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Electric 
Field 

Electric  
Potential 

Electron energy levels ~ -qV  

 Charge density 

• The basic building block of all silicon detectors is the diode. 

• p-type material (doped heavily with acceptor, trivalent 

atoms) is brought into contact with n-type material          

(doped with pentavalent atoms)  

• In equilibrium, the excess carriers,                                     

holes and electrons, diffuse across                                        

the boundary leaving negative and                                              

positive fixed charge regions 

• The induced field opposes further                                            

diffusion leaving a region depleted of free carriers 

• Find the depletion region thickness from solving 

      
𝑑2𝜑

𝑑𝑥2
= −

𝜌

𝜀𝑟𝜀0
   with 𝐸 −dp = 𝐸 +dn = 0 

• Further depletion is achieved through an external voltage 

 𝑑(𝑽) =
2𝜀𝑟𝜀0 𝑁𝐴+𝑁𝐷

𝑞𝑁𝐴𝑁𝐷
(𝑽 − 𝑉𝑏𝑖)  

• Find when  𝑁𝐴,𝐷 ≫ 𝑁𝐷,𝐴 

    𝑑(𝑽) ≈ 2𝜀𝑟𝜀0𝜌𝑛,𝑝𝜇𝑒,ℎ(𝑽 − 𝑉𝑏𝑖) 
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Silicon Tracking Detectors 
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Pitch ~ 50mm 

• Highly segmented silicon diodes have been used as  detectors in high 

energy physics for well over 40 years 

   • The principle application has been to 
detect the passage of particles with good 
spatial resolution and high efficiency. 

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

• Segmentation  → position 

• Thickness        → signal size 

                        → efficiency 

• Electron/hole pairs are liberated by the 
passage of charged particles as they 
traverse the depleted volume of the 
silicon (~80 e/h pairs/µm; 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. 

Silicon Tracking Detectors 
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Silicon Tracking Detectors 

• 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. 
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10    

MARK II (SLAC) 
128 Channel 
Microplex 
Chip (NMOS)  

ALICE ITS 10m2 
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Sensors 

DELPHI (LEP) MX6 (CMOS)   

Application Specific 
Integrated Circuit 
(ASIC) development 
has been essential   
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High Density 
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10    ALICE 

Development of Silicon Arrays  

Required in high track 
density environments 
to avoid ambiguities 

The highest channel 
count arrays are based  
on pixelated detectors. 
For hybrid pixel sensors 
connection to the 
electronics requires flip-
chip technologies. 

True space-points 

Hybrid Pixel 
Readout 
ASICs 

Two orthogonal 
projections 
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Hybrid Pixel  
Detectors  
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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.  

Data Storage 

Transistors/mm2 

Bandwidth 

ADC pJ/conversion 

Commercial Microelectronics Evolution 
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1.2×1015neq/cm2 

1.9×1016neq/cm2 

n+ strips 
in p- bulk 

Federico Faccio:  PMOS turn-on Vg 
https://indico.cern.ch/event/468486/  

1.3×107Gy 

For Pixels:  
also need 
rad-hard 
data links  
with up to 
~40 hits/cm2 
each 25ns 

Strips 

Pixels 

• Hybrid silicon detectors (pixels/strips) signal 
output drops with irradiation to HL-LHC doses 

     RD50 
     ATLAS 
     CMS 
     LHCb 

 
 
 
 
 

• Bulk damage (measured in units of 1MeV 
equivalent neutrons/cm2 (assuming scaling with 
non-ionising energy loss) drives the 
deterioration of sensors.                          

• For microelectronics worry                                               
about total ionising dose. 

• (65nm CMOS - RD53)                              
can start  to see                                                             
significant deterioration                                                              
above  500Mrad (5MGy)                        
◊Many different effects◊ 

niel 

Fluence (1014neq/cm2) 

Radiation Implications for Electronics  

5×105Gy 

https://indico.cern.ch/event/468486/
https://indico.cern.ch/event/468486/
https://indico.cern.ch/event/468486/


5/15/2019 5th INFIERI Summer School:  Huazhong University of Science and Technology, Wuhan 13 

1.2×1015neq/cm2 

1.9×1016neq/cm2 

n+ strips 
in p- bulk 

Federico Faccio:  PMOS turn-on Vg 
https://indico.cern.ch/event/468486/  

1.3×107Gy 

For Pixels:  
also need 
rad-hard 
data links  
with up to 
~40 hits/cm2 
each 25ns 

Strips 

Pixels 

• Hybrid silicon detectors (pixels/strips) signal 
output drops with irradiation to HL-LHC doses 

     RD50 
     ATLAS 
     CMS 
     LHCb 

 
 
 
 
 

• Bulk damage (measured in units of 1MeV 
equivalent neutrons/cm2 (assuming scaling with 
non-ionising energy loss) drives the 
deterioration of sensors.                          

• For microelectronics worry                                               
about total ionising dose. 

• (65nm CMOS - RD53)                              
can start  to see                                                             
significant deterioration                                                              
above  500Mrad (5MGy)                        
◊Many different effects◊ 

niel 

Fluence (1014neq/cm2) 

Radiation Implications for Electronics  

5×105Gy 

https://indico.cern.ch/event/468486/
https://indico.cern.ch/event/468486/
https://indico.cern.ch/event/468486/


5/15/2019 5th INFIERI Summer School:  Huazhong University of Science and Technology, Wuhan 14 

1.9×1016neq/cm2 

n+ strips 
in p- bulk 

100μm thick planar n-in-p 50μm pixels 

   3D                             Planar n-in-p 
lower V                    simpler = cheaper 

Pixels 

Quad Pixel 
Prototype 

• At the highest doses, charge trapping becomes 
the most fundamental limitation 

Need short 
collection 
distance 
 

Thin and 3D Pixel Sensors  

CNM 3D  
50μm pixels 

1.3×107Gy 
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Fast Timing Detectors   

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

Corner of 15×15 array 
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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) 
 

Arrival time gives lateral drift distance 

Charge stored 
beneath gate 
can be read 
out as giving 
increased Id 
for given Vg 

BELLE II Vertex Detector at SuperKEKB  

SLD Vertex  

CCD Drift 
DEPFET 
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Monolithic: SoI and 3D Integration  

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 
digital electronics, analogue 
electronics and sensor substrate 

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

• Commercial CMOS Image Sensors offer possible 
dramatic decrease in costs (Monolithic Active                         
Pixel Sensors) 

• MAPS can deliver very low power consumption                 
at low R/O speeds, possibly <100mW/cm2                                   
i.e. simple water cooling 

 Ultra low material budget (cf ALICE ITS upgrade: <0.5%          
for inner layers, <1% for outer layers) 

 But these devices limited in speed and radiation hardness 

 Current and near future MAPS for heavy ion experiments 

 integration time up to 4μs (noise, electron diffusion) 

 radiation resistance up to few 1013 neqcm-2  
 

• Major developments in HV/HR-CMOS → deep 
depletion region with charge collection by drift not 
diffusion → huge improvements in collection speed 
and radiation hardness 

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

Modified process with 
junction in substrate 

MAPS: HV/HR-CMOS Detectors 
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• Tracking detectors  focus on measuring the paths of all the charged particles to find                      
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) 

• A very powerful technique to measure momentum is to track in a known magnetic field where 
the curvature is proportional to 1/p.  

 

 

 

 

 

 
 

• 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 

Join the 

dots and fit 

for curves 

(seen end-

on) in a 

solenoid 

magnetic 

field 

Experimental Challenges: Detectors 



5/15/2019 5th INFIERI Summer School:  Huazhong University of Science and Technology, Wuhan 25 

• Tracking detectors  focus on measuring the paths of all the charged particles to find                      
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) 

• A very powerful technique to measure momentum is to track in a known magnetic field where 
the curvature is proportional to 1/p.  

 

 

 

 

 

 
 

• 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 

Join the 

dots and fit 

for curves 

(seen end-

on) in a 

solenoid 

magnetic 

field 

Experimental Challenges: Detectors 



5/15/2019 5th INFIERI Summer School:  Huazhong University of Science and Technology, Wuhan 26 

Phase-I 
Upgrades 

Phase-II 
Upgrades 


 D

at
a 

R
at

e
/P

ile
-u

p
 


In

te
gr

at
ed

 d
o

se
 

The High Luminosity LHC (HL-LHC) 

• The LHC has delivered a fantastic  
programme of precision physics 
measurements, discoveries and                           
searches for new phenomena.  

• At a hadron collider, the total number                       
of collisions delivered (“integrated 
luminosity”) not only determines the 
statistical accuracy of measurements,                             
but also the sensitivity to rare                      
phenomena  and the mass reach                                               
in searches for new particles. 

• The HL-LHC is a hugely ambitious     
programme to deliver over 10                              
times more data by the end of                     
LHC running than the accelerators                           
or experiments were originally                            
designed for. 

• It requires major upgrades of the                              
CERN accelerator complex and of                                       
all the LHC experiments. 

Higgs decay 
couplings 

compared 
with SM 

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

The High Luminosity LHC (HL-LHC) 
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The High Luminosity LHC (HL-LHC) 
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VeLo 
Si pixels 

Upstream 
Tracker 
Si strips 

Downstream 
Tracker 

Sci-Fibres 

RICH 
MAPMTs 

Calo 
PMTs 

Muon 
MWPC 

 LHCb: Phase-I Upgrades 

“Trigger 
   -less”  
readout system at 
inelastic collision 
rate processed by 
fully software trigger 26 planes, 5mm from beam  

VeloPIX chip: 55 µm pixels 
256 x 256 array 130 nm CMOS 
Up to 15 Gbps per R/O chip 

4 planes of 16 staves 
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 ALICE: Phase-I Upgrades 

10m2  and 1010 pixels 
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The High Luminosity LHC (HL-LHC) 
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Phase II Experiment Upgrades:  
The Ship of Theseus 

"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                                           
question of things that develop; one side holding that the                                           
ship remained the same, and the other contending that it was not the same.”   
-  Plutarch 

 

Phase-II 

(In practice the task is more 
analogous to crews having to 

rebuild their ships while at sea) 



5/15/2019 5th INFIERI Summer School:  Huazhong University of Science and Technology, Wuhan 34 

ATLAS is a collaboration of around 3000 scientific 
authors from 183 universities and laboratories in 
38 countries including 12 from China and typically 

has ~1200 PhD students (see cern.ch/ATLAS)  
  

34 
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Current ATLAS Strip Tracker (SCT) 

2
5

 m
 

 ATLAS: Phase-II Upgrades 

Current Outer Pixel 

 
  

How on Earth do 
I get inside that? 
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New Tracker  
• Radiation tolerant - high granularity - less 

material  
• Tracks (PT>2GeV) in hardware trigger (L1) 
• Coverage up to η ∼ 4 

Muons 
• Replace DT and CSC FE/BE electronics 
• Complete RPC coverage in forward 

region (new GEM/RPC technology) 
• Muon-tagging up to η ∼ 3 

New End-cap 
Calorimeters 
• Radiation tolerant  
• High granularity  
• Timing capability 

Barrel ECAL 
• Replace FE/BE 

electronics 
• Cool detector/APDs 
• Timing layer 

Trigger/DAQ 
• L1 (hardware) with tracks 

and  rate up  ∼  750 kHz 
• L1 Latency 12.5 µs 
• HLT output rate 7.5 kHz 

 CMS: Phase-II Upgrades 

New Tracker  
• Radiation tolerant - high granularity - less 

material  
• Tracks (PT>2GeV) in hardware trigger (L1) 
• Coverage up to η ∼ 4 

New End-cap 
Calorimeters 
• Radiation tolerant  
• High granularity  
• Timing capability 
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• 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: 50μm×50 μm pixels), minimal 
scattering material (ALICE: <0.5% X0/layer) and the highest radiation tolerance 
(ATLAS and CMS: 2×1016neq/cm2 and 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). 
 

Strip and Pixel Technologies 
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ATLAS Tracker Upgrade (ITk) 

Current ATLAS Inner Detector (60m2, 108 channels)  
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Straw tubes 

Silicon strip 

Silicon pixel 

Current ATLAS Inner Detector (60m2, 108 channels)  

IBL 33mm 

ATLAS Tracker Upgrade (ITk) 
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Straw tubes 

Silicon strip 

Silicon pixel 

40 

Silicon strip 

New All Silicon Inner Detector (180m2, ~1010 channels) 

IBL 33mm 

ATLAS Tracker Upgrade (ITk) 

Strip TDR:  https://cds.cern.ch/record/2239048 
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ATLAS Tracker Upgrade (ITk) 

New All Silicon Inner Detector (180m2, ~1010 channels) 
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ATLAS Tracker Upgrade (ITk) 

Module                                 
with                                           
on-board  
DC-DC converter 

Powering (DC/DC strip Serial 
pixel), HV multiplexing, CO2 
embedded cooling, low mass 
modular supports & services 
 

ATLAS Forward  
Wedges and Discs 

Single-sided modules 
sandwiched around 
low mass structures 

ATLAS Strip Tracker “Stave” Prototype 

”Thermo-mechanical” mock-up at RAL 

”Thermo-mechanical” 
mock-up 6000   

 wire 
bonds 

  256 Channel ASICs      
(4 row wire bonding) 
in 130nm CMOS with  
L0/L1 functionality 
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Thin n-in-p 

Unprecedented 
levels of radiation 
at HL-LHC 

Strip detectors must 
survive damage to 
lattice equivalent to   
that from 1.2×1015/cm2  
1 MeV neutrons and   
0.5 MGy 
(Pixels > ×10 this) 

 

ATLAS Tracker Upgrade (ITk) 

Need noise 
< 1000enc after irradiation 

6000   
 wire 
bonds 

Strips: 165m2, 6×107 channels 
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Reliability of Modelling 
Current ATLAS Silicon Strip Tracker 

Depletion voltage 
predictions and 
measurements 

Leakage current predictions 
and measurements 
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CMS Tracker 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  Interest in larger 
(8”) wafers 
particularly for 
forward regions 
(and HGCAL) 

CMS Tracker Upgrade 

Many large 
area sensors 
produced for            
both ATLAS 
and CMS 

Greatly reduced 
material in tracking 
volume 

In CMS design driven by requirement 
to identify all tracks with PT>2GeV at 
40MHz as input to L1 trigger … 
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CMS Tracker Upgrade 

Paired layers with short strips (outer radii) and 
long pixels plus short strips (inner radii) 

5cm x 10cm silicon strip sensors 
• strips: length 2.5cm, pitch 100µm  
• AC coupled with poly-silicon bias 

resistors 
 
5cm x 10cm silicon macro-pixel sensors 
• pixels: length 1.5mm, pitch 100µm 
• DC coupled with punch-through 

biasing 
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Hybrid Pixels at HL-LHC  

Radiation hardness to                       
~1016neq/cm2 and 10MGy                            
achievable using either                                           
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       
and depends on transistor (PMOS) channel width, 
temperature history, vendor and even batch to batch  Federico Faccio:  Radiation induced  

narrow channel effect due to charge build-up in STI oxide 
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HL-LHC Timing Detectors  

Barrel Timing Layer (BTL) 
LYSO crystals + SiPM R/O 

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

2 layers of LGAD sensors 

2 Si Layers 
6.3m2 

pads 

1.7mm2 

Cover 

Off Detector 

Beamspot: z ~ 9 cm; t ~ 0.2ns 200 pile-up 

Use timing to help identify tracks with correct vertices    
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Calorimetry and Particle Flow 

FCC-hh? 

 
• CALICE (Calorimeter for ILC) 

• Fundamental concept: 
• Particle flow 
• Associate energy                                                                                                                                   

deposits with                                                                                                                               
charged particles  

→ Drives granularity requirements 
• Allows “tracking” of neutrals 

 

• ALICE FoCAL 
• Tungsten-Silicon sampling EM Calorimeter 
•   

• CMS HGCAL 
 

 

Test-beam 

Silicon pads to withstand doses 
up to 1016n/cm2 and several MGy 

CALICE Testbeam  

ECAL: 25 X0, ~1.3λ;  HCAL: 8.5λ 
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Silicon Based Detector Evolution 


         • CALICE/FCC (Tpixel)  
               MAPS EM-Calorimeter 

   
CMS HGCAL  


            •

 CALICE/(FCC)  
                 SiW EM-Calorimeter 

Need detector costs to scale 
with Moore’s law. 
For sensors, more likely with 
fully commercial processes 
such as CMOS Imaging Sensors 
(MAPS) as used in mobile 
phones, cameras etc. 
(Need « $/cm2) 
 

W
ith

 th
a

n
ks to
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 C

a
sse 

W
ith

 th
a

n
ks to
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 C

a
sse 

104m2 = 1 hectare 

ALICE ITS 
10m2 MAPS  

   



5/15/2019 5th INFIERI Summer School:  Huazhong University of Science and Technology, Wuhan 54 

MAPS for LHC Upgrades 

• Low power consumption (<100mW/cm2 ) at upgraded ALICE ITS (4μs integration time) allows very low 
material budget ( <0.5% for inner layers, <1% for outer layers) and is radiation resistant up to few 1013 
neqcm-2  

 

 

 

 
 

• Developments of HV/HR-CMOS → deep depletion region with charge collection by drift not diffusion → 
improved collection speed and radiation hardness 

~2cm×2cm  
prototypes 
developed 
for ATLAS 
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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 

• 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 

 

 

 

IMPACT OF THE INNOVATIONS IN 

SEMICONDUCTOR ADVANCED TECHNOLOGY 

ON THE TRACKING CONCEPTS IN 

FUNDAMENTAL RESEARCH 
 

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

• 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 μ3e 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 μ+ μ - ) 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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Proposed e+e- Colliders 

CLIC 350: 2035 

FCC-ee: 2039 

CepC-ee: 2030 

(Designed to offer 
potential 3TeV final 
energy upgrade) 

ILC 250: 2032 

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

(May be possible to 
upgrade to 500GeV 
or even beyond) 
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ILC/CLIC Proposed Pixel Technologies 

Spatial resolution: highly granular sensor:  
   R ~ 3 μm (pitch ~ 20 μm)  
 multiple scattering : very low material budget:  
    O(0.1%X0/layer)   
 Single bunch time resolution 
   1st layer: ~ 5 part/cm2/BX  few % occupancy   
 Power dissipation ↔ preferably gas cooling  
   <130μW/mm2 (Power cycling, ~3% duty cycle)  

ILC CLIC 

Bunches/train 1312 312 

Bunch separation 544ns 0.5ns 

Repetition rate 5Hz 50Hz 

Ionising dose 
Gy/year 

~1000 ~50 

Fluence 109 
neq/cm2/year  

100 4 

• 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-II) 

• FinePixel CCD 

• Thin Planar sensor or HV-CMOS Hybrid (C3PD)+CLICpix 

• Monolithic CMOS 

• Vertical integration with TSVs (FNAL 3D) 

• SoI 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  



5/15/2019 5th INFIERI Summer School:  Huazhong University of Science and Technology, Wuhan 60 

Future Circular Collider 

FCC PS SPS LHC 

http://cern.ch/fcc 

2013 update of the European Strategy for Particle Physics  

"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."  

Work supported by the European Commission under the HORIZON 2020 project EuroCirCol, grant agreement 654305 

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

hh: pp and AA 
e+e-: Higgs factory 
eh: ep/eA options 
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e+e-: Higgs factory 
eh: ep/eA options 
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FCC-hh Parameters 

 Reach 8fb-1/day with ultimate for 25ns spacing 
 5ab-1 per 5 year run 

 Beam is burned quickly 
 A reason to have enough charge stored 
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FCC-hh Detector Concept  

Central tracker: 

o first IB layer (2.5 cm ):  ~5-6 1017 cm-2 

o external part: ~5 1015 cm-2 

Forward calorimeters:  

o maximum at ~5 1018 cm-2 for 
both the EM and the HAD-calo 

o 1016 cm-2 at R=2 m  

1 MeV neutron equivalent fluence for 30ab-1 

Baseline for Conceptual Design Review 
https://fcc-cdr.web.cern.ch/ 
4T 10m solenoid 
• Forward solenoids 
• Silicon tracker 
• Barrel ECAL LAr/Si-W 
• Barrel HCAL Fe/Sci 
• Endcap HCAL/ECAL LAr 
• Forward HCAL/ECAL LAr 
Other options explored 

 
 
 
 
 
 
 
 
 
 
 

 

Z’(40TeV)𝒒𝒒   

 20 year R&D lead-times (concept  large arrays) 

Reconfigurable 
CMOS Digital ECAL 
and Outer Tracker 
chip (5mm × 5mm) 

https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
https://fcc-cdr.web.cern.ch/
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Electron-Hadron Colliders 

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

FCC-eh: use 
both hadron 
and electron 
rings 

FCC-eh 
Detector 

LHeC Detector 

Electron Ion Collider 
(EIC)       
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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 

• 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 

 

 

 

IMPACT OF THE INNOVATIONS IN 

SEMICONDUCTOR ADVANCED TECHNOLOGY 

ON THE TRACKING CONCEPTS IN 

FUNDAMENTAL RESEARCH 
 

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

• 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). 

 

• Important application areas are also represented by the Medipix and Timepix hybrid 
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. 

 

 

 

https://medipix.web.cern.ch/
https://medipix.web.cern.ch/
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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/Ions used to give highly localised dose distributions                                                     using 
beams mostly from cyclotrons or synchrocyclotrons 

• Ions 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/  

Hadron Radiotherapy    
  

http://enlight.web.cern.ch/
http://enlight.web.cern.ch/
http://www.pprig.co.uk/
http://www.pprig.co.uk/
https://www.advanced-radiotherapy.ac.uk/
https://www.advanced-radiotherapy.ac.uk/
https://www.advanced-radiotherapy.ac.uk/
https://www.advanced-radiotherapy.ac.uk/
https://indico.cern.ch/event/456299/
https://indico.cern.ch/event/456299/
https://indico.cern.ch/event/456299/
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Proton and Ion therapy                  

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

Tumour 

Proton vs photon 

Medulloblastoma 
Paediatric CNS Tumour 

Hadron Radiotherapy    
  

https://www.ptcog.ch/index.php/
https://www.ptcog.ch/index.php/
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Proton Computed 
Tomography 
(pCT) hoped to 
be the key 

Tumour 

Hadron Radiotherapy    
  

Impact of under/over  estimating stopping power 

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

https://www.ptcog.ch/index.php/
https://www.ptcog.ch/index.php/
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Incident beam 

Patient 

Energy 

“Treatment” 
Bragg Peak 

Crossed strip detectors 

Crossed strip detectors 

Range telescope 

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  

“Imaging” 
Bragg Peak 

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 
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Proton Computed Tomography 
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• x-u-v: A disadvantage of other systems                                                
with crossed strips is that they cannot                                                                         
cope with two or more protons per                                    
frame without ambiguities. 

 

 

 

 

• The usual way round this with strips is to have a third layer 

• Depending on strip pitch, still problems above few 10s hits / frame 

• Then need truly pixelated sensor, but needs to be fast 

 

 

 

 

 

       (3N Channels) 

 
(N2 Channels) 

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

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 

Proton Computed Tomography 

www.pravda.uk.com 

http://www.pravda.uk.com
http://www.pravda.uk.com
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21 silicon planes interspersed with absorber to 
measure proton stopping distance  

In final realisation, range 
telescope and tracker used 

common (n-in-p) strip 
technology 4 sets of 3 silicon strip planes reading 

out at the duty cycle of the cyclotron  

Proton Computed Tomography 
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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 1o 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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Proton scattering power 
CT 

Proton Radiotherapy Verification 

and Dosimetry Applications  
 

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

• Compensator in place. 

• 180 rotations at 1o 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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Proton Radiotherapy Verification 

and Dosimetry Applications  
 

Raw data rate ~ 360 Gbit/s 

• Installed at iThemba for first tests May 2016 (125 MeV degraded beam). 
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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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Proton Radiotherapy Verification 

and Dosimetry Applications  
 

High contrast inserts 
(LN10, Air, SB5) 

Low contrast inserts 
(AP7, WT1, RB2) 

Stopping Power 

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

• Compensator in place. 

• 180 rotations at 1o 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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Proton Radiotherapy Verification 

and Dosimetry Applications  
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Lamb chop chosen as first test of proton CT on real 
tissue due to regions of bone, soft tissue and fat 
 
Same parameters as for imaging phantom, but with                           
2o rotation steps 

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

• Compensator in place. 

• 180 rotations at 1o 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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The pCT 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  

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

protons 

5-Stage 
Energy 
Detector Trackers 

Rotation 
Stage 

Four 9cm*9cm silicon strip sensors with 
thin-edge technology in x-y configuration 

1 million individual protons reconstructed per second 

https://doi.org/10.1088/1361-6633/aa8b1d
https://doi.org/10.1088/1361-6633/aa8b1d
https://doi.org/10.1088/1361-6633/aa8b1d
https://doi.org/10.1088/1361-6633/aa8b1d
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The pCT Collaboration 

Proton X-ray 

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

The relative stopping power 
 (RSP) of the variety of materials in 

the phantom is accurately measured 

Three cardinal planes of 3D 
RSP images obtained with 
Phase II scans of the 
anthropomorphic head 
phantom.  
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Other Silicon Trackers 

Item Specifications 

Outer dimensions 89.5×89.5 mm2 

Active area 87.6×87.6 mm2 

Substrate thickness 410±10μm 

Strip pitch 228μm 

Readout pitch 456μm 

Number of strips 384 

Full depletion voltage <120 V 

 

 

• Another group using similar sensors to the pCT Collaboration is based at Niigata University  

 

 

 

 

 

 

 

 

• A very promising approach being followed by Padua with CERN is                                                       

the use of MAPS technologies for the tracking but with intelligent                                                            

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

• 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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CMOS Sensors and BGO 

• MAPS (Mimosa) are also being looked at by groups in the Netherlands and Norway 

 

 

 

 

 

 

 
 

• 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 

 

 

• Also Micro-Pattern Gas Detectors (CERN, Vienna, ...) 

Sodai Tanaka et al 2018 Phys. Med. Biol. in press 
https://doi.org/10.1088/1361-6560/aaa515  •••• CCD Camera 

Chicken 

leg 

https://doi.org/10.1088/1361-6560/aaa515
https://doi.org/10.1088/1361-6560/aaa515
https://doi.org/10.1088/1361-6560/aaa515
https://doi.org/10.1088/1361-6560/aaa515
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Fermilab, Delhi and Northern Illinois system uses scintillating fibre tracker  

Area 20x24 cm² (4 planes upstream) and 24x30 cm² (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 

 FERMILAB-TM-2617-AD-CD-E 

Scintillator Tracking 
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Conclusions 

• 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. 

→  It is currently a very exciting time to be a detector physicist. 
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THANK YOU 
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BACK UP 
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The magnitude 𝑉𝑅 of the voltage drop can be                                                               

determined from conservation of energy,                                                                            

remembering that the energy stored in a capacitor is given by 
1

2
𝐶𝑉2, where V is the 

voltage across it. 

Initially 𝑉 = 𝑉0.   Subsequently 𝑉 = 𝑉0 − 𝑉𝑅     

The difference in energy is equal to the work done by the electrons and holes  moving 

through the electric field, which is given by 𝑞ℇ𝑑, where d is the distance moved by 

charge q 

So 
1

2
𝐶𝑉0

2 =
1

2
𝐶 𝑉0 − 𝑉𝑅

2 + 𝑞ℇ𝑑+ + 𝑞ℇ𝑑− 

Rearranging this, 𝐶𝑉0𝑉𝑅 −
1

2
𝐶𝑉𝑅

2 = 𝑞ℇ(𝑑+ + 𝑑−)     

Since 𝑉𝑅 ≪ 𝑉0 the second term can be neglected,  

and so  𝑉𝑅 =
𝑞ℇ

𝐶𝑉0
𝑑+ + 𝑑− =

𝑞

𝐶𝑑
𝑑+ + 𝑑−      (since ℇ =

𝑉0

𝑑
 ) 

When both sets of charges reach the electrodes, 𝑑+ + 𝑑− = 𝑑 so 𝑉𝑅 =
𝑞

𝐶
   

The final pulse size is as expected. 
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• 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, Mu2e) 

 

• 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 

 

 

Other Tracking Technologies 
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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) 

 

 

 

• ATLAS barrel muon trigger 

– 276 additional RPCs 

– small tube diameter                                                                                                             

Monitored Drift Tubes                                                                                                             

sMDTs 

(make space for the new RPCs                                                                                         

and increase tracking rate capability) 

 

HL-LHC background 
5x rates and              
6x total doses   
with respect to LHC 

• 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 radiation hardness 
• Improved resolution (online    

trigger and offline analyses)  
• Improved timing precision             

(background rejection) 
Technologies 
• Gas Electron Multiplier (CMS forward              

chambers, ALICE TPC and current LHCb)  
• MicroMegas and Thin Gap Chambers  
     (TGCs) (ATLAS forward chambers) 
• Resistive Plate Chambers (RPCs) - low             

resistivity glass for rate capability - multi-                 
gap precision timing (ATLAS/CMS)  

GEM stack for ALICE TPC R/O. 

CERN RD51 common 
micro-pattern gas 
detector R&D 
 

Need to develop   
commercial large-scale 
production capabilities MicroMegas Principle 

4 layer stack to target Ion backflow < 1% 
given continuous readout at 50kHz  

doi:10.1016/j.nima.2015 
Fabio Sauli  

Full scale ATLAS 
New Small Wheel 
MicroMegas 
quadruplet 
completed and 
tested at CERN 

Gaseous Tracking Detectors  

http://dx.doi.org/10.1016/j.nima.2015.07.060
http://dx.doi.org/10.1016/j.nima.2015.07.060
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Scintillating Fibre Tracking    
  

2 x ~3 m 

2 x ~ 2.5 m 

3 stations of X-U-V-X scintillating  
     fibre planes (≤5° stereo).  Every  
          plane  is made of 5 layers  
               of  2.5 m long  
                     Ø250 mm fibres,. 

SiPM readout 

SiPM readout 

fibre ends  
mirrored 

SiPM  
location 

Fn = 6·1011 cm-2 

Npe 

ch. # 

S = ~10-20 pe 

4 layer proto mat 

SiPM array (HPK) 

 

Challenges 

 Large size – high precision 
 O(10,000 km) of fibres 
 Operation of SiPM at -40°C 
   

250 mm pitch 

Large scale SciFi tracker for LHCb 

3 million (SCSF-78MJ TDR baseline) scintillating 
fibres with up to 30kGy non-uniform exposure 
(CERN/LHCC 2014-001) 
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Timing Detectors    (c=30cm/ns; 1/c= 33ps/cm)  

BELLE-II 
Barrel 

MCP PMT 
Readout 

Also CMS Barrel 
Timing Layer (30ps 
pile-up mitigation) 

https://doi.org/10.1016/j.nima.2017.02.045 

• Many applications call for precision timing for particle ID (incl Time of Flight) 
• eg BELLE-II TOP (Time of Propagation) σ = 35ps: 2.5m x 0.45m x 2cm                                           

Quartz bars 
 

 
 
 
 
 

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

• PET Scanner technologies: ToF fast scintillator and photodetector (eg LYSO+SiPM) 
 

25ps time bins 

https://doi.org/10.1016/j.nima.2017.02.045
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Time resolution for irradiated sensors 

No difference in behavior before and after irradiation:  the time resolution 

scales with gain.  ! Keep the gain high 

 

H. Sadrozinski, TREDI 2017 

W5 2e15 n/cm2 

W3, W7  6e14 n/cm2 

~ 42 ps 

W5 pre-rad 

J. Lange, TREDI 2017 

J. Lange, TREDI 2017 

No unexpected features, the 

signals are still large and the 

leakage current does not prevent 

to reach good time resolution.  

Good Gaussian 

behavior after 

irradiation 

RD50, ATLAS, CMS: Low Gain Avalanche Detectors  
(LGAD) (need to watch radiation issues - work ongoing)   

2014 JINST 9 C10019 

ALiCE ToF 
 

140 m2 of Multigap RPCs at 3.7 m 
from the IP  
• Rate capability ~100 Hz/cm2 

(glass resistivity)  
• Fast readout electronics  
• Leading edge disc. with time-

over-thresh correction (NINO)  
 

• Single particle resolution      
in situ: down to 80 ps   

 

ATLAS AFP: <15ps James Pinfold (https://indico.cern.ch/event/466934/contributions/2591363/)   

 
• Charged particle detection with quartz/scintillator plus fast photodetectors eg ATLAS 

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

Timing Detectors    (c=30cm/ns; 1/c= 33ps/cm)  

https://indico.cern.ch/event/466934/contributions/2591363/
https://indico.cern.ch/event/466934/contributions/2591363/
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FCC Planning and Status 

 • Fastest “technically feasible”  schedule 
• 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        

simulations prepared for                               
Rome FCC Week 
 
 
 
 
 
 
 
 

 
• 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 22nd 2018: Publication 

 
      
         

15/05/2019 BILPA 95 
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Energy Frontier e+e- Facilities 
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” 

http://cds.cern.ch/record/1567258/files/esc-e-106.pdf
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Particle ID and Timing  

 For 200 PU, depending on crossing scheme,  HL-LHC can deliver  
 down to an event/mm and up to 1.45ns bunch crossing duration 
→ Use 20-30ps timing to better associate high pT objects to vertices 

CMS HGCAL            
5mm pads could 
deliver 20ps resolution 
for  >20 MIPs - S/N > 50 

LHCb RICH 
system needs 
upgrades for 
triggerless 
operation at 
higher rates: 
𝓛=2×1033cm-2s-1 

 
LHCb Time Of internally 
 Reflected CHerenkov 
(TORCH) ~15ps/track 
  

~30 detected 
photons/track 

Low Gain 
Avalanche  
Detectors 

ATLAS propose dedicated High Granularity SiW Timing 
Detector in front of end-cap at z=3500mm, covering 

2.4<η<4.2 (650mm>r>110mm) 50μm thick few mm2 pads 

RD50 

DIRC (Detection of Internally 
Reflected Cherenkov light) 

Gas                               
photon detectors 
(MaPMTs) and  
electronics replaced.   
    Aerogel removed. 
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Range Telescope 

Incoming Tracker 

Outgoing Tracker 

 Proton source    

PRaVDA micro-strip detector 

www.pravda.uk.com 

RD50 
  n-in-p 

Silicon sensors with 2048 strips at 91µm 
pitch using 150µm thick n-in-p radiation-
hard technology developed for High 
Luminosity LHC 
 
12 planes of strips used to make 4 tracking 
modules, 2 before and 2 after the patient 
 
Each module of strips has three planes 
crossed at 60o in an (x,u,v) configuration      
to allow high particle rate 

Sensors: Micron Semiconductor Ltd, 
Universities  Birmingham, Liverpool 
 

 
 
 
ASICs: ISDI, Read-out: aSpect 
Hybrid: University of Liverpool 

MGy 

Proton Computed Tomography 

http://www.pravda.uk.com
http://www.pravda.uk.com
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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 
function (MTF)  

T. Plautz, IUPESM World Congress 2015, Toronto, ON 

7 min continuous scan (1 rev/min), 150 Million histories, 1 mm x 1 mm x 1 mm voxel 
size, 1 deg angular bin size. 

Spatial Resolution  

is  close to maximum (for 
1mm pixels the Nyquist 
frequency is 5 lp/cm). 

MTF varies as a function of 
radius by± 10-20%. 

MTF is the function of 
relative modulation with 
respect to spatial 
frequency (lp/cm)  
that characterizes the 
resolution of an imaging 
system.  

Water Equivalent 
Path Lengths 
measured using 
stepped pyramids 
of polystyrene 
blocks show each 
proton can be 
reconstructed to 
an rms precision 
of ~3 mm 


