE

In equilibrium, the excess carriers,
holes and electrons, diffuse across d/
the boundary leaving negative and
positive fixed charge regions

— X

: loeo|0
, :
The induced field opposes further ... - jo0e| Charge density
diffusion leaving a region depleted of free carriers |00
Find the depletion region thickness from solving foE X
d2¢p _ p : - -4 Electric )
e _8r€0 with E(—dp) = E(+dn) =0 Field AREA - iFFUSION

~ém
Further depletion is achieved through an external voltage

N Electric 14
d(V) =\/ 8r201\(1,4;; D) WV —="Vy) Potential e

lo
Find when Nyp > Np 4

e, Electron energy levels ¥ -qV

aVv) = \/2€r€0pn,p.ue,h V = Vu) Pn,p resistivity
Ue . mobility
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® Highly segmented silicon diodes have been used as detectors in high
energy physics for well over 40 years T 4 T T

® The principle application has been to lA J’__ 4> + L& | A % Zg/in“?"’m

detect the passage of particles with good [
spatial resolution and high efficiency. <. Pi

dioxide. a:n
=

A luminium,

® Detectors are fast (~few ns), thin (few
100um) and radiation-hard (up to ~MGy).

® Segmentation — position
® Thickness — signal size

100 -

— efficiency

® Electron/hole pairs are liberated by the
passage of charged particles as they Y
traverse the depleted volume of the
silicon (=80 e/h pairs/um; 3.6eV per pair). |

® Induced signal in electronics due to each
e/h pair (for parallel electric field lines) is
proportional to their separation due to the
field divided by the detector thickness.

300 -

X
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® Fabrication uses standard semiconductor processing techniques.
- Dopant ions implanted into surface using a potentials of ~ 10 kV.
« Surface can be patterned into strips, pads or pixels using photo-lithography.

« Allows exploitation of technologies that have driven the revolution in
commercial silicon devices.

polished wafer n—tiype

oxidation
O O O O O
wafer coated with
photoresist
h i = photoresist development
A
t f Boren and phosphorous
implantation
— = Aluminum deposition
o I EE—
Strlp Aluminum structuring
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£ \;\L Integrated Circuit
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The highest channel L e
count arrays are based GRSt
on pixelated detectors.
For hybrid pixel sensors
connection to the
electronics requires flip-
chip technologies.

charged , particle

sensor
sensor pixel implant %

R A
p* strip side

HV

Two orthogonal
projections R/O pixel / True space-points

readout chip

n+ strip side

Double sided strip sensor Hybrid pixe

i pixel

Required in high track
density environments

to avoid ambiguities
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Commercial Microelectronics Evolution

Scaling -- Traditional Enabler of Moore’s Law*
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All these figures showed doubling times of < 2 years up to now. Some scalings will stop, but other improvements
conceivable. Can still hope for major detector improvements and enhanced data aquisiiton plus computing
capabilities. However, storage and CPU costs may not scale as fast as might be needed for future projects.
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Radiation Implications for Electronics

== ATLAS Simulation
ITk Inclined.

‘ Am‘

UNIVERSITYOF
BIRMINGHAM

* Hybrid silicon detectors (pixels/strips) signal 3
output drops with irradiation to HL-LHC doses
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Radiation Implications for Electronics

* Hybrid silicon detectors (pixels/strips) signal
output drops with irradiation to HL-LHC doses
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Thin and 3D Pixel Sensors

== ATLAS Simulation

e At the highest doses, charge trapping becomes
the most fundamental limitation
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i Thin and 3D Pixel Sensors

== ATLAS Simulation
ITk Inclined.

UNIVERSITYOF
BIRMINGHAM

e At the highest doses, charge trapping becomes
the most fundamental limitation
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Fast Timing

RD50, ATLAS, CMS: Low Gain Avalanche Detectors (LGAD)
(Radiation issues still under study for HL-LHC applications)
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e Fast Timing Detectors
UNIVERSITYOF

RD50, ATLAS, CMS: Low Gain Avalanche Detectors (LGAD) BIRMINGHAM
(Radiation issues still under study for HL-LHC applications)
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cthr CCD, Drift and DEPFET

A number of technologies have been adopted and could be suitable for future
facilities where the charge is moved through the silicon by clocking potentials
(CCD), lateral field (Drift) or stored in the silicon beneath a transistor
allowing non-destructive read-out (DEPFET)

UNIVERSITYOF
BIRMINGHAM

SLD Vertex

Suggested layout of Vertex Detector for future
* o Linear Collider (Upduted November 1998)

Potential energy (V)

v

i
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7
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electron dr'lff
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8 e anode o
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I S N S N o W, R Sourse 4t Drain Substrate
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= c -
L U e L U N A | A
' - = R ~~ BELLE Il Vertex Detector at SuperKEKB
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B\LPAO”d Applications

Monolithic pixel sensors combine the functionality of the microelectronics with

the sensor substrate as part of a single silicon object.
CCDs and DEPFETs already incorporate active circuit elements in the sensors
which are therefore no longer simple passive devices.
However, these devices are potentially slow and prone to radiation damage.

Silicon on Insulator technology allows integration of full read-out circuitry above a

buried oxide over the sensing substrate. " s 2 ol

40nm ——
200nm ——

50~500um

k. 2

Backside Implant,

W,

Monolithic: Sol and 3D Integration

UNIVERSITYOF
BIRMINGHAM
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] %
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. 1t bonding: F-to-F
----204 ponding : B-to-B

B4l 5F -
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ﬁrwﬂ.rnR 100 Chem, anplga_' "
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Pl

f Horary ..hm';n '+'L.fI
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1*bonding: F-to-F
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/ =
n+(p+) p+(n+)
BPW
(Buried p-Well)
Si Sensor
(High Resistivity
Substrate) n-(p-)

-

— Wafer bonding, through

| silicon via (TSV) and back-
thinning technologies allow
circuits to be stacked in 3D.

Could imagine detector concept

with stacked opto-electronics

Laser Annealing, Charged Particle

Al deposit

5/15/2019

(X-ray, Electron, Alpha, ...)

digital electronics, analogue
electronics and sensor substrate
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Monolithic: Sol and 3D Integration

UNIVERSITYOF

Monolithic pixel sensors combine the functionality of the microelectronics with R
the sensor substrate as part of a single silicon object.
CCDs and DEPFETs already incorporate active circuit elements in the sensors
which are therefore no longer simple passive devices.
However, these devices are potentially slow and prone to radiation damage.
Silicon on Insulator technology allows integration of full read-out circuitry above a
buried oxide over the sensing substrate. . R
- ¢ | 7 A 15 bonding: F-to-F
- bow — o/’ ----204ponding : B-to-B
g] 4 I:r'"‘“"—-.'_:fj _——_———* see’ (/c % 1% bonding: F-to-F
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o E{ N\ LSI Circuit ] er,,.%%,e: il
e /‘e
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n+(p+) Sran pH(n+) — Wafer bonding, through
(Buried p-Well) silicon via (TSV) and back-
50~500um . e .
, thinning technologies allow
Si Sensor ircuits to be stacked in 3D
{Hioh Reslktivity circuits to be stacked in 3D.
Substrate) n-(p-) Could imagine detector concept
X 5 7 L with stacked opto-electronics

Backside Implant, / /
Laser Annealing,
Al deposit

5/15/2019

Charged Particle
(X-ray, Electron, Alpha, ...)

digital electronics, analogue
electronics and sensor substrate
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Pixel Sensors)

— Ultra low material budget (cf ALICE ITS upgrade: <0.59
for inner layers, <1% for outer layers)

* Major developments in HV/HR-CMOS - deep
depletion region with charge colle
diffusion - huge improvements j

and radiation hardness

* Can usually either have small colleeting node (and
therefore low noise) but shallow charge collection or
deplete from the deep n-well with larger
signal produced in up to 100um of silicon
but higher capacitance (= noise)

5/15/2019

Commercial CMOS Image Sensors offer possible wis. _———_
dramatic decrease in costs (Monolithic Active

MAPS can deliver very low power consumption
at low R/O speeds, possibly <100mW/cm?
i.e. simple water cooling

5t INFIERI Summer School:

MAPS: HV/HR-CMOS Detectors
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If DMAPS could approach hybrid
pixel radiation hardness they should
offer much less material and cost

Huazhong University of Science and Technology, Wuhan
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Modified process with
junction in substrate
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* Commercial CMOS Image Sensors offer possib
dramatic decrease in costs (Monolithic Active
Pixel Sensors)

* MAPS can deliver very low power consumptio
at low R/O speeds, possibly <100mW/cm?
i.e. simple water cooling

— Ultra low material budget (cf ALICE ITS upgrade: <0.59

for inner layers, <1% for outer layers)

* Major developments in HV/HR-CMOS - deep
depletion region with charge colle¢tion by dri
diffusion - huge improvements j
and radiation hardness

* Can usually either have small colleeting node (and
therefore low noise) but shallow charge collection or

collection speed

MAPS: HV/HR-CMOS Detectors
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deplete from the deep n-well with larger
signal produced in up to 100um of silicon
but higher capacitance (= noise)

If DMAPS could approach hybrid
pixel radiation hardness they should
offer much less material and cost

5/15/2019
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Modified process with
junction in substrate

TJ Investigator irradiated up to 10" nm!cm2
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5/15/2019

SEMICONDUCTOR ADVANCED TECHNOLOGY o
ON THE TRACKING CONCEPTS IN
FUNDAMENTAL RESEARCH

Phil Allport
INFIERI Summer School, Huazhong University of Science and Technology

Introduction to Silicon Tracking Detectors
Development of Silicon Detector Arrays in Particle Physics

Overview of LHC Detector Upgrade Programme

— Silicon Detectors for HL-LHC

« Strip Detectors

* Hybrid Pixel Detectors

« Silicon Detectors for Calorimetry
* Monolithic Active Pixel Sensors
« Silicon Fast Timing Detectors

Collider Physics Beyond the HL-LHC
Example Applications of HL-LHC Technologies
— Hadron Radiotherapy

Conclusions
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* Tracking detectors focus on measuring the paths of all the charged particles to find i
their energies (E), momenta (p) and charge (), derived from linking the hits for each particle
combined with additional information from other detector layers (which often also can see the

neutral particles)

* Avery powerful technique to measure momentum is to track in a known magnetic field where
the curvature is proportional to 1/p. Join the

e | — dots and fit
¥ for curves
(seen end-
on)ina
solenoid
ik magnetic

vl g b b b b b b by
-200615061000-500 0 500 100015002000 e
hit_globalz e

o

higglgpalm

o

-a00- P EE
[ L “ ;

* As the particle traverses the full detector system (including the tracker) the pattern of energy
loss in different materials provides information on the particle type (and therefore mass).

*  Where massive detectors stop the particle entirely (electromagnetic and hadronic
calorimeters) they directly provide E and also the energies and directions of the neutral
particles. (In ATLAS ionization in liquid Ar with Pb, Cu or W absorbers is used for calorimetry
except the for hadronic barrel based on steel and scintillator tiles)

*  Muons (the main component of cosmic ray interactions at ground level) are very penetrating
and, for these charged particles, identification is based on them getting all the way out

5/15/2019 5t INFIERI Summer School: Huazhong University of Science and Technology, Wuhan 24
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e EXperimental Challenges: Detectors A

UNIVERSITYOF

* Tracking detectors focus on measuring the paths of all the charged particles to find i
their energies (E), momenta (p) and charge (), derived from linking the hits for each particle
combined with additional information from other detector layers (which often also can see the

neutral particles)

* Avery powerful technique to measure momentum is to track in a known magnetic field where
the curvature is proportional to 1/p. Join the

e | — dots and fit
¥ for curves
(seen end-
on)ina
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* As the particle traverses the full detector system (including the tracker) the pattern of energy
loss in different materials provides information on the particle type (and therefore mass).

*  Where massive detectors stop the particle entirely (electromagnetic and hadronic
calorimeters) they directly provide E and also the energies and directions of the neutral
particles. (In ATLAS ionization in liquid Ar with Pb, Cu or W absorbers is used for calorimetry
except the for hadronic barrel based on steel and scintillator tiles)

*  Muons (the main component of cosmic ray interactions at ground level) are/very penetrating
and, for these charged particles, identification is based on them getting all the way out
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srzzz"" The High Luminosity LHC (HL-LHC) &

Standard e Production Cross Secton Nessuroments 1. BIRMINGHAM
» The LHC has delivered a fantastic 77~ TU000. N i S
programme of precision physics PR P B S
measurements, discoveries and o | Lot R .
searches for new phenomena. oL Jec ks VT
» Ata hadron collider, the total number 'f 2% fes { W[ . Higgsdecay
of collisions delivered (“integrated ..  fii:® ° IR AR Y e b
luminosity”) not only determines the *! AW L WW “w N pre";iiz:jr':"s

statistical accuracy of measurements, =~~~ 0 - T TEITTTEEETTIE Ol

Parameter value

but also the sensitivity to rare ~
phenomena and the mass reach T | | E;
in searches for new particles. %NE - ghase-lm; Pshase-H Z 2
* The HL-LHC is a hugely ambitious &2 Upgrades‘ﬁi ﬂpgraé@s = g
programme to deliver over 10 & 2 | 9
. P 2.0E434 fotooeioe y O
times more data by the end of Q- Z &
. (T ]
LHC running than the accelerators | e« = | | I w2
. - . — CInn =
or experiments were originally S oomw Lt L H I~
3 8 107T112°13"14715°16°17°18 19 20 21 22 23 24 25 26 27 28 29 30 31 323334 3536 37 38 39
designed for. 3 ear
* It requires major upgrades of the After LS4, proton physics days increase from

CERN accelerator complex and of . standard 160 days to 200 and after LS5 to 220

all the LHC experiments.
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peak dose longitudinal profile

The High Luminosity LHC (HL-LHC)

Radiation damage to triplet magnets at 300 fb-1

Cold bore

UNIVERSITYOF
BIRMINGHAM

30 . . . insulation
I - . . ~ 1983 : First studies for the LHC project
! & 1( 7 Tf‘} cﬁﬁ;’éﬁ;ﬁgﬂms ’ 35 MGy 1988 : First magnet model (feasibility)
257 MCBX-1 +—— ] 1994 : Approval of the LHC by the CERN Council
HI::‘E i ﬁ MCBX-2 —+— 1996-1999 : Series production industrialisation
= 1 MQSX. 1998 : Declaration of Public Utility & Start of civil
220r MCTX nested in MCBX-3: —— engineering
“:; I i MCSOX: —— 1998-2000 : Placement of the main production contracts
S5k 2004 : Start of the LHC installation
= i 2005-2007 : Magnets Installation in the tunnel
b . % 2006-2008 : Hardware commissioning
<10l f ; £ 2008-2009 : Beam commissioning and repair
2 4 E
?_i_ [ f = £ 2010-2035: Physics exploitation
o 2010-2012 : Run 1 ;7 and 8 TeV
i 3\,’; F 2015—- 2018 : Run 2 ; 13 TeV
020 25 30 35 40 45 50 55

gy, 2021 - 2023 : Run 3
P Hitum Y 2024 — 2025 : HL-LHC installation

distance from IP [m]

LHC accelerator overviw
Fréderick Bordry

3™ ECFA High-Juminosity L HC experiments workshop
3® QOctober 2016 — Aix-les-Bains

Around 300 fb-! the
present Inner Triplet
magnets reach the end of

Goal of HL-LHC project:
« 250 — 300 fb! per year

« 3000 fb' in about 10 years their useful life (due to

radiation damage)
and must be replaced.

27
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=222 The High Luminosity LHC (HL-LHC)

Goal of High Luminosity LHC (HL-LHC): L [10% cms™]

20

UNIVERSITYOF
BIRMINGHAM

The main objective of HiLumi LHC Design Study is to determine a hardware
configuration and a set of beam parameters that will allow the LHC to reach the
following targets:

no leveling -» peak 2x10% ecm~s’!
15

Prepare machine for operation beyond 2025 and up to 2035-37 10

leveling at 5x10° cm’s”!

Devise beam parameters and operation scenarios for: 5
- nominal

#enabling a total integrated luminosity of 3000 fb-1
2 4 6 8 10 12 14 ¢[h]

#implying an integrated luminosity of 250-300 fb™! per year, D L[10% cm?s]

#design for p ~ 140 (~ 200) (= peak luminosity of 5 (7) 1034 cm2s-) * o '
pile-up density (<1.3 events/mm) 15 \1\'“"\3 ) |\ |I\ |\

: . : \ \

#design equipment for ‘ultimate’ performance of 7.5 1034 cm-2s- il A '\ ' \ : \
and 4000 fb-" bl & L%

5 o _: 11(‘3:“ 251 '\ Sl
=> Ten times the luminosity reach of first 10 years of LHC operation ; e o L;‘ \: -
I -

LHC accelerator overviw
@\ Frédérick Bordry
_,) 3™ ECFA High-luminosity LHC experiments workshop

3™ October 2016 — Aix-les-Bains

Even with “luminosity levelling”, 200
superimposed collisions every 25ns is a
huge challenge for the experiments
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mezmee=  The High Luminosity LHC (HL-LHC)

UNIVERSITYOF
BIRMINGHAM

Luminosity profile: ULTIMATE

e Peak luminosity =Integrated luminosity
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@ =2 40E+34 NN (e N E |bo
w® > Lo =l N PSS — | — 2000 2 | @
= . L : ! : © b
Q 8 308434 i SRR | 500 & |E
£ Lo Lo : : : ©
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3 20B34 g R ] o B 1000 E
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LOB+34 gl i B EEEEE 500
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0.0E+00 -—e-—— e R J .- 0
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Year

After LS4, proton physics days increase from
standard 160 days to 200 and after LS5 to 220

> @)

7 L. Rossi - HL-LHC Intro - 3rd HiLumi Industry Day, Warrington, 22 May 2017
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#ema LHCh: Phase-l U pgra des

Downstream
Tracker
Sci-Fibres

UNIVERSITYOF
BIRMINGHAM

LRl |
it aRets A ClRIRE

Technical Deslan Report

readout system at
inelastic collision
rate processed by
fully software trigger

26 planes, 5mm from beam
VeloPIX chip: 55 pm pixels
256 x 256 array 130 nm CMOS

Up to 15 Gbps per R/O chip RICH — Calo
MAPMT; PMTs
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8 o e ALICE: P hase-| U pgra des

UNIVERSITYOF
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N The Future: ALICE Upgrade Program
7 New Inner Tracking System (ITS) Muon Forward Tracker (MFT)

@m ® improved pointing precision ° :
& ® less material — thinnest tracker at the ° Inri\grc?\;etéaﬁksginting precision

LHC N
) 10m? and 10%° pixels

MUON ARM
Time Projection Chamber o Sg:c}(l)nutious
p (TPC) electronics

® new GEM technology for
readout chambers

® continuous readout

® faster readout electronics

New Central Trigger
Processor (CTP)

Data Acquisition (DAQ
High Level Tr'uu—_. (HLT)

. new architecturs

® on line tracki Hg -fv_ data -~ A

g DO TOF, TRD. ZDC New Trigger Detectors
® Faster readout (FIT)
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The High Luminosity LHC (HL-LHC)

UNIVERSITYOF
BIRMINGHAM

Luminosity profile: ULTIMATE

i | ’
HL-LHC PROJECT

&)

standard 160 days to 200 and after LS5 to 220

L. Rossi - HL-LHC Intro - 3rd HiLumi Industry Day, Warrington, 22 May 2017

5/15/2019

5t INFIERI Summer School: Huazhong University of Science and Technology, Wuhan

e Peak luminosity =Integrated luminosity
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After LS4, proton physics days increase from
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Phase Il Experiment Upgrades:
The Ship of Theseus BIRMINGHAM

"The ship wherein Theseus and the youth of Athens returned from Crete had
thirty oars, and was preserved by the Athenians down even
to the time of Demetrius Phalereus, for they took away the
old planks as they decayed, putting in new and stronger _
timber in their place, in so much that this ship became a
standing example among the philosophers, for the logical
qguestion of things that develop; one side holding that the
ship remained the same, and the other contending that it was not the same.”
- Plutarch
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Inner detector

Electromagnetic
calorimeter

W : ~7 4

Toroid magnet

Muon spectrometers
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mament=  ATLAS: Phase-1l Upgrades

Muon Detectors

UNIVERSITYOF
BIRMINGHAM

Tile Calorimeter

Liquid Argon Calorimeter

Current ATLAS Strlp Tracker (SCT)

Toroid Magnets  Solenoid Magnet \ SCT Tracker \Pixel Detector TRT Tracker

ATLAS Upgrade\Timeline

a0t 20t 207 2010a019 020 gzt 2072 202 2028 005 2006 2000 208
Y e

¥ How on Earth do

Detector (ITk-Strip/Pixel)
. Calorimeter Electronics
Upgrade

TDAQ Phase-1
LAr Calorimeter Electronics

ATLAS Forward Protons (AFP) [\ New Forward Calorimeter
|- Muon System Upgrade
|
|

/ Phase-1 Upgradk\ \ I Phase-2 Upgrade get inside that?
L = 2e34 (u~60) L = 7.5e34 (u~200)
/ int L = 200 b I int L = 3000 fb™
New Muon Small Wheel (NS : | All new Tracking Inner
Fast Track Trigger (FTK) I
|
|

TDAQ Phase-2
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UNIVERSITYOF
BIRMINGHAM

New Tracker
* Radiation tolerant - high granularity - less
material

Muons
* Replace DT and CSC FE/BE electronics

* Tracks (P;>2GeV) in hardware trigger (L1) ’ Complete RPC coverage in forward
region (new GEM/RPC technology)

* Coverageupton~4 _
* Muon-taggingupton ~3

Barrel ECAL N ¥ [New End-cap

* Replace FE/BE . N Calorimeters

electronics | me
* High granularity

o
= < | * Timing capability

Trigger/DAQ

e L1 (hardware) with tracks
and rateup ~ 750 kHz

* L1 Latency 12.5 us

* HLT output rate 7.5 kHz

5/15/2019 5t INFIERI Summer School: Huazhong University of Science and Technology, Wuhan 36
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e Gtrip and Pixel Technologies =
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BIRMINGHAM

* For HL-LHC, fine granularity over large areas and minimal mass are targeted
consistent with constraints of very high radiation environment, very high hit
and data rates, cooling, plus complex event triggering capabilities.

* Vertex detectors target finest granularity (RD53: 50um*50 pum pixels), minimal
scattering material (ALICE: <0.5% X,/layer) and the highest radiation tolerance
(ATLAS and CMS: 2X1015neq/cm2and 1Grad, RD50, RD53).

 Large area silicon coverage for high efficiency inner detector track finding
(>99% for muons), precision momentum resolution (even 30% at 1 TeV), good
extrapolation outwards and into pixel layers, excellent pattern recognition
even in dense jets, low material, triggering capability and highly cost effective.

» Systems require low mass cooling and compact, radiation-hard, optical plus
electrical links with HV/LV multiplexing (very large numbers of channels
running at low voltages drawing high currents - power loss in cables).

5/15/2019 5t INFIERI Summer School: Huazhong University of Science and Technology, Wuhan 37
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meme - ATLAS Tracker U P8 rade (lTk)

Current ATLAS Inner Detector (60m?, 108 channels)

Muon Detectors Tile Calorimeter Liguid Argon Calorimeter

\

/ \
Toroid Magnets  Solenoid Magnet ISCT Tracker Pixel Detector TRT Tracker N
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== ATLAS Tracker Upgrade (ITk)
Current ATLAS Inner Detector (60m?, 108 channels)

rR= 1082 mm

TRT <

Straw tubes
TRT

LR=554 mm .
(R=514 mm | g

R =443 mm
SCT
‘ R =371 mm

LR =299 mm

o " | Silicon strip I

R =122.5 mm Pixels
Pixels { R = 88.5 mm
R =50.5 mm

IBL 33mm

| Silicon pixel |

R=0mm

/ /

i
Toroid Magnets  Solenoid Magnet ISCT Tracker Pixel Detector TRT Tracker |
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e ATLAS T g

gL pA and Applications r a c e r p ra e
BIRMINGHAM

New All Silicon Inner Detector (180m?, ~10'° channels)
Strip TDR: https://cds.cern.ch/record/2239048

rR= 1082 mm

>
TRT \ i
»' “ y A W\
{ / \.‘\
[ S At
2 g N\ M

LR=554mm
(R =514 mm

R =443 mm
SCT{
‘ R =371 mm

LR =299 mm o .
I Silicon strip I

R=122.5 mm
Pixels { R = 88.5 mm

R =50.5 mm
IBL 33mm

| Silicon pixel |

R=0mm

/ / i
Toroid Magnets  Solenoid Magnet ISCT Tracker Pixel Detector TRT Tracker | b
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N o s ATLAS Tracker U P8 rade (lTk)

UNIVERSITYOF
BIRMINGHAM

New All S|I|con Inner Detector (180m?, ~101° channels)

E 14[]0 ATLAS Simulatinn
o ~ ITK Inclined

1200— n=10

T |

zuu—- b
_.q_munnut v '
AT R S, o _I!

_.__ﬂup_m—u.”_”; T

QI

0 500 1000 1500

02500 3000 3500
z [mm]

DC-DC %‘Q
converter %
o
@,

Wire-bonds

Glue S 2

Sensor

Power
board

ABC130*

hybrids

modules
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racker Upgrade
UNIVERSITYOF

BIRMINGHAM

Single-sided modules
E sandwiched around

”TH'ermE‘*necl"ﬁ\-rTT 2 o —— low mass structures

Powering (DC/DC strip Serlal
pixel), HV multiplexing, CO,

embedded cooling, low mass
modular supports & services

) &
- I
3 »
% 2
& »
< »
¥ 2
5 B

I e
BUCUTE TR
CY LTSy

ATLAS Forward
Wedges and Discs

256 Channel ASICs
(4 row wire bonding)
in 130nm CMOS with
LO/L1 functionality

Module
with
on-board

| .%o-mechani

1400 mm

Huazhong University of Science and Technology, Wuhan
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=== ATLAS Tracker Upgrade (ITk)

total fonising dose [Gy]

Strips: 165m2 6><107 channels

UNIVERSITYOF
BIRMINGHAM

= - — . . Unprecedented
E 1400 ATLAS Slmulation . | | f d. .
€ oo ITk Inclined 1 ~levels Oor ra lation
- f1=1.0 ]
C * | at HL'LHC
1000 / — 10* 1 MeV n,, fluence [particles / cm?]
» . 4 j n=20 - _
800 = —  Strip detectors must *
C T ] 5 10"
600 - A —  survive damage to
4003 v - n_sn_:_ lattice equivalent to "
S 9 e I T I I O O O %1015 2w o
s b e o thatfrom 1.2x10%/em
A e AL S L i R - 1 MeV neutrons and ®
% 500 1000 1500 2000 2500 3000 3500 0.5 MGy 1o
z [mm e "
(mm] (Pixels > x10 this)
lnM
z [em]
25 AL T T A | T ToTrT T T T b | T
A p-in-n MCz Micron 26 MeV
+ B p-in-n FZ Micron 26 MeV
20 | + & - prin-n MCz Micron 26 MeV ’\V’
- ~O—nin-n FZ Micren 26 MeV o~ % vRDSO
‘0 - -& - n-in-p MCz Micron 26 MeV 0]
= —8—n-in-p FZ Micron 26 MeV =
0 15k —®— n-in-p FZ HPK ATLAS 70 MeV - 010 I
g O nein-p FZ HPK ATLAS 26 MeV % :
5. 5 Thin n-in-p
F N i =N 1 Is
-— 0] F
0 | &% © | —=—Micron 140 um (900 V)
3 5L . I 1 1€ | —= Micron 310um (300 V)
O "| Need noise Ha & 8 1 —=—HPK320um (900V)
< 1000enc after irradiation | = Vieron 500 um (800)
0 EE— - - EEE— + E— 1 al L L sl 1 sl Lo sl
! o 100 0.1 1 L0 100
Fluence (10" n_ cm”) Fluence (10" n,, cm’)
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Reliability of Modelling

r[em]

100

Ve, =65V

z[cm]

Vo (Full Depletion Voltage) [V]
T

2011

2012

LS1 (warm)
2015

2016

2017

2018

LS2 (cold)
2021-2023

S

SCT Barrel3 10 |

UNIVERSITYOF

BIRMINGHAM

5/15/2019

10"

1012

Depletion voltage |2 % “L—i iyt bl
. 2o = oL sensor temperature ! =
predictions and L L T )
measurements 5 = o\ _int. luminosity delivered e 4 38
‘ 3 >~ A
ATLAS Preliminary o1 f#w 8
[=] I~ - g
= - €
: 3 1 = 10—1
Nov. 2017 ~ Layer Data Model prediction | =
- Barrel3 « t10 ]
107" = Barrel4 =« —— +16 (=102
= Barrel5 » —— t1g¢ 3
Leakage current predictions Barel6 - R 10 |7
d Hamburg Model E 10
e T ATLAS Preliminary —
1078 | i | | | | 104
2010 2011 2012 2013 2014 2015 2016 2017
J = Year
1013 1014
1 MeV n-eq Fluence [cm?
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CMS Tracker Upgrade

BIRMINGHAM
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter :15.0 m
Overall length ~ :28.7m

Magnetic field  :3.8T

SILICON TRACKERS
Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m?* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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\‘- Birmingham Instrumentction
'}. Laboratory for Particle physics C M S T
racker Upgrade
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Outer trackers need radiation hardness of current n-in-n pixel sensors at fraction of the cost
-> ATLAS/CMS: n-in-p strip technology Many large '

area sensors

Interest in larger
(8”) wafers

0,1 0203 04 05 06 07 08 0 11,1 12 1,3

(TTT77777 s 2r 2 e

= L produced for particularly for
Outer Barrel '*° PR ORI — 1;9 g
“rom) aman ||| | I| I| ,|| :y I| l; —»  both ATLAS . forward regions
'"""B‘""E — =N B o |: |: :: I: |: I: |I || L = and CMS (and HGCAL)
M = o e | Endosp Phase-1
Pixel BamI: |-}~ Inner Discs e £
BreiEnemp
(TPE)
Greatly reduced In CMS de5|gn drlven by requirement
material in tracking to identify all tracks with P;>2GeV at
volume + 55 40MHz as input to L1 trigger
02 0.4 L]
1.6
. Phase-2 % lzm;__ R —
1s 2 s N h || "
N N T O O S Iy iy ly -2
Iy, iy Iy Iy Il [ 28
STL LR R W W % % W y My Iy Iy it | 28
|lII IIII Il Il Il | 30
——— AR W W I I — 32
4.0
'5:’:0'"'m'ucr""15&)0""2&;0""25110""n
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Paired layers with short strips (outer radii) and
long pixels plus short strips (inner radii)

UNIVERSITYOF
BIRMINGHAM

CO2 cooling SSA/MPA ASIC
CBC ASIC &€— based on pixel Phase 1 65 nm being designed
130 nm dev. 100kW power

eommon with ATLAS

Concentrator ASIC
130 and/or 65 nm

Strip-Strip module

high transverse fail
momentum

GBT 65 nm & Optical Link
dev. low power - compact

DC-DC conversion

based on pixel Phase 1 packaging wo connector - based on E
common dev. with ATLAS common dev. for LHC experiments v
low transverse
momentum
i oS , TR : “stub”
Flex hybrid - Flip-Chip assembly - possibly TSV for inter-chip connection
oo [+ ] 04 08 o8 1.0 1.2 1.4
- 1.6
e L o

5cm x 10cm silicon strip sensors oo = ' ‘ ” ' ' | | | | 18

 strips: length 2.5cm, pitch 100um = | | | | ||
* AC coupled with poly-silicon bias 4, : - - : : | | | - 20
resistors = ——  — | | | | | 22

ﬁm —

i : e .Y Iy I Iy Iy It - 24
5cm x 10cm silicon macro-pixel sensors T Iy ly My My Iy 26

! p . [ | Il [ [
+ pixels: length 1.5mm, pitch 100pm SRR R R R R won w b ”:: |: m m m — &
* DC coupled with punch-through MT:—__%%\\% LS T % I | 32
biasing = 4.0
“[: 1 i i i 5‘;}0 i I L Tﬂtl[l i i TGS i m i i i i L i i i i -r]
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.0
‘ | _n=20
(| [
1 !

1 1 n

1400 OaTLAS

EXPERIMENT

R [mm]

1200

1000@
800, 4

n=1

"
w
o

] 4
LI} 7_[ T 1
1|_‘|J,,|.,4| T g

L1 |
2000 2500 3000 3500

z [mm)]

Radiation hardness to
~10%*n,,/cm? and 10MGy
achievable using either

02 04 08 08 10
g \2001—
st |
i [
" I
oo ARTRRRR L L NN :‘u !
-
e I SR Y ”u I
I |
B T T T T |
P
=
[] 500 1000 1500

n* pixel (OV)

n-substrate

guard rings

-—
p
ov HV HV

thin sensors or (at lower voltage operation)
3D sensors with columns through substrate.

The problem is that Grad radiation hardness is
not guaranteed with commercial 65nm CMOS

20 pm

passivation —»
510, —

sSensor
wafer

and depends on transistor (PMOS) channel width,

temperature history, vendor and even batch to batch

Minimum feature size | 250nm 130nm 65nm
Example Read-out ATLAS FE-I3 NAG62 TDCPix
Hybrid Pixel Chips CMS ATLAS IBL FE-14
Medipix LHCb VeloPix < RD53A
Medipix3RX i :
TimePix3
Typical hit data storage | <1Gb/s/cm’ ~5Gbp/s/cm’ 40Gb/s/cm’
density capabilities
Output Bandwidth 40-160 Mb/s 0.3-1.2 Gb/s 2-20 Gb/s

5/15/2019

5™ INFIERI Summer School:

—

Current Drive Variation (%)

sensor pixel implant

R/O pixel

readout chip (~0V)

I . T
n* pixel (OV) guard rings s
p-substrate bond

p-spray 100 pm
p" (high l

ohmic)

handle wafer (removed partﬁL

sensor

\

Efficiency

Federico Faccio: Radiation induced

narrow channel effect due to chargezg)uild—up in STl oxide
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-100
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Huazhong University of Science and Technology, Wuhan

Current Drive Variation (%)

UNIVERSITYOF
BIRMINGHAM
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g Simulated Vertices ¥
- 3DR tructed Verti CMS B
08| o 2 Reconsiucton Versoss. ean
—+— 4D Tracks
04| Use ti
02— .
F §r
- +
o ! ;| byt g# *
02 :_ ?** Q‘% i i ]
-0.4 L B |

Timing Detectors

Ispot: 6, ~ 9 cm; 6, ™~ 0.2ns 200 pile-up  BIRMINGHAM

ming to help identify tracks with correct vertices
y & '1'5, \ v \. ,;6 <

I b FATLAS .m-qg’.

Barrel Timing Layer (BTL) v 1 off Detector 8

LYSO crystals + SiP

Endcap Timing Layer (ETL)
LGAD or Hyper-Fast-Silicon
deep depleted APDs

Barrel Timing Layer (BTL)

Neutron Fluence ;
LYSO crystals + SiPM Readout

<2x10' n/cm?

30 290 300 310 320

Z [cm]

2 Si Layers i &4 4
W

M R/O R o
- pads
1.7mm?

EC HGTD Detector/ Z=3485mm,
Rin = 98mm, Rout = “960mm
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CEr HL-LHC Timing Detectors

t(ns)

0.6

0.4

0.2

-0.2

-0.4

- Simulated Vertices ) EE B Siind bR L > s 4 UNIVERS]TYOF
R duiradoiond > Beamspot: 6, ~ 9 cm; 6, ~ 0.2ns 200 pile-up ~ BIRMINGHAM
—+— 4D Tracks

Use timing to help identify tracks with correct vertices

a N '.'-.' \ O\ iq

I b FATLAS .m-qg’.

Barrel Timing Layer (BTL) v oft betector IR

2 Si Layers i £ v“’/

LYSO crystals + SiPM R/O _ "f"?;;-:;‘ 7 6am

pads

1.7mm? ;» .-;f;/ff& 1

Endcap Timing Layer (ETL)
LGAD or Hyper-Fast-Silicon
deep depleted APDs

Neutron Fluence Barrel Timing Layer (BTL)
LYSO crystals + SiPM Readout

<2x10' n/cm?

EC HGTD Detector/ Z=3485mm,
2 fem) Rin = 98mm, Rout = ~“960mm =

30 290 300 310
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* CALICE (Calorimeter for ILC)
* Fundamental concept:
* Particle flow
Associate energy
deposits with
charged particles

— Drives granularity requirements
Allows “tracking” of neutrals

Calorimetry and Particle Flow

UNIVERSITYOF
BIRMINGHAM
14

PFA Calorimeter I

_ CALICE Testbea

m

Calorimeter for ILC

¢

ALICE FoCAL <

Tungsten-Silicon sampling EM Calorimeter

MS HGCAL Mairﬁacteristics: |

I_—_l Key Parameters:

EC-E - 28 active layers, silicon sensors

/ EC-H - 24 active layers

v 8 silicon sensor

16 silicon (high 1) + scint (low 1)

St.Steel, weight = 170t
%Y Front Shielding weight = 0.8t

Total weight of Endcap = 253t

5/15/2019 5% INFIERI Summer School

: Huazhong University of Science and Technology, Wuhan

ECcovers 1.5<n < 3.0
Full system maintained at -30°C

. f silicon sensors

* ~500m? of scintillators

»  6M si channels, 0.5 or 1 cm? cell size
+  ~22000 si modules

Power at end of HL-LHC: ~60 kW per
endcap

Silicon pads to withstand doses
up to 10'®n/cm? and several MGy

51
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* CALICE (Calorimeter for ILC)
* Fundamental concept:

* Particle flow

* Associate energy
deposits with
charged particles

— Drives granularity req

e Allows “tracking” of nex

Meutral
Hadron

* ALICE FOCAL <«
* Tungsten-Silicon sampling EM Calorimeter

Calorimetry and Particle Flow

CALi(ed

Calorimeter for ILC

UNIVERSITYOF
BIRMINGHAM
| g &

PFA Calorimeter I

_ CALICE Testbeam

Scintlator

° 7 MS HGCAL Mairﬁgacteristics: |

EC-E - 28 active layers, silicon sensors

/ EC-H - 24 active layers

y 8 silicon sensor

16 silicon (high 1) + scint (low 1)

ECAL: 25 X,, “1.3\; HCAL: 8.5A
EC-E total weight =18.5t
EC-H Absorbers material:
St.Steel, weight = 170t
~ %Yy Front Shielding weight = 0.8t

Total weight of Endcap = 253t

5/15/2019

I_—]'\E\/cc:\.-'ers 1.5<n<3.0

Full system maintained at -30°C
. f silicon sensors
* ~500m? of scintillators
»  6M si channels, 0.5 or 1 cm? cell size
+  ~22000 si modules
+  Power at end of HL-LHC: ~60 kW per
endcap

Silicon pads to withstand doses
up to 10'®n/cm? and several MGy
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Silicon Based Detector Evolution

UNIVERSITYOF
=.*  * CALICE/FCC (Tpixel) RIRMINGHAM
. MAPS EM-Calorimeter PFA Calorimeter
10 ALICEITS = irades:
10m? MAPS " ATLAS
103 “"‘ CMS *
LR as S
ATLASE <
o 10 “"’l CMS strips >
2 ,*° WATLAS strips Q
6 o S
£ 10° owp0  WFERMI >
ks Lp -~ WCDF 3
o 105 ‘¢“ ™ .Bab!r AMS 2
© st mAMS L AGILE ®
# P T oD m PAMELA R
10* mMARKII 8
»
¢"‘ m
10:9|80 19|90 20I00 20|10 20|20 - -t CALICE/(FCC)
1000 CMS HGCAL R . SiW EM-Calorimeter
Year m “Up'grades,
cMs o ATLAS
Need detector costs to scale 100 | FERMo+" <
with Moore’s law. o~ o S =B
H H g/ 10 ™ ‘t“ > N
For sensors, more likely with DELPHI 97 g,o* m = |
. ® CDF  oo* ALICE
fully commercial processes € e aAMS 1 S
. o
such as CMOS Imaging Sensors g LT DELPHTP o
. . (&) “‘ ~
(MAPS) as used in mobile e ocunt o S
R @
phones, cameras etc. TN (e o
(Need « $/cm?) PO 2
1E-3+ - T v T v T T T T T v T v T v 1 o
1960 1970 1980 1990 2000 2010 2020 2030
Year
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CER MAPS for LHC Upgrades

UNIVERSITYOF
BIRMINGHAM

Low power consumption (<100mW/cm? ) at upgraded ALICE ITS (4us integration time) allows very low
material budget ( <0.5% for inner Iayers <1% for outer Iayers) and is radiation resistant up to few 1013

N cmM2 3 A oy e — 3"
2 e Ik bkiie. o T B H
q ) - Pa _‘-\-\.._'-" m\%
E i
R T T Rt ot 8
- i
G f— Efficiency Fake-hit Rate pALPIDE-3b |o'§
- q — — Mar-irradiabed 2um g
L e —— M8 boad TID + 276407 el o 25pm ] o
. - —— — 1710 1M’ e’ 25um
sfEebylint S—a__
L5.016% Pinsis masked "
i —
? " = < ) T S S S S EN T S SR [ ST SR S S R S Wt
Iy &) | || NG ot EJ 3 W Fr)
— 4 ——ER kS 2 *el B . [THR (DAG Units)

* Developments of HV/HR-CMOS -> deep depletion region with charge collection by drift not diffusion -

improved collection speed and radiation hardness ", PMOS NMOS
ook s mes [ it g_ A 5000 =
/ w Lo
) —
x Y P Eiitaxial Iaier
P stop Electronics (full CMOS) P stop
|
e £ 25 ns shaping
TowerJazz 180 nm epitaxial (25 um) ;‘- 500
= 0
- SUtrat BEEREn T High resistivity T 0 20 0 “° 0 100
ams 180 nm P-Substrate : /P equivalent fluence [10* n/em?)
M__s.ubst_ra_tg p~0.08-1kQcm LFgutndtry 1502nlz1)
Mﬁmmﬂl - subs! r ’ cm
‘ ~2cmx2cm ORI
prototypes NS
36.5x 36.5 pm? d eve I (o) ped o ZEE'SO.um2

for ATLAS LF-MONOPIX

t e __
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sizooecoe  [MPACT OF THE INNOVATIONS IN

5/15/2019

SEMICONDUCTOR ADVANCED TECHNOLOGY o
ON THE TRACKING CONCEPTS IN
FUNDAMENTAL RESEARCH

Phil Allport
INFIERI Summer School, Huazhong University of Science and Technology

Introduction to Silicon Tracking Detectors
Development of Silicon Detector Arrays in Particle Physics
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e Strip Detectors
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Easier access and lack of the need to instrument large area means novel
detector technologies often first find application at smaller or fixed target
experiments (for example the TDCpix 75ps hybrid pixel ASIC for the NA62
Gigatracker or the MuPix monolithic CMOS sensor for the p3e experiment).

Nevertheless, for conciseness, only future collider experiments will be
considered here.

The main flavours of planned major future collider facilities are:
— e*e " (or even possibly eventually u* 1 -) colliders
— proton-proton and heavy ion colliders
— electron-proton and electron-ion colliders

The highly important developments for future fixed target, neutrino
and non-accelerator experiments will also not be covered here but
are discussed in other presentations.
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"CepC-ee: 2030

(Follow with SppC: similar
parameters to FCC-hh)

'ILC 250: 2032

(May be possible to
upgrade to 500GeV
or even beyond)

drive beams
these electron beams provide the RF power 10 the main accelerators

Y sy 1w (i TR

. e 1 # _ — .
e W,M " CLIC 350: 2035
AL main beams " , (Designed to offer
potential 3TeV final

energy upgrade)
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CepC-ee: 2030

(Follow with SppC: similar
parameters to FCC-hh)

250: 2032

(May be possible to
upgrade to 500GeV
or even beyond)

drive beams /s 2 ay
e et CLIC 350: 2035
manbesms 7 | (Designed to offer
“ potential 3TeV final
energy upgrade)

Schematic of an -

~ M FCC-ee: 2039
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srzzz~ |LC/CLIC Proposed Pixel Technologies &

* Demands of ultra-low mass, highest resolution, low power and fast time-stamp
* Can exploit time structure of bunch trains separated by up to 200ms for readout and power cycling
* A wide range of technologies with many years of development:

* DEPFET (see also BELLE-") Spatial resolution: highly granular sensor:
. . Orp ~ 3 Hm (pitch ~ 20 pm)
* FinePixel CCD multiple scattering : very low material budget:
e Thin Planar sensor or HV-CMOS Hybrid (C3PD)+CLICpix 0(0.1%X,/layer)
ot A Single bunch time resolution
*  Monolithic CMOS —> 1st layer: ~ 5 part/cm?/BX — few % occupancy
. . . : Power dissipation ¢ preferably gas cooling
* \Vertical integration with TSVs (FNAL 3D) 5 <130pW/mm? (Power cycling, ~3% duty cycle)

* Sol for Fine Space and Time (SOFIST)
* Monolithic Active Pixel Sensors (MAPS)
* Chronopix (time stamp, sparse readout)
*  MIMOSA (developments since 2000 for ILC)
— STAR Heavy Flavour Tracker
— ALPIDE for ALICE Inner Tracker System Upgrade

% Silicon tracker &!b
Vertex detector
e Jac

Forward
letectors .
S Bunches/train 1312 312
Fine grained
calorimeters Bunch separation 544ns 0.5ns
. Superconducting .
128m solencid. 4T Repetition rate 5Hz 50Hz
lonising dose ~1000 ~50
Return Yoke Gy/year
+ Muon ID
Fluence 10° 100 4
End coils neq/cmz/year
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B 2013 update of the European Strategy for Particle Physics

http://cern.ch/fcc

5t INFIERI Summer School: Huazhong Unive

"Europe needs to be in a position to propose an ambitious
post-LHC accelerator project at CERN by the time of the next
Strategy update, when physics results from the LHC running at
14 TeV will be available."

"CERN should undertake design studies for accelerator
projects in a global context, with emphasis on proton-proton
and electron-positron high-energy frontier machines. These
design studies should be coupled to a vigorous accelerator
R&D programme, including high-field magnets and high-
gradient accelerating structures, in collaboration with
national institutes, laboratories and universities worldwide."



http://cern.ch/fcc
http://cds.cern.ch/record/1567258/files/esc-e-106.pdf
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FCCWEEK 2016

International Future Circular Collider Conference
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Future Circular Collider Study
/

Kick-off Meeting ROME 11-15 APRIL

fccw2016.web.cern.ch

M. Koratzinos

Schematic of an

4 80-100km W SCIENTIFIC ORGANIZIN
¢ long tunnel B commiTeEE
FCC Coordination Group:

A. Ball, M. Benedikt, A. Blon
F. Bordry, L. Bottura, O.
P. Collier, J. Ellis, F.

R - B R
hh: pp and AA

FCC

; /A— HAQMEDELIE | oo Higgs factory o WEEK

SN BERLIN, GERMANY )
CEETEE | 29 MAY- 02 JUNE eh: ep/eA options

fccw2017.web.cern.ch

BRUSSELS, BELGIUM
24 - 28 JUNE 2019
[ laza B I

ol

Future Circular Collider Conference
fec.web.cern.ch

, WRITING

! aRies CSCO® TIARA

; s QUEEE G =
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FCC Programme

Future Circular Collider Study
Kick-off M eting

(o "
C. Doglioni,
M. Koratzinos
Schematic of an
4 80-100km
¢ long tunnel

COMMITTEE E
FCC Coordination Group
A. Ball, M. Benedikt, A.
F. Bordry, L. Bottura,
P. Collier, J. Ellis, F.

22 UNIVERSITE [Beeeil - W29l http://indico.cern.ch/
DE GENEVE effcckickoff

UNIVERSITYOF
BIRMINGHAM

FCCWEEK 2016

International Future Circular Collider Conference

ROME 11-15 APRIL

fccw2016.web.cern.ch

FSROMA
SAITRE

Z - hh: and AA
S F CCWEEK 2017 PP

“ " = Future Circular Collider Conference e+e‘: Higgs factory
< BN BERLIN, GERMANY

CEETEE | 29 MAY- 02 JUNE eh: ep/eA options

fccw2017.web.cern.ch

Future Circular Collider Conference
fec.web.cern.ch

. QIEEE UNIVERSITY
ARIES CSC ® OF TWENTE
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J || 8-coll

collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.33
o? circumference [km] 100 27 27
Semue® > straight section length [m] 1400 528 528
#IP 2 main & 2 2&2 28&2
beam current [A] 0.5 112 (1.12) 0.58
A mmm | DS | bunch intensity [10'1] 1 1(0.2) 2.2 (0.44) (2.2)1.15
m— L_sep bunch spacing [ns] 25 25 (5) 25 (95) 25
"- -N. — rms bunch length [cm] 7.55 7.55 (8.1) 7.55
EXp. arc | eak luminosity [10% cm?s] 5 30 25 (5) 1
n] + EXp |nj + EXp events/bunch crossing 170 1k (200) ~800 (160) (135) 27
stored energy/beam [GJ] 8.4 1.3 (0.7) 0.36
beta* [m] 1.1-0.3 0.25 (0.20) 0.55
norm. emittance [um] 2.2(0.4) 2.5(0.5) (2.5)3.75
1 4 km
1.0 101t
+— 2.8km —» extraction L D s — Reach 8fb'/day with ultimate for 25ns spacing
—> 5ab™! per 5 year run
>() : .
1 4 km Iz Beam is burned quickly
[0} ;
€04 = A reason to have enough charge stored
- coII 0.2;
~ ‘ :
0T 2 3 o4 a6z 7
Time [h]

5/15/2019

Schematic of an
80 - 100 km
s long tunnel

parameter

UNIVERSITYOF
BIRMINGHAM

(G=D)

(HL) LHC
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sz  FCC-hh Detector Concept

Baseline for Conceptual Design Review
https://fcc-cdr.web.cern.ch/

4T 10m solenoid

* Forward solenoids
*| Silicon tracker
* Barrel ECACLA}/Si-W
* Barrel HCAL Fe/Sci
* Endcap HCAL/ECAL LAr
* Forward HCAL/ECAL LAr Z’(40TeV)—>qq
Other options explored

UNIVERSITYOF
BIRMINGHAM

Hadronic barrel Electromagnetic barrel
—scintillator Ar ag rofore

Reconfigurable
CMOS Digital ECAL
: 7, and Outer Tracker
= " chip (5mm x 5mm)

p——
O
134
12,
i
_ 10

EM & H endcaps EM & H forward

—LAr —LAr

Charged Particle Fluence @ L=30x1034cm2s! .
B e 1 MeV neutron equivalent fluence for 30ab!

| > Barrel muon chambers: ~300 cm™s? to ~500 cms? | Z‘D T 8
T |l\ T T Ex T T g T 102 € 1600 i <
1600 L U / p ettt it B S 1400 | g
1400 - ™ 10" 2 =
1200 - 108 5 1200 N - aqc-;
"£1000 , . $ = 1000 G g ©
S 800 1Fdw0e S§ 2 T
600 al 4 O — 800 OSQ — =
10* s § o
400 il PR 600 ; = [
200 - . Q ' o | c
o SRR [0 i 100 B 400 = ; o
o g . -—
0 500 1000 1500 2000 2500 3000 3500 4000 5 200 Tl 11| ‘— 2
Central tracker: z [cm] I > Endcap Muon Chambers: 104 cm™s™ | (@] 0 1l | | | ;
o firstIB layer (2. ): ~1. 10 cmi2st
P e e o 0 500 1000 1500 200 500 3000 3500 4000 g
1980 1985 1990 19|95 2000 2005 2010 2015 2020 2025 2030 2035 Z [Cm]
| e | | | Forward calorimeters:
: Central tracker: o maximum at ~5 10*® cm2 for
o firstIB |ayer (25 cm ): ~5-6 1017 cm'2 both the EM and the HAD-calo
16 -2 —
o external part: ~510% cm™ o 10*°cm*atR=2m

7 » 20 year R&D lead-times (concept — large arrays)
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tune-up dump .
. ' 10-GeV linac comp. RF

injector

0.12 km

FCC-eh: use

/ both hadron

2.0 km \ v .

10, 30, 50 GeV : and electron
LHeC Detector ‘ ' rin gs

comp. RF

1.0 km 20, 40, 60 GeV

total circumference ~ 8.9 km

dump

LHeC: energy recovery
linac for e-h collisions at LHC

<+ 10-GeV linac
0.03 km

Electron lon Collider
| (EIC)
Polarized electron

source / Injector lon Collider Ring Detector
Linac \

Electron cooler

/,,

Electron Collider Ring

Booster

lon Source

, Detector 2 Electron Source‘

Electrons |
/,/Ions \ 12 GeV CEBAF

Detector 1

Halls A, B, C
lons from AGS

Schematic of proposed eRHIC at Brookhaven National Laboratory. This design would make use of the
existing ion sources, pre-accelerator chain, superconducting magnet ion storage ring, and other
infrastructure of the Relativistic Heavy lon Collider (RHIC). A new electron source and electron (CEBAF), which would steer accelerated electrons into two interaction points (IP) of a newly
accelerator and storage rings would be added inside the RHIC tunnel so that interactions (collisions) constructed figure-eight shaped ion accelerator, fed by a new ion source and associated pre-
can take place at points where the stored ion and electron beams cross (up to three detectors). accelerator components.

Schematic of proposed JLab Electron-lon Collider (JLEIC) at Thomas Jefferson National Accelerator
Laboratory. This design would make use of the Continuous Electron Beam Accelerator Facility
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Introduction to Silicon Tracking Detectors
Development of Silicon Detector Arrays in Particle Physics

Overview of LHC Detector Upgrade Programme

— Silicon Detectors for HL-LHC

e Strip Detectors

 Hybrid Pixel Detectors

« Silicon Detectors for Calorimetry
 Monolithic Active Pixel Sensors
« Silicon Fast Timing Detectors

Collider Physics Beyond the HL-LHC
Example Applications of HL-LHC Technologies
— Hadron Radiotherapy

Conclusions
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* Charged particle tracking plays an important role in several other science areas, for
example in anti-hydrogen physics (eg ALPHA), nuclear physics
(eg R3B at FAIR), the heavy ion programme at RHIC or CERN
and in astrophysics (eg AMS and FERMI).

pixel ASIC series (, X-ray diffractometry, radiation
dosimetry, material separation and mass
spectrometry imaging, ...

see https://medipix.web.cern.ch/).

* There are many areas where photo-detectors exploit ...
similar technologies which both contribute to and .
benefit from developments in particle physics.

* However, the focus of this final section will be the use of accelerator derived particle
beam for hadron radiotherapy and the possible improvements to treatment outcomes

from using particle tracking technologies.
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Cancer is responsible for 1 in 8 deaths worldwide
Typically 1 in 2 people will be affected by cancer at some point in their lives

Most common cancers are Lung (22%), Colorectal (10%), Breast (8%), Prostate (6%)
Overall survival rate can be above 50%

Typically, radiotherapy is used in 40% of all cancer treatment

Radiotherapy uses radiation to kill the cancer cells

Energy is deposited in the cells which damages the DNA and
stops the cells from replicating

Surrounding healthy cells are also damaged so need to plan
treatment to minimise the dose to the healthy tissue and
maximise that to the cancer

High energy x-rays from linear accelerators used to treat cancers
deep within a patient

Low energy x-rays and electrons used to treat skin cancers

Protons/lons used to give highly localised dose distributions
beams mostly from cyclotrons or synchrocyclotrons

lons heavier than protons cause even more ionisation and more .
complex forms of damage, resulting in less repair and a more lethal effect on the tumour

See http://enlight.web.cern.ch/, http://www.pprig.co.uk/ , https://www.advanced-
radiotherapy.ac.uk/ and talks at https://indico.cern.ch/event/456299/
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Proton and lon therapy Proton vs photon

®  Tumours in the head and neck region

®  Tumours near the spine or other critical

organs

®*  Some types of brain tumours

®  Some childhood cancers so the risk of
second cancers later in life is greatly reduced

*  Shorter treatment lengths

®  Less side-effects

Medulloblastoma
Paediatric CNS Tumour

®  Faster recovery

100

PHOTON beam
6MY

X-ray energy continues X-ray beam Most proton beam energy Proton beam
past the tumor isnot focused  stops at the tumor is very focused

50

modified PROTON beam
250MeV

native PROTON beam \

250MeV k
(=)

0 10 20
Depth in Tissue (cm)

https://www.ptcog.ch/index.php/ = %
Lists 94(5) facilities in operation, 45(8) “in constructlon
and 21(4) in planning stage (in China)
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Dose (%)

Conventional radiation exposure

Significant amount of energy
in the surrounding tissue

Significantly less energy
in the surrounding tissue
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M Dopsity 55% - Unapproved . Transversal

; SIS\ dvantage
‘35 A) Intense dose in small targeted volume

| . Impagbefiunder/ove

Potential Problem
Intense dose in small healthy volume
Patient planning
¢ Perform x-ray CT
.| * Translate from diagnostic x-rays to
% treatment protons
* Prone to errors - | - 2 cm in soft tissue,
greater in bone

® Need to see the patient using
the “same” protons as used in
treatment

17 mm range uncertainty

100

PHOTON beam '
BMV

%0 modified PROTON beam
250MeV
. ggg:? :,ROTON beam \
e - 2 k Proton Computed
Depth in Tissue (cm)
Tomograph
https://www.ptcog.ch/index.php/ L
. e s ; " -, (pCT) hoped to
Lists 94(5) facilities in operation, 45(8) “in construction be the key
and 21(4) in planning stage (in China)
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Incident beam
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Records beam position and profile
in real-time to correct beam steering

Beam profile, particle flux for a
given current and energy
distribution can be routinely
determined to cross-check delivery
system calibration

With gantry movement permit full proton-
Computed Tomography (pCT) scan using same
particle type as for treatment.

Current uncertainty in proton range is ~3.5%. If
beam passes through 20cm of tissue, then
Bragg peak could be anywhere within +/- 7 mm

Aim to reduce proton range uncertainties to a
~1% — variation of +/- 2mm.

Simplified treatment plans — fewer beams;
reduced probability of secondary cancers
induced; and treatments will be shorter

igher energy - reduced flux
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Strip Assembly | ‘;,};{;% \
&

Patient

Strip Assembly 3 £77

Z77,
Strip Assembly 4 7757

Range Telescope

o
with crossed strips is that they cannot
cope with two or more protons per
frame without ambiguities.
x I I
For a strip detector with + +
orthogonal strips and N hits, ¥ realtracks
there are: N2-N ‘Ghost-hits’ O ‘ohosts
or ambiguities generated Y + +'
* The usual way round this with strips is to have a third layer (3N Channels)
* Depending on strip pitch, still problems above few 10s hits / frame
e Then need truly pixelated sensor, but needs to be fast (N2 Channels)

5/15/2019
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A/

Proton tracker pair

[t ik LRLET TP

|
Estimate maximum likely path

LLERE ¥ "%‘;ﬁ:{
i

Proton Computed Tomography

.IIIIIIxIII*IIIIIIIIIIIIIIIIII

UNIVERSITYOF
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Proton energy after passing through the patient found
from the distance penetrated in the range telescope

Proton tracker pair Residual energy-resolving detector
(Range Telescope)

AN o

Estimate exit point

Need to know momentum vector and entry point of
each proton going into the patient and also
momentum vector and exit point coming out.

Need tracks plus incoming and outgoing energies

www.pravda.uk.com
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21 silicon planes interspersed with absorber to
(' D measure proton stopping distance

Proton tracker pa energy-resolving detector

Proton tracker pair

L

‘‘‘‘‘‘‘
‘‘‘‘‘

H 24 Cable Interfaces ﬂ

8xCLCable § $ excLcable

4 !
Estidgate entry point

EsNmate maxi | * it o : times ....
‘ In final realisation, range

telescope and tracker used
common (n-in-p) strip

4 sets of 3 silicon strip planes reading technology
out at the duty cycle of the cyclotron

Journal of Instrumentation > Volume 10 > February 2015
J.T. Taylor et al 2015 JINST 10 C02015 doi10.1088M1748-022110/02/C02015

Proton tracking for medical imaging and dosimetry
10TH INTERHATIONAL CONFERENCE ON POSITION SENSITIVE DETECTORS BrJ Radiol. 2015 Sep;88(1053)i20150134, doi- 10,1259fbj[20150'|34, Epub 2015 Jun 4.
JT. Taylor®, P.P. Allport, G.L. Casse®, N.A. Smith? | Tsurin® N.M. Allinson®, M. Esposito®, A Kacperek®, J. Nieto-Camero . . . .

and C. Waltham® Proton radiography and tomography with application to proton therapy.
Show affiliations Poludniowski G'2, Allinson NM2, Evans PM".
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* Installed at iThemba for first tests May 2016 (125 MeV degraded beam).
* Compensator in place.
* 180 rotations at 1° steps.

* Over 1M protons / rotation.

* Second run November 2016.

* 280 M proton histories recorded.

* Reconstructed using novel
Back-Projection-Filtering
algorithm specifically developed
for proton CT.

 Stopping power for all inserts
(except lung) agree within 1.6% of
expected values.

* Still need optimal way to combine
scattering and stopping power.
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and Dosimetry Applications UNIVERSITYOr

BIRMINGHAM

* Installed at iThemba for first tests May 2016 (125 MeV degraded beam).
* Compensator in place.

* 180 rotations at 1°steps.

* Over 1M protons / rotation.

* Second run November 2016.

» 280 M proton histories recorded.

* Reconstructed using novel
Back-Projection-Filtering
algorithm specifically developed

Hard Cortical Bone (SB5)

Lung (LN10)

for prOton CT. | Proton scatte.ring‘ power
(O Tungsten carbide W CcT } "
» Stopping power for all inserts B I
(except lung) agree within 1.6% of A,——T =1l
EXPECtEd values. Water equivalent (WT1) | || s

Adipose (APT)

* Still need optimal way to combine
scattering and stopping power.

Average bone (RB2)
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Proton Radiotherapy Verification
and Dosimetry Applications

* Installed at iThemba for first tests May 2016 (125 MeV degraded beam)

* Compensator in place.
* 180 rotations at 1° steps.

* Over 1M protons / rotation. 0 »1
* Second run November 2016. ; :
* 280 M proton histories recorded.

* Reconstructed using novel
Back-Projection-Filtering
algorithm specifically developed
for proton CT.

 Stopping power for all inserts ,
(except lung) agree within 1.6% of :
expected values.

) 4
U 5
0

|

* Still need optimal way to combine
scattering and stopping power.
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and Dosimetry Applications UNIVERSITYor

BIRMINGHAM

* Installed at iThemba for first tests May 2016 (125 MeV degraded beam).

* Compensator in place.

- 180 rotations at 1° steps. Stopping Power

* Over 1M protons / rotation. 2§ ’
 Second run November 2016. é '
» 280 M proton histories recorded.

* Reconstructed using novel R I
Back-Projection-Filtering ' (AP7, WT1, RB2)
algorithm specifically developed
for proton CT.

 Stopping power for all inserts
(except lung) agree within 1.6% of
expected values.

* Still need optimal way to combine
scattering and stopping power.

cone-beam CT
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* Installed at iThemba for first tests May 2016 (125 MeV degraded beam).

Ly Compensator in place.
Lamb chop chosen as first test of proton CT on real

P 0
* 180 rotations at 1 StePs' tissue due to regions of bone, soft tissue and fat

* Over 1M protons / rotation.

Same parameters as for imaging phantom, but with
* Second run November 2016.

» 280 M proton histories recorded.

2° rotation steps
* Reconstructed using novel
Back-Projection-Filtering
algorithm specifically developed

for proton CT. . .
 Stopping power for all inserts
(except lung) agree within 1.6% of
expected values. v
. . . ‘fj o
* Still need optimal way to combine -
scattering and stopping power.
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'he P I Collaboration

R. P. Johnson, Tia Plautz, Hartmut F.-W. Sadrozinski, A. Zatserklyaniy: SCIPP, U.C. Santa Cruz, Santa Cruz, CA, USA
V. Bashkirov, V. Giacometti, F. Hurley, P. Piersimoni, R. Schulte: Division of Radiation Research, Loma Linda University, CA, USA
P. Karbasi, K. Schubert, B.Schultze: Baylor University, Waco, TX, USA

Loma Linde with SCIPP (UCSC) see for example Robert P Johnson et al 2017 “Review of medical
radiography and tomography with proton beams” https://doi.org/10.1088/1361-6633/aa8b1d

UNIVERSITYOF
BIRMINGHAM

Tracking Planes 1 million individual protons reconstructed per second
5-Stage Energy Rotation
<y . Detector

Beam 200 MeV > Stdgh >-Stage

Pipe protons
Energy

(:@é‘ ' y Trackers Detector
Pb Foll Rotation Stage \
and Phantom

H.F.-W. Sadrozinski, et al, Development of a Head Scanner for
Proton CT, Nucl. Instr. Meth. A 699 (2013) 205.

250 |
Four 9cm™*9cm silicon strip sensors with

thin-edge technoI0ﬁ¥ in x-y configuration »
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Reconstructed RSP

Birmingham Instrumentation

Laboratory for Particle physics
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2

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0+
0

Slope 0.994 + 0.009

L
00
4

The relative stopping power
(RSP) of the variety of materials in
the phantom is accurately measured

02 04 06 08 1 1.2 14 16 1.8
Predicted RSP

2

The pCT Collaboration

3D rendering of the pCT-reconstructed RSP
map of a pediatric anthropomorphic head
phantom

UNIVERSITYO©F
BIRMINGHAM

Three cardinal planes of 3D
RSP images obtained with
Phase Il scans of the
anthropomorphic head
phantom.
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=== Other Silicon Trackers
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« Another group using similar sensors to the pCT Collaboration is based at Niigata University

Nuclear Instruments and Methods in Physics

. - w3 Research Section A: Accelerators, il
Spectrometers, Detectors and Associated —
Proton Equi t
uipmen
Triggerl qauip
X1 X2 Volume 735, 21 January 2014, Pages 485489
21 22
e S Study of spatial resolution of proton computed tomograph
Item Specifications . y . p . P P grapny
using a silicon strip detector
Outer dimensions 89.5x89.5 mm? ) )
Y Saraya® T lzumikawa®, J Goto®, T Kawasaki® & & T Kimura®

Active area 87.6x87.6 mm? + Show more

. 1114 PomLIsHED BY MOP Pu 0 PO §1554 MEDINLA
substrate thickness 410110“'“ doi:10.1016/).nima.2013.09.051 }' — m' : :

T rrr_ll nlr.u'_' I-I: Al
Strlp pItCh zzsum PIXEL 2014 INTEAMATIONAL ‘WoaksHor
SEPTENEER 1-! 5 2014

Readout pitch 456pum NAGARA FALLE, CanATe
Number of strips 384 Low power, high resolution MAPS for particle

tracking and imaging

Full depletion voltage <120V

« Avery promising approach belng followed by Padua with CERN 1S ramsc o » oo mmmese c s

and P Yang®

the use of MAPS technologies for the tracking but with intelligent ===, ..

“RMFN Padva,

on-chip data sparsification to deliver faster, low power readout g

Email giars.gisbilatolpd. info.it

« However, the approach does not yet address the radiation tolerance challenges.
Although these are being addressed for particle physics applications, these are yet to
be demonstrated in a wafer-scale sensor, which is ideally what is needed for pCT.
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«  MAPS (Mimosa) are also being looked at by groups in the Netherlands and Norway

Proton tracking in a high-granularity Digital
Tracking Calorimeter for proton CT purposes

H. E. S. Pettersen®**® J. Alme®, A. Biegun®. A. van den Brinks, M. Chaar®, D. Fehlker®, I. Meric?. O.
H. Odland®, T. Peitzmann®, E. Rocco®, K. Ullaland®, H. Wang®, S. Yang®, C. Zhang®, D. Rohrich®

Steel spacer 0.3 mm

« There are a number of other initiatives using different tracking/calorimeter technologies,
scintillating fibres, multi-wire proportional chambers, ... all of which have potential
advantages and disadvantages when compared with silicon detectors

Improved Proton CT Imaging using a Bismuth .
Germanium Oxide Scintillator

Sodai Tanaka et al 2018 Phys. Med. Biol. in press 3

https://doi.org/10.1088/1361-6560/aaa515 Tl BN L il

monitor (10 cm * 10 cm) EGOSctII ChICken 4 ,’ i ] 8 L

« Also Micro-Pattern Gas Detectors (CERN, Vienna, ...) " =
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= Scintillator Tracking
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Fermilab, Delhi and Northern Illinois system uses scintillating fibre tracker

Area 20x24 cm? (4 planes upstream) and 24x30 cm? (4 planes downstream) with 15
cm separation between planes.

96 plastic scintillating tiles with dimensions of 27cm width, 36 cm height, and
3.2mm thickness were used in the range stack.

At the proton beam at the Central
DuPage Hospital in Warrenville, IL

\

Figure 3: Fully assembled proton CT scanner at CDH Proton center. From right to left,
beam enters the upstream tracker planes followed by the downstream tracker planes and
finally the range stack. The gap in the middle is the position of the rotation stage for the
head phantom in the horizontal plane.
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« The particle physics community has over 40 years of experience of operating finely
segmented silicon sensors for precision tracking of charged particles in high rate, high
radiation environments.

« A number of different techniques have been developed towards high spatial resolution,
fast timing, low mass, high granularity, large area and low cost per unit area arrays.

« Over time this has allowed a rough increase by a factor of ten each decade in the area
which can be instrumented with silicon sensors.

 Linked with the advances in commercial microelectronics and new generations of
application specific integrated circuits (ASICs) with complexity now approaching that
of microprocessors, the channel count of the arrays has grown even faster, as have the
corresponding rates of data that can be handled.

« New technologies are just emerging that could be expected to be game-changers for the
design of future particle tracking systems.

« As current techniques find applications in a range of other fields, so these new
technologies can be expected to bring even greater benefits in the future.

- Itis currently a very exciting time to be a detector physicist.



S’! Birmingham Instrumentction
ﬂfi Laboratory for Particle physics
BILPAO”G Applications

UNIVERSITYOF
BIRMINGHAM

5/15/2019 5t INFIERI Summer School: Huazhong University of Science and Technology, Wuhan 86



E‘! Birmingham Instrumentction
)} Loboratory for Particle physics
BILPA and Applications

UNIVERSITYOF
BIRMINGHAM

BACK UP
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BI||pA @nd Applications =
UNIVERSITYOF
— R Measure Vq BIRMINGHAM

-

The magnitude V; of the voltage drop can be .
upply
determined from conservation of energy, v,

remembering that the energy stored in a capacitor is given by %CVZ, where V is the
voltage across it.

Initially V. =V,. Subsequently V =V, — Vj

The difference in energy is equal to the work done by the electrons and holes moving
through the electric field, which is given by q€d, where d is the distance moved by
charge q

S0 2 CVE = C (Vo — Vo)? + qEd,. + q€d._
Rearranging this, CV,yVz — %CVR2 =q€(d; +d_)
Since V, K V, the second term can be neglected,
€ . Vi
and so V, = CC’—VO(dJr +d.) = %(dJr +d_) (since€=-)

When both sets of charges reach the electrodes, d, +d_ = d so =%

The final pulse size is as expected.
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Other Tracking Technologies -
BIRMINGHAM

 Muon detectors need improved spatial resolution and enhanced rate
capability — advanced micro-pattern gas detectors

- Large area detector construction necessitates very close links with
Industry to develop designs and processes for mass production

» Other technologies being used for tracking in high rate environments
Include scintillating fibres (LHCb) and straws (NA62, MuZ2e)

« Several technologies (see back-up) can also provide « ns time
resolution (“4D detectors”) which with bunch time structure and beam
spot spread in z, can help correctly assign tracks to primary vertices

— Fast timing also allows time of flight measurements which give velocity
at low momentum and hence can help with particle ID
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Gaseous Tracking Detectors

)

« CMS new forward muons for improved triggering and directional measurements

— Gas Electron Multiplier (GEMs)
— Resistive Plate Chambers (RPCs)

n 01 02 03
o 843° 786° 73.1°
8

04 0.5 06
67.7° 625° 575°

0.7
52.8°

£
-
" - 7 ; MBSl L Ret ——
E MB3
s MB2

5 —_— - RB2 —————
I R I
E I MB1

=« RB1

ATLAS barrel muon trigger
276 additional RPCs

small tube diameter

Monitored Drift Tubes
sMDTs o]
(make space for the new RPCs® ' °
and increase tracking rate capability)

4

Solenoid magnet

*————

|

|| HCAL

7
\
!

| ECAL
| silicon
tracker

|
I wE0 | Ge11 ||

5

)

N

\

S

10 Precision MDT muon chambers

%

20 z[m]
small wheel

5/15/2019

08
48.4°

[
|

ME1/3

ATLAS

EXPERIMENT
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Dose, 3000 fb™'
T 1e+07
1e+06
100000
10000 E’
1000
(=]
100
10
0 200 400 600 800 1000 1200 1400 k
| oS FLUKA geometry v3.7.00 Z[cm]
v HL-LHC background
2.0 154°
.« 5X rates and

22 12.6°
23 11.5°
2.4 10.4°
25 94°

6x total doses
with respect to LHC

30 57°

IIJI

ATLAS: improve endcap muon
tracking and trigger

New Small Wheels

— small-strip thin Gap trigger
chambers (sTGCs)

— MicroMegas tracking
detectors (MM)
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Main R&D activities for ATLAS and CMS are for new

muon chambers in the forward directions.

* Increase rate capabilities and radlatlon hardness

* Improved resolution (online LTI |
trigger and offline analyses)

* Improved timing precision
(background rejection)

induction gap

Fablo Sauli

Technologies doi:10.1016/j.nima.2015

* Gas Electron Multiplier (CMS forward GEM stack for ALICE TPC R/O.
chambers, ALICE TPC and current LHCb) ~ ““*—— . —

* MicroMegas and Thin Gap Chambers oo = E pr=mj
(TGCs) (ATLAS forward chambers) CEM3LP) I_I_ij E: |

* Resistive Plate Chambers (RPCs) - low ::”:Z E. ICEF

resistivity glass for rate capability - multi-  swngbac| |
gap prECiSion timing (ATLAS/CMS) 4 layer stack to target lon backflow < 1%

given continuous readout at 50kHz

) AN CERN RD51 common
S "= micro-pattern gas
detector R&D

E Field

Full scale ATLAS
New Small Wheel
MicroMegas
quadruplet
‘ completed and

| tested at CERN

Micromesh

A i 3] Aerima
A Need to develop
; -~ commercial large-scale |
Micm,\,,e'gas principle  Production capabilities
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Large scale SciFi tracker for LHCb 600 s . i
400
SiPM readout “
3 stations of X-U-V-X scintillating s Y SiPM
location

fibre planes (<5° stereo). Every
\\ N plane is made of 5 layers ok
‘Q\\\\ of 2.5 mlong
A250 um fibres,. -200 |-

| N \\ N
fibre ends \\ \\ \
_600 1 1 1 | 1 1 1 i 001

mirrored 3 \
-400 -300 -200 -100 0 100 200 300 400
\ X(cm)
2x~2.5m " T 1

4 layer proto mat

Y(cm)

F,=6-10'' cm?

-400

SiPM readout
4

2Xx~3m

Challenges
= Large size — high precision
= 0(10,000 km) of fibres

= QOperation of SiPM at -40°C

SiPM array (HPK)

- ; e, VAN
3 million (SCSF-78MJ TDR baseline) scintillating ° r[L| ¥ = ~10-20 pe

fibres with up to 30kGy non-uniform exposure

| L
(CERN/LHCC 2014-001) ch. #
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O e omcsons Timing Detectors (c=30cmi/ns; 1/c= 33ps/cm)
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* Many applications call for precision timing for particle ID (incl Time of Flight) -
* eg BELLE-II TOP (Time of Propagation) o = 35ps: 2.5m x 0.45m X 2cm  ERNCTTIVET
Quartz bars 4Barrel
thgct?;rs K*/re Photon from K* Frc:]ri\:/rzrrd
MCP PMT

Readout

* eg LHCb TORCH (Time Of internally Reflected CHerenkov light) 15ps ToF (30 pe/track)

TORCH M4 M5
3

roroTTrrrrr e scussing block/ T
At ToF+ToP combined ;e

d=2.0m photon Time—of—Propagation MCP $&hsois “\ i
E ~ s <<

10° “\  0=9.5m particle Time—of—Flight
SN

radiator plate

A

L L L L L L L Il L
2 4 6 8 0 12 14 1B 18 20

particle momentum p [GeV/c]
particle
1B

N\Q https://doi.org/10.1016/j.nima.2017.02.045

f ; § §25pstimebins

Time-Of-Flight PET
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Timing Layer (30ps
pile-up mitigation)
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R o Timing Detectors (c=30cmi/ns: 1/c= 33ps/cm)
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* Charged particle detection with quartz/scintillator plus fast photodetectors eg ATLAS

Forward Physics, or direct detection also possible with fast gas or semlconduc_tor detectors

ALFA AFP ZDC ZDC AFP  ALFA
-240m -205/-217m 140m 140m  205/217m 240m

ATLAS AFP: <15ps James Pinfold (hps://indico.cern.ch/event/466934/contributions/2591363/)
+——==_,  RD50, ATLAS, CMS: Low Gain Avalanche Detectors

ALiICE ToF :
N —/—=wx] (LGAD) (need to watch radiation issues - work ongoing)
'|' < ‘—'L<
. — = 80 -~  HPK 50D Resoluti FI -20C & -30C
140 m?2 of Multigap RPCs at 3.7 m K ) o esolution vs. Fluence
Rrode poan P 70 -+ reliminary )
from the IP p ] IﬂlgfL @ . H.sadrozinski + GB
Rate capa.bl.llt_y 100 Hz/cm 2014 JINST 9 C10019 g e
(glass resistivity) o =0T o
* Fast readout electronics L 5 40 + GHPKS0D pre-rad
) ) ] A @k ] I - S I ik e A AHPK 50D 6e14
* Leading edge disc. with time- o} g 30 ¢ | OHPKS0D 1e15
E = lication layer (P-Well)
over-thresh correction (NINO) "¢ E 20 1 CHPKSOD 3e15
1005 o + HPK 50D 6e15
M3 10 -+ . HPK 50D 1e15 -30C
* Single particle resolution ao:—% wosozs 0 ; : el
in situ: down to 80 ps () SV P OEY PR PR TRRNTRT P | 0 2E+15 4E+15 6E+15 8E+15

n_» Fluence [n/cm?]

track
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FCC Planning and Status
Fastest “technically feasible” schedule BIRMINGHAM
Very/hopelessly optimistic schedule; scenario with no cash-flow limitations
Not even consistent with HL-LHC schedule, but shows what could be achieved

Physics and performance FCC ' : .
Simufhtionsarepared for ( ) Draft Schedule Considerations

Rome FCC Week 2 . % @ 4
b St.rateg}; Upda'te 2026 — assumed projéct decision ' l l | | l
g i et T ] 1 b ] I 1
G=2D) |
Dipole long mode
Physics at the FCC-hh | ertprteri
ps://twiki.cern.ch/twiki/bin/view/LHCPh /FutureHadroncollide i

LHC Modification

+ Volume 1: SM processes (238 pages) arXiv:1607.01831

+ Volume 2: Higgs and EW symmetry breaking studies (175 pages)  arXiv: | 606.09408

« Volume 3: beyond the Standard Model phenomena (189 pages) arXiv:1606.00947

- Volume 4: physics with heavy ions (56 pages) arXiv:1605.01389

« Volume 5: physics opportunities with the FCC-hh injectors (14 pages)

FCC Study Status and Plans
) Michael Benedikt
SZ 3" FCC Week, Berlin, 29 May 2017

* Full Conceptual Design Review (CDR) driven by
European Strategy update in 2020

* FCC-hh summary volume (100-200 pages) as well as
the extensive FCC-hh comprehensive CDR volume
"Experiment and Detectors” (>1000 pages)

* November 22"42018: Publication

15/05/2019 5t INFIERI Summer School: Huazhong UnivBILRA of Science and TeC....cicrgy, v _95



Circular Electron Positron Collider (CEPC)

Wi
" Birmingham Instrumentation *e~, /s = 240-250 GeV; SPPC pp,

=== Energy Frontier e'e” Facilities e

e ~ontms

2013 update of the European Strategy for Particle Physics

“There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the Higgs
boson and other particles with unprecedented precision and whose
energy can be upgraded .... The initiative from the Japanese particle
physics community to host the ILC in Japan is most welcome, and
European groups are eager to participate. Europe looks forward to a
proposal from Japan to discuss a possible participation”

Future Circular Collider (FCC)
etet, \/5 = 00-350 GeV;
1 pp, /5:~100 TeV
Circumference: 90-100 km

w=ms CERN existing LHC

P Locond . B G!D _ i \/’ = 250-500 GeV (1 TeV)
! . : Length. 31 km (50 km) .o

drive beams " b
tha A powertothe

AR (. —

detector
2} r

— — (£
electron main accelerator R positrons positron main accelerator
main beams

wse CLIC 3 TeV

Jura Mourtaing

Compact Linear Collider (CLIC)
tet, /s = 380GeV, 1.5TeV, 3TeV
Length: 11 km, 29km , 50 km

%

Silicon tracker

Vertex detector

Forward 188
detectors ILD
~5.7m
) . — -« Yokel
Fine grained Property ILC CcLIC gy Muon
calorimeters NG 500 GeV 1TeV 380 GeV 3TeV ‘4340
S d > Repetition rate 5Hz 4Hz b0 Hz 50 Hz <5 Coil
12.8m upercoh UCting  Tyain duration T27pus  897ps 178 ns 156 ns |
. solenoid, 4T BX / train 1312 2450 356 312 “hom  HOA
Bunch separation 554ns 366 ns 0.5ns 0.5ns 1808 oAl
Duty cycle 0.36% 0.36% | 0.00089%  0.00078% <— TPC
CLIC@3TeV/ILC@500GeV 20me) 200ms ‘:330 Vertex
Return Yoke - - Mot to scale
+ Muon ID -,, P
g y 156ns /727us |
End coils \
FCAL ECAL
) ) e e ier i mmreeies oo HUG 0umee To5ams Yoke/Muon  HCAL 96
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Particle ID and Timing

UNIVERSITYO©F
Photodetectors B I RM IN G HAM
(b:' 100 o LHCb RICH ISCNI“‘-‘ ‘ ~ /FOWS‘"QMDC" Quartz plate b f ”
F RICH radiator gas: e o LHCb Time Of interna
_ CFro CF, system needs B 4
3 ~ d f DIRC (Detection of Internally : Reflected CHerenkov
- o v photon defectors u raaes 10r . Reflected Cherenkov light) g
¢ | S N e e (TORCH) ~15ps/track
g 10 3 . \\electronics replaced. trlggerless e /:/u:m P | ~‘
& “. '\ Aerogel femoved. .
b s ‘ \\\ operation at L ~30 detected
NN higherrates: ™  photons/track
1 * \ y T3 = A’~V,_':A'777::7::‘7: Sy T
1 “ . L=2x103em 25 Ll ey 47—
Momentum (GeV/c) -
For 200 PU, depending on crossing scheme, HL-LHC can deliver
down to an event/mm and up to 1.45ns bunch crossing duration Requirements:

 time resolution =30-50 ps/mip
» Radiation tolerance to 1013-1016-n/cm?

—> Use 20-30ps timing to better associate high p; objects to vertices

QcD pliev

P Jet

20 ps resolution assumed for charged particles with pr > 1 GeV

“Stochastic” CMS Simulation <u> =50
pleup et ) Simulated Vertices R T 1
ey £ 3D Reconstructed Vertices -1
o - 06| o b Reconstructed Vertices ]
Sipadlvs Sipluz € 50 GeV4 X, ——}— 4D Tracks 7
Z - oltt) o 04— } =
s @ " Tow - b : .
> L WA ccdomre it 02f- f: * +$1 i { . | LowGain[~= »
= sizn pmfzﬂ.a;::.gmi;)‘.r:zo.m - 1 ol : P B
° L R o o, by f J; 4 1* ’-U# - Avalanche="" .
07 ' j: b N 1 Detectors | A5,
i ° ; ‘& {+ % ? o gt - ” S
L “'\_“‘- § I 0.4 r L . “‘%. ‘ .. L . L ] !% g,
CMS HGCAL 3y 3 -10 -5 0 5 10 e
5mm pads could 3 z (em) B [
102 deliver 20ps resolution... ATLAS propose dedicated High Granularity SiW Timing| | il
for >20MIPs-S/N>50 e Detector in front of end-cap at z=3500mm, covering 2=~ ... ===
iy LN iy R
! 10 signal, 8 2.4<n<4.2 (650mm>r>110mm) 50um thick few mm?2 pads| 4l =" e o
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Proton Computed Tomography

UNIVERSITYOF
| . | ‘ BIRMINGHAM
: R D5O Measure angle of Measure angle of M idual
N incoming individual outgoing individual d“‘:‘::f“.ﬁl ual energy
. _\E'iQ i protons protons individual protons

—&— Micron 140 um (900 V)
—8— Micron 310 um (900 V) y
—a— HPK 320 um (300V) Proton beam

—=—Micron 500 um (900 V)

Collected Chargf (ke)
= 5
/Z
E /%; ‘j 1

i i ;
0.1 1 L1 100
Fluence (10" n_ cm?)

Sensors:-Micron Semiconductor Ltd,
Unn‘ersmesv Birmingham, leerpotll N source
1--'; In ‘

le ISy, Read-out:: aSpectl s \ e ‘ o
Hybfid® University.-of-kiverpool = ' © \, - —

Incoming Tracker

PRaVDA micro-strip detector

Silicon sensors with 2048 strips at 91um  —
pitch using 150um thick n-in-p radiation-
hard technology developed for High
Luminosity LHC

Supported by

wellcometrust

Outgoing Tracker
12 planes of strips used to make 4 tracking

modules, 2 before and 2 after the patient

Range Telescope
Sandwich — Detectors + Absorbers

Range Telescope

Each module of strips has three planes

crossed at 60° in an (x,u,v) configuration www.pravda.uk.com
to allow high particle rate
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The pCT Collaboration

Spatial Resolution Studies: Edge Phantom
A phantom was designed and fabricated for the purpose of measuring a modulation transfer

UNIVERSITYOF
BIRMINGHAM

Dri!l Bt 7 - — Drill holes for D"" holes . .
alignment s ahgnment MTF IS the funct|0n Of
relative modulation with Water Equivalent
Radius =55 mm 45 mm -
o ] respect to spatial Path Lengths
Radius=25mm u frequency (Ip/.cm) measured using
A7 T i that characterizes the stepped pyramids
Left: Top down view of the Edge Phantom. : ] H
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