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Invariant	
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How	
  to	
  further	
  reduce	
  material	
  budget?	
  

Eliminate	
  acQve	
  cooling	
  (replace	
  with	
  forced	
  air	
  flow)	
  

è 	
  viable	
  for	
  power	
  densiQes	
  below	
  20mW/cm2	
  

Eliminate	
  electrical	
  substrate	
  

è Possible	
  if	
  sensor	
  covers	
  the	
  full	
  stave	
  length	
  

ALPIDE	
  Chip:	
  pixel	
  matrix	
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…	
  the	
  rest	
  (~33mW/cm2)	
  is	
  dissipated	
  by	
  the	
  peripheral	
  circuitry	
  

a	
  Can	
  we	
  put	
  the	
  circuit	
  periphery	
  at	
  the	
  periphery	
  of	
  the	
  
detector?	
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INVESTIGATOR and ALPIDE – the ALICE Pixel Detector
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•  ALICE experiment will fully replace its present Inner 
Tracking System (ITS) during the second long shutdown 
of the LHC  in 2019/2020


•  New ITS will be fully equipped with monolithic CMOS 
pixel sensors


•  Development of dedicated pixel chip for the ITS 
upgrade – ALPIDE


•  Fabricated in TowerJazz 180nm CMOS Imaging Sensor 
(CIS) process


•  Chip development started end 2011, including 4 MPWs 
and 5 engineering runs, containing various small and 
full-scale prototypes


è  one of them: INVESTIGATOR


Inner Barrel	

•  7 layers, grouped into two barrels 

•  radial coverage 22mm - 406mm


•  ~10m2 acFve area, ~25000 chips 

•  ~12.5 Gigapixels with binary readout


Outer Barrel	

Ø  M. Mager: The Upgrade of the ALICE Inner Tracking System with the 
Monolithic Ac?ve Pixel Sensor ALPIDE, Session N12: High energy physics 
instrumentaFon I: Silicon, Monday, Oct. 31, 18:00


Ø  H. Hillemanns: Radia?on Hardness of Monolithic Ac?ve Pixel Sensors for 
the ALICE Inner Tracking System Upgrade, Session N53: New Concepts in 
solid-state detectors and radiaFon damage effects III, Thursday, Nov. 3, 
10:30


ALPIDE


Can	
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  the	
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  budget?	
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CMOS	
  photolithographic	
  process	
  
defines	
  wafer	
  reQcles	
  size	
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  field	
  of	
  view	
  O(2	
  x	
  2	
  cm2)	
  
ReQcle	
  is	
  stepped	
  across	
  the	
  wafers	
  
to	
  create	
  mulQple	
  idenQcal	
  images	
  
of	
  the	
  circuit(s)	
  

SQtching	
  allows	
  fabricaQon	
  of	
  sensors	
  larger	
  than	
  the	
  reQcle	
  size	
  	
  

Courtesy: R. Turchetta, Rutherford Appleton Laboratory 
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Silicon	
  Genesis:	
  20	
  micron	
  thick	
  wafer	
  Can we exploit flexible nature of thin silicon ? 
 
 
	
  

Chipworks:	
  30µm-­‐thick	
  RF-­‐SOI	
  CMOS	
  
Ultra-­‐thin	
  chip	
  (<50	
  um):	
  flexible	
  with	
  good	
  stability	
  

van	
  den	
  Ende	
  DA	
  et	
  al.	
  Mechanical	
  and	
  electrical	
  properYes	
  of	
  ultra-­‐thin	
  chips	
  and	
  flexible	
  electronics	
  assemblies	
  during	
  bending.	
  	
  
Mircoelectron	
  reliab	
  (2014),	
  hpp://dx.doi.org/10.1016/j.microrel.2014.07.125	
  	
  

distribution of polishing stresses (Fig. 13). The silicon material
directly under the bump experiences a tensile stress, which in
extreme cases incurs micro cracks originating in the silicon in this
region. An example is shown in Fig. 15, where polarized light
microscopy analysis of the weakest 50 lm polished chip (12 MPa
failure stress, see Fig. 11) reveals polishing damage at the bump
locations. In Fig. 15C the position of the crack can be seen with
respect to the bending setup, showing the failure occurred inside
the inner two loading supports, in the constant stress regime. Evi-
dently the damage on the bump positions at the backside of the
chips leads to a severely reduced stress at failure.

The strength of the plasma treated chips is shown in Fig. 12. The
mean chip strength quadruples and minimum chip strength
increases by a factor 10 compared to the background chips from
Fig. 10. The plasma treatment etches away the surface layer and
this reduces the subsurface grinding damage in the chip, however,
the Weibull modulus remains comparable to the background chips.
This similar Weibull modulus may indicate that the plasma treat-
ment is not fully effective in eliminating all the grinding induced
subsurface damage at the bump sites, although the surface and
edges of the chips are strengthened by the plasma etching treat-
ment, leading to a higher CDS.

In Table 3 all the properties of the different tested chips are
summarized. For application purposes, the reliability of ultra-thin
chips in flexible electronics devices can be characterized by the
minimum die strength (MDS), the strength at which 1% of the dies
has failed [7]. The MDS is calculated from the fitted Weibull mod-
ulus of the chips and presented along with the corresponding
bending radius for this characteristic die strength.

The minimum bending radius that can be achieved by the
plasma treated IZM28 dies is around 4.7 mm while that of the
ground and polished dies is 33 mm. In the case of the polished dies
the higher bending radius is partly caused by the higher die
thickness and partly by the higher bump thickness. For the plasma
treated dies a minimum bending radius of 4.7 mm is perfectly
suitable for many applications of flexible electronics.

5.3.2 STM8 microcontroller dies
Failure distributions of microcontroller dies are shown in

Fig. 16. The microcontrollers are comparable in backside strength
to the IZM chips and have a high flexural strength, even having a
higher Weibull modulus to the IZM28 test chips (2.8 compared
to 2.64). This is possibly related to the bump configurations, which
differ between both chips. The IZM28 chips have a small number of
bumps with a large pitch, whereas the STM8L dies have a much
smaller pitch, leading to a more even stress distribution across
the back surface during polishing. In contrast, the front side of
the die is somewhat weaker than the test chips (CDS is 960 MPa
compared to 1207 MPa). This is to be expected, because the micro-
controllers involve more complex processing, leading to more
intricate patterns with a larger variety of different materials and

more possibilities for developing residual stresses in the active
layers.

Using the MDS values from Fig. 16, the 20 lm thick microcon-
troller dies are calculated to have at least a minimum bending
radius of 2.4 mm when the back side is stressed but when the front
side is stressed the minimum achievable bending radius at 1% fail-
ure is much higher: 8.5 mm.

5.4 Bending of bonded chips

5.4.1 IZM28 test chip mechanical results
When thin dies are bonded to foil assemblies several factors

influence the bendability compared to stand alone dies, such as
the bonding process and the increase in stack thickness. The flip
chip ACA bonded die in Fig. 17 has an experimentally observed
minimum radius of 2.4 mm when the backside of the die is tensile
stressed. The neutral plane in the assembly is calculated at 16.7 lm
from the die surface (Eq. (5)) resulting in a calculated maximum
bending stress in the die of 1460 MPa. Typically the bending
strength of the bonded dies was found to be lower than the stand
alone dies. By comparing the results of the unbonded (Fig. 12) with
those of a bonded chip (Fig. 18) it can be seen that the character-
istic bending strength of the bonded dies is much less than the
stand-alone dies. This could be related to the residual stresses in
the assembly caused by the relatively high curing temperature,
which leads to stresses from thermal shrinkage of the adhesive
and substrate [29] and CTE differences between the silicon die
and the organic substrate [30,31]. These residual stresses are also

Table 3
Chip properties including MDS and corresponding minimum bending radius of tested dies.

Die type Front/back side Ground/polished/plasma Bumps Die thickness (lm) CDS (MPa) Weibull modulus MDS (MPa) rmin (mm)

Blank Front Ground No 15–20 1263 7.42 691 2.46
Blank Back Ground No 15–20 575 5.48 221 7.72
IZM28 Front Ground Yes 15–20 1032 9.44 636 2.70
IZM28 Back Ground Yes 15–20 494 2.04 52 32.7
Blank Back Polished No 25–35 1044 4.17 334 7.72
IZM28 Back Polished Yes 25–35 482 2.98 107 24.3
Blank Back Plasma Yes 18–22 2340 12.6 679 2.50
IZM28 Front Plasma Yes 18–22 1207 2.64 833 2.05
IZM28 Back Plasma Yes 18–22 2139 3.74 362 4.72

Fig. 16. Probability of failure for ground and plasma treated microcontroller chips.
Front side strength distributions of 20 lm thick chips (blue, x) and backside
strength distributions of 20 lm thick chips (black, h) and 50 lm thick chips (black,
s). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

8 D.A. van den Ende et al. / Microelectronics Reliability xxx (2014) xxx–xxx

Please cite this article in press as: van den Ende DA et al. Mechanical and electrical properties of ultra-thin chips and flexible electronics assemblies during
bending. Microelectron Reliab (2014), http://dx.doi.org/10.1016/j.microrel.2014.07.125
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Table 1: Geometrical parameters of the upgraded ITS.

Beam pipe inner/outer radius (mm) 16.0/16.5

IB Layer parameters Layer 0 Layer 1 Layer 2

Radial position (mm) 18.0 24.0 30.0

Length (sensitive area) (mm) 270 270 270

Pseudo-rapidity coveragea ±2.5 ±2.3 ±2.0

Active area (cm2) 305 408 508

Pixel sensors dimensions (mm2) 140⇥56.5 140⇥75.5 140⇥94

Number of pixel sensors / layer 4

Pixel size (µm2) O(30⇥30)
a The pseudorapidity coverage of the detector layers refers to tracks originating from

a collision at the nominal interaction point (z = 0).

3.3 System Integration272

The requirement to locate the first layer at a minimal distance from the beam pipe drives the273

design of the mechanical support structure. The integration scheme is similar to the one adopted274

for the ITS2, with the detector mechanically decoupled from the beam pipe and completely275

supported by an extractable barrel (service barrel) which is fixed to the cage, as shown in Fig. 10.276

Figure 10: Layout of the ITS3 Inner Barrel. Two end-wheels provide precise position and
fixation of the detector relative to the beam pipe.

The End-Wheels at the barrel extremities provide accurate positioning and fixation of the detec-277

tor with respect to the beam pipe. The End-Wheels also provide a path for the services to exit278

12

DRAFT

Geometrical	
  Parameters	
  of	
  ITS3	
  	
  

Beampipe              

IR      16  mm

ΔR    0.5mm  


~14cm


Beam	
  pipe	
  thickness:	
  500µm	
  (0.14%	
  X0)	
  

Sensor	
  thickness:	
  	
  20	
  −	
  40µm	
  (0.03	
  -­‐	
  0.05%	
  X0)	
  

Pipe:	
  r	
  ≈	
  16mm	
  ,	
  ΔR	
  =	
  0.5mm	
  
L0:	
  r	
  ≈	
  18mm	
  ,	
  L1:	
  r	
  ≈	
  24mm.	
  L2:	
  r	
  ≈	
  30	
  mm	
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ITS3	
  Mechanical	
  Layout	
  	
  

Open	
  cell	
  
carbon	
  foam	
  

Layers	
   supported	
   by	
   high-­‐thermal	
  
conducQve	
  carbon	
  foam	
  (half-­‐ring)	
  

L.	
  Musa	
  (CERN)	
  –	
  ALICE	
  ITS	
  Upgrade,	
  MFT,	
  O2	
  Asian	
  Workshop,	
  Inha	
  University,	
  19-­‐21	
  November	
  2018	
  



12	
  

ITS3	
  Mechanical	
  Layout	
  

Two  end-­‐wheels  provide  precision  and  fixaBon  of  the  
detector  relaBve  to  the  beampipe  


At  their  edge,  the  sensors  are  glued  over  a  length  of  about  
5mm  to  a  flexible  printed  circuit,  to  which  is  electrically  
interconnected  using  wire  bonding    
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ITS3	
  –	
  System	
  IntegraQon	
  	
  	
  

13	
  

Detector	
  and	
  service	
  integraQon	
  similar	
  to	
  ITS2	
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Tracking	
  Performance	
  	
  

PoinQng	
  resoluQon	
  and	
  tracking	
  efficiency	
  (charged	
  pions)	
  for	
  ITS2	
  and	
  ITS3	
  

FMCT:	
  	
  semi-­‐analyYcal,	
  includes	
  QED	
  hits,	
  but	
  no	
  energy	
  loss	
  fluctuaYons	
  
Full	
  MC:	
  simplified	
  ITS3	
  	
  geometry,	
  full	
  MC	
  simulaYon	
  (GEANT3),	
  Cellular	
  Automaton	
  ITS	
  Tracker	
  	
  

a	
  Improvement	
  of	
  ≈	
  factor	
  2	
  at	
  all	
  pT’s	
   Efficiency	
  increases	
  factor	
  1.2	
  –	
  2,	
  for	
  pT	
  <	
  	
  100MeV	
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Physics	
  Performance	
  Studies	
  –	
  Λc	
  and	
  thermal	
  dielectrons	
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Low-­‐mass	
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a  vertexing	
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  conversion)	
  
a Higher	
  low-­‐pT	
  efficiency	
  (beper	
  conversion	
  rejecQon)	
  

T	
  (QGP)	
   Stat.	
  error	
   Syst.	
  (BG)	
   Syst.	
  (Charm)	
  

ITS3	
  /	
  ITS2	
   1/1.5	
   1/1.3	
   1/2	
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Table 3: Project Cost estimate.

Item R&D Construction Total Cost
(kCHF) (kCHF) (kCHF)

Total 2000 3300 5300

Beampipe 600 900 1500

Pixel CMOS Sensors 700 700 1400
Sensor test 100 150 250

Thinning & dicing 200 300 500

Hybrid printed circuit 100 100 200

Mechanics 150 350 500
Assembly & test 50 200 250
Installation tooling 0 200 200
Air cooling 100 150 250

Services 0 100 100
Patch panels 0 150 150

conform to the specifications, are very suitable for the development and optimization of507

the thinning process. In fact, since the ALPIDE wafers have a physical layout very similar508

to the final sensor, they also present very similar mechanical properties. The thinning to509

such low values will require a planarization of the CMOS wafers and an oxide bonding to510

a temporary carrier wafer. This development will require a total investment of the order of511

500 kCHF.512

• Hybrid printed circuit. The flexible printed circuit (FPC) board will be based on the513

CERN’s flexible printed circuit technology (EP-DT). The interconnection of the sensor to514

the FPC using conventional aluminum wedge wire bonding will also be done at CERN515

(EP-DT bonding lab). This activity is estimated to cost 200 kCHF.516

• Mechanics and Cooling. The detector mechanical support structures and the tooling for517

the assembly and installation of the detector will be mostly developed at CERN using518

the ALICE composite laboratory and the CERN mechanical workshops and metrology519

service. The development will require a total investment of about 950 kCHF. The cost of520

the R&D and construction of the cooling system is estimate to be 250 kCHF.521

• Services and patch panels. The data copper cables and power cables installed during522

LS2 for the ITS2 should be also suitable for the ITS3. However, the last segment of523

the services (typical length of about 8 m) and the patch panels in front of the detector524

will certainly need to be replaced to match the new mechanical layout. The total cost is525

estimated to be of the order of 250 kCHF.526

• Readout Electronics and Power Supplies. The readout and power distribution system527

that will be installed in LS2 will also be compatible with the ITS3. No additional costs are528

expected for these systems.529

21
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Approximate	
  Project	
  Timeline	
  &	
  Cost	
  EsQmate	
  

TentaQve	
  Project	
  Time	
  Line	
  	
  

2020  –  2023   
R&D  


2022 



     
TDR	
  

2024  –  2025   
ConstrucQon	
  

2025  –  2026     
Pre-­‐commissioning	
  &	
  InstallaQon	
  

Forecast	
  of	
  the	
  project	
  probable	
  costs	
  and	
  Qmeline	
  	
  

Detailed	
  cost	
  breakdown	
  and	
  schedule	
  will	
  be	
  
defined	
  in	
  the	
  TDR	
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The	
  ITS3	
  will	
  provide	
  a	
  large	
  reducQon	
  of	
  the	
  material	
  budget	
  (close	
  to	
  IP)	
  and	
  an	
  improvement	
  of	
  the	
  tracking	
  
precision	
  and	
  efficiency	
  at	
  low	
  pT	
  	
  

The	
  combinaQon	
  of	
  these	
  two	
  improvements	
  will	
  lead	
  to	
  a	
  significant	
  advancement	
  in	
  the	
  measurement	
  of	
  
low	
  pT	
  charmed	
  hadrons	
  and	
  low-­‐mass	
  dielectrons	
  

Proposal	
  for	
  the	
  construcQon	
  of	
  a	
  novel	
  vertex	
  detector	
  	
  

•  New	
  beam	
  pipe	
  with	
  IR	
  =	
  16mm,	
  ΔR	
  =	
  0.5mm	
  

•  Three	
  truly	
  cylindrical	
  layers	
  based	
  on	
  curved	
  ultra-­‐thin	
  sensors	
  (	
  a	
  x/X0	
  ≈	
  0.05%	
  per	
  layer)	
  

•  The	
  three	
  layers	
  differ	
  only	
  for	
  their	
  radii,	
  with	
  the	
  innermost	
  layer	
  at	
  18mm	
  radial	
  distance	
  from	
  IP	
  

The	
  new	
  vertex	
  detector	
  (ITS3)	
  would	
  be	
  installed	
  in	
  LS3	
  to	
  replace	
  the	
  innermost	
  three	
  layers	
  of	
  ITS2	
  (LS2)	
  

The	
  ITS3	
  will	
  consist	
  of	
  two	
  separate	
  barrels:	
  	
  Inner	
  Barrel	
  and	
  Outer	
  Barrel	
  	
  
•  The	
  Outer	
  Barrel	
  (four	
  outermost	
  layers)	
  will	
  be	
  that	
  of	
  ITS2	
  	
  
•  The	
  new	
  Inner	
  Barrel	
  (three	
  innermost	
  layers)	
  will	
  instead	
  replace	
  the	
  Inner	
  Barrel	
  of	
  ITS2	
  

Summary	
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Next	
  GeneraQon	
  HI	
  Experiment	
  at	
  LHC	
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With	
  the	
  LS2	
  upgrade,	
  ALICE	
  will	
  reach	
  the	
  maximal	
  rate	
  with	
  a	
  spectrometer	
  based	
  on	
  a	
  TPC	
  

•  Maximum	
  interacQon	
  rate	
  limited	
  by	
  space-­‐charge	
  (ions)	
  accumulated	
  in	
  driV	
  volume	
  
(distorQons	
  ≈10cm)	
  and	
  track	
  density	
  (inner	
  region	
  signal	
  occupancy	
  ≈	
  40%)	
  

•  Running	
  at	
  higher	
  rates	
  seems	
  excluded	
  with	
  a	
  TPC	
  

Running	
  ALICE	
  beyond	
  LS4	
  	
  a	
  	
  Completely	
  new	
  detector	
  without	
  TPC?	
  

Can	
  such	
  a	
  detector	
  play	
  a	
  central	
  role	
  in	
  
HI	
  physics	
  at	
  the	
  LHC	
  in	
  the	
  2030’s	
  ?	
  an	
  “all-­‐MAPS”	
  detector	
  

The	
  use	
  of	
  CMOS	
  technologies	
  opens	
  new	
  opportuniQes	
  	
  	
  	
  
a	
  Vertex	
  detectors,	
  large	
  area	
  tracking	
  detectors	
  and	
  digital	
  calorimeters	
  

•  enhanced	
  performance	
  (very	
  high-­‐precision	
  spaQal	
  and	
  Qme	
  resoluQon)	
  	
  

A	
  new	
  HI	
  dedicated	
  experiment	
  beyond	
  LS4?	
  

See	
  Andrea’s	
  talk	
  at	
  HI	
  Town	
  hpps://indico.cern.ch/event/746182/Qmetable/	
  -­‐	
  20181024	
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•  Increase	
  rate	
  capabiliQes	
  (factor	
  20	
  to	
  50	
  wrt	
  to	
  RUN4):	
  	
  <LNN>	
  ~	
  up	
  to	
  1034	
  cm-­‐2s-­‐1	
  

•  Improve	
  vertexing	
  	
  
•  Ultra-­‐thin	
  wafer-­‐scale	
  sensors	
  with	
  truly	
  cylindrical	
  shape,	
  inside	
  beampipe	
  
•  spaQal	
  resoluQon	
  ~	
  1-­‐3µm	
  
•  material	
  thickness	
  <	
  0.05%	
  X0	
  /layer	
  	
  

•  Improve	
  tracking	
  precision	
  and	
  efficiency	
  
•  About	
  10	
  layers	
  with	
  a	
  radial	
  coverage	
  of	
  1m	
  	
  
•  SpaQal	
  resoluQon	
  of	
  about	
  5µm	
  up	
  to	
  1m	
  
•  whole	
  tracker	
  could	
  be	
  less	
  than	
  6%	
  X0	
  	
  in	
  thickness	
  (at	
  mid-­‐rapidity)	
  	
  

•  Extended	
  rapidity	
  coverage	
  (ideally	
  up	
  to	
  8	
  rapidity	
  units)	
  

Focus	
  on	
  relaQvely	
  low	
  pT	
  phenomena,	
  0.01	
  <	
  pT	
  <	
  10	
  GeV/c	
  	
  
MagneQc	
  fields	
  of	
  <	
  0.5T	
  would	
  be	
  sufficient	
  but	
  1T	
  (or	
  higher)	
  is	
  to	
  be	
  considered	
  

A	
  new	
  HI	
  dedicated	
  experiment	
  beyond	
  LS4?	
  

Design	
  guidelines	
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•  Thermal	
  radiaQon:	
  dileptons	
  and	
  photons	
  	
  
o  ALICE	
  unique	
  measurement,	
  measurement	
  of	
  electrons	
  down	
  to	
  few	
  tens	
  of	
  MeV	
  	
  

•  Photons	
  
o  ALICE	
  could	
  be	
  unique	
  due	
  to	
  low	
  material	
  budget	
  and	
  could	
  do	
  well	
  at	
  low	
  energy	
  using	
  

conversion	
  technique	
  (insertable	
  converter)	
  

•  Open	
  Heavy-­‐flavor:	
  single	
  charmed	
  and	
  mulQply	
  charmed,	
  charmed-­‐beauQful,	
  beauQful	
  hadrons	
  

o  At	
  very	
  low	
  pT	
  ALICE	
  sQll	
  unique	
  	
  	
  

•  Quarkonia:	
  e.g.	
  χc,b	
  (low	
  pT,	
  ~200-­‐300	
  MeV,	
  photon	
  in	
  the	
  final	
  state)	
  

o  ALICE	
  compeQQve	
  at	
  very	
  low	
  pT	
  ,	
  
•  Others	
  (new	
  in	
  HI)	
  	
  	
  	
  	
  

•  ExoQc	
  mesons:	
  X(3872),	
  Zc	
  (3900),	
  Y(4140),	
  …	
  	
  a	
  compact	
  mulQ-­‐quark	
  states	
  /	
  molecular	
  states	
  

Which	
  observables	
  –	
  some	
  example	
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A	
  new	
  experiment	
  based	
  on	
  a	
  “all-­‐MAPS”	
  detector	
  

~100cm


~360cm


Tracker:	
  	
  ~10	
  tracking	
  barrel	
  layers	
  (blue,	
  yellow	
  and	
  green)	
  based	
  on	
  CMOS	
  sensors	
  	
  
Hadron	
  ID:	
  TOF	
  with	
  outer	
  silicon	
  layers	
  (orange)	
  
Electron	
  ID:	
  pre-­‐shower	
  (outermost	
  blue	
  layer)	
  

SpaBal  resoluBon  

•  Innermost  3  layers:  σ	
  ~	
  1µm	
  
•  Outer  layers:  σ	
  ~	
  5µm	
  

Time  Measurement

Outermost  layer  integrates  high  
precision  Bme  measurement      
(σt	
  <	
  30ps)	
  

Preliminary  studies


MagneBc  Field

•  B  =  0.5  or  1  T


insertable	
  
conv.	
  layer	
  

preshower	
  

precision	
  
Qming	
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A	
  new	
  experiment	
  based	
  on	
  a	
  “all-­‐silicon”	
  detector	
  

~100cm


~360cm


Tracker:	
  	
  ~10	
  tracking	
  barrel	
  layers	
  (blue,	
  yellow	
  and	
  green)	
  based	
  on	
  CMOS	
  sensors	
  	
  
Hadron	
  ID:	
  TOF	
  with	
  outer	
  silicon	
  layers	
  (orange)	
  
Electron	
  ID:	
  pre-­‐shower	
  (outermost	
  blue	
  layer)	
  

SpaBal  resoluBon  

•  Innermost  3  layers:  σ	
  ~	
  1µm	
  
•  Outer  layers:  σ	
  ~	
  5µm	
  

Time  Measurement

Outermost  layer  integrates  high  
precision  Bme  measurement      
(σt	
  <	
  30ps)	
  

Preliminary  studies


MagneBc  Field

•  B  =  0.5  or  1  T


Extended	
  rapidity	
  coverage:	
  up	
  to	
  8	
  rapidity	
  units	
  
+	
  FoCal	
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B	
  =	
  2	
  kGauss	
  	
  B	
  =	
  10	
  kGauss	
  	
  

OperaQon	
  at	
  reduced	
  B	
  field	
  for	
  tracking	
  low	
  pT	
  parQcles	
  

PoinQng	
  resoluQon	
  (pions):	
  	
  	
  	
  ≈	
  10	
  µm	
  @	
  1	
  GeV/c,	
  	
  <50µm	
  @	
  	
  200	
  MeV/c	
  	
  	
  	
  

It	
  does	
  not	
  depend	
  on	
  B	
  field	
  	
  

  

B = 10kGauss

  

B = 2kGauss
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B  =  2  kGauss  
B  =  10  kGauss  


OperaQon	
  at	
  reduced	
  B	
  field	
  for	
  tracking	
  low	
  pT	
  parQcles	
  

momentum	
  resoluQon	
  for	
  1GeV/c	
  pions:	
  	
  ≈	
  0.8%	
  (10	
  kGauss),	
  	
  ≈1.6%	
  (	
  2kGauss),	
  	
  ≈	
  4%	
  (2kGauss)	
  	
  	
  	
  	
  

  

B = 10kGauss

  

B = 2kGauss

  

B = 10kGauss

  

B = 5kGauss

B  =  5  kGauss  


Compared	
  to	
  ALICE	
  in	
  Run3,	
  same	
  performance	
  at	
  high	
  pT,	
  some	
  improvement	
  at	
  very	
  low	
  pT	
  

δp
p

=
p

0.3BL2
σ ⋅ CN

CN =
720N3

N−1( ) N+1( ) N+2( ) N+3( )
for  layers  equally  spaced  and  
neglec1ng  mul1ple-­‐sca4ering
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Pb-­‐Pb	
  (dN/dy	
  =	
  2200),	
  	
  B	
  =	
  2	
  kGauss	
  	
  

OperaQon	
  at	
  reduced	
  B	
  field	
  for	
  tracking	
  low	
  pT	
  parQcles	
  

Efficiency	
  requiring	
  that	
  all	
  parQcles	
  reach	
  the	
  outermost	
  layer	
  at	
  1m	
  	
  (10	
  layers)	
  
a	
  opQmizaQon	
  possible	
  (e.g.	
  using	
  only	
  layers	
  up	
  to	
  40cm)	
  
a	
  dramaQc	
  improvement	
  for	
  lower	
  dN/dy	
  	
  

dN/dy	
  =	
  440,	
  	
  B	
  =	
  2	
  kGauss	
  	
  

L.	
  Musa	
  (CERN)	
  –	
  ALICE	
  ITS	
  Upgrade,	
  MFT,	
  O2	
  Asian	
  Workshop,	
  Inha	
  University,	
  19-­‐21	
  November	
  2018	
  



27	
  

ParQcle	
  IdenQficaQon	
  

Electron	
  and	
  hadron	
  PID	
  using	
  dE/dx,	
  TOF	
  and	
  pre-­‐shower	
  

•  dE/dx	
  in	
  silicon	
  (middle	
  layers):	
  	
  	
  PID	
  at	
  very	
  low	
  pT	
  (20	
  –	
  200	
  MeV)	
  

•  Time	
  of	
  Flight:	
  	
  	
  σTOF	
  ≈	
  20-­‐30ps,	
  track	
  length	
  ~1m	
  	
  a	
  	
  good	
  e/π	
  separaQon	
  <	
  500	
  MeV	
  

•  Pre-­‐shower	
  (2-­‐3	
  X0)	
  based	
  on	
  high-­‐granularity	
  (CMOS	
  pixels)	
  digital	
  calorimetry	
  
•  great	
  potenQal	
  to	
  idenQfy	
  electrons	
  down	
  to	
  few	
  hundred	
  MeV	
  by	
  detailed	
  imaging	
  (parQcle	
  

counQng,	
  geometry)	
  of	
  the	
  iniQal	
  shower	
  

X0
 X0
 X0


Pi
xe
l  S
en
so
rs
  


Ab
so
rb
er
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Figure 5.1: Typical events for 2GeV/c (left) and 100GeV/c positrons (right). The large di↵erence in
the number of hits in the detector is obvious, which is an aspect of the predicted theoretical shower
development.

Each of these analyses will be examined in detail in the following sections.
Two examples of the results from the beamtest data sets are shown in figure 5.1. The left

picture shows the result of a 2GeV/c positron hitting the prototype, while the right shows
the result of a 100GeV/c positron hitting the detector. The large di↵erence in the number
of hits as predicted by theoretical calculations is apparent, as is the change in the depth of
shower maximum.

Another thing that can be seen from the events shown in figure 5.1 are the large fluctua-
tions in the showers from single particles. Clusters of hits, located more than 1 cm (> 1R

M

)
from the shower core indicate that some shower components deposit energy that far from the
original axis of the primary particle. While analytical predictions of the shower development
give smooth distributions, the events displayed show that in reality, this is far from the truth.

A number of the graphs shown in the following sections might display a non-integer number
of sensors when showing them as a function of another observable, such as the residual noise
in figure 5.2. This is caused by the averaging of the noise values over a number of runs and
does not indicate that a fractional number of sensors could have been used.

5.1 Noise Levels

Using pedestal measurements, the pixels contributing to high noise levels were identified and
masked to reach a noise level of 10�5. Because the number and position of the pixels masked
depend on the threshold settings of the sensors, they are di↵erent between the DESY and
SPS data sets because di↵erent threshold settings were used.

The number of pixels ignored in analysis and the remaining noise for the DESY data set
is shown in figure 5.2. At DESY the threshold levels were set at a very high level to suppress
noise. Improved settings were derived by the time of data taking at SPS, which improved
the sensitivity of the sensors while keeping the noise at an acceptable level, this is shown in
figure 5.3.

2  GeV/c  positrons
 100  GeV/c  positrons


FoCal  -­‐  R&D  studies

preshower  
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Timing	
  Layer	
  for	
  4D	
  tracking	
  -­‐	
  CMS	
  
Proof of Concept, Proof of Challenge

Real-life event with HL-LHC-like pileup from special run in
2016 with individual high intensity bunches

Josh Bendavid (CERN) CMS MTD 3

Mitigation with Precision Timing
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HL-­‐LHC	
  pp	
  	
  -­‐	
  z	
  distribuQon	
  of	
  interacQons	
  within	
  1	
  BC	
  

InteracQons	
  are	
  also	
  spread	
  in	
  Qme	
  with	
  a	
  nominal	
  
RMS	
  of	
  180ps,	
  uncorrelated	
  with	
  z	
  (σz	
  ~4.5cm)	
  	
  	
  

CMS	
  Timing	
  Layers	
  for	
  pile-­‐up	
  miQgaQon	
  

LYSO	
  crystals	
  +	
  SiPMs	
  
Barrel	
  (grey	
  barrel)	
  	
  
between	
  Tracker	
  and	
  ECAL	
  
	
  
LGAD	
  (Low-­‐Gain	
  Avalanche	
  Diode)	
  
ENDCAP	
  (orange	
  disks)	
  -­‐	
  12m2	
  

4D  tracking  with  
30ps  resoluBon
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Timing	
  Layer	
  for	
  4D	
  tracking	
  -­‐	
  CMS	
  

LGAD	
  (Low	
  Gain	
  Avalanche	
  Diode)	
  	
  
•  Technology	
  proposed	
  for	
  ATLAS	
  and	
  CMS	
  upgrades	
  (Qming	
  layer)	
  

•  Developed	
  for	
  high	
  radiaQon	
  environment	
  	
  (1014	
  –	
  1015	
  1MeV	
  neq/cm2)	
  	
  

•  Currently	
  low	
  granularity	
  O(1	
  mm2)	
  

•  Add	
  a	
  thin	
  layer	
  of	
  doping	
  to	
  produce	
  low	
  controlled	
  mulQplicaQon	
  

•  Several	
  vendors:	
  Hammamatsu,	
  FBK,	
  CNN	
  	
  

4N
ic

o
lo

 C
a

rt
ig

lia
, I

N
FN

, T
o

rin
o

Sensors for 4D tracking 

Must have:
• Large dV/dt to minimize jitter

• Segmentation
• Radiation hard

The game changer is the introduction by CNM of the LGAD idea:
• Add a thin layer  of doping to produce low controlled multiplication.
• This idea retains almost (segmentation) the benefit of standard silicon 

sensors

• UFSD: LGAD sensors, optimized for timing. The come in every shape 
and size, like normal silicon sensors. 

Runner up: 3D trench detectors. 

Deep trench ~ 100 micron separated in space  by 25 micron. 
Well suited mostly for small pixels. 

ResoluQon	
  of	
  20-­‐30ps	
  demonstrated	
  
	
  
Cost	
  (CMS	
  esQmate)	
  ~	
  50	
  CHF/cm2	
  	
  	
  

Can	
  such	
  a	
  low-­‐gain	
  layer	
  be	
  implemented	
  in	
  CMOS?	
  

Time	
  resoluQon	
  vs.	
  neutron	
  fluence	
  of	
  LGAD	
  produced	
  by	
  
HPK	
  with	
  a	
  thickness	
  of	
  50µm	
  (50D)	
  and	
  35µm	
  (35D)	
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Hadron	
  ID	
  with	
  silicon	
  TOF	
  detector	
  	
  

p+ substrate 

nwell collection 
electrode 

pwell 
deep pwell 

nwell pwell nwell 
deep pwell 

PMOS NMOS 

p- epitaxial layer 

depletion boundary 

depleted zone 

low dose n-type implant 

!
Modified	
  process	
  CERN/Tower	
  	
  	
  

Epi-­‐layer  fully  depleted  


Time	
  resoluQon	
  of	
  a	
  fully	
  depleted	
  CMOS	
  pixel	
  sensors	
  a	
  la	
  “ALPIDE”	
  	
  

First	
  order	
  approximaQon	
  	
   σ t = c
tr
SNR

In	
  ultra-­‐thin	
  O(10µm)	
  fully	
  depleted	
  CMOS	
  sensors	
  (e.g.	
  INVESTIGATOR	
  or	
  ALPIDE	
  with	
  CERN/TJ	
  modified	
  process)	
  
with	
  10V	
  reverse	
  bias	
  

R&D	
  for	
  the	
  ALICE	
  upgrade:	
  developed	
  in	
  collaboraQon	
  with	
  Tower	
  	
  a	
  process	
  
modificaQon	
  that	
  allows	
  full	
  depleQon	
  of	
  the	
  high	
  resisQvity	
  silicon	
  layer	
  	
  

•  Reduces	
  charge	
  collecQon	
  Qme	
  (<1ns)	
  

•  Enhances	
  radiaQon	
  hardness	
  (~1015	
  n	
  /	
  cm2)	
  

tr:	
  amplifier	
  rise	
  Qme	
  
c	
  =	
  0.4	
  –	
  0.6	
  

•  Charge	
  (e)	
  collecQon	
  Qme	
  T	
  ≈	
  170ps	
  
•  Standard	
  deviaQon	
  of	
  signal	
  centroid	
  Qme	
  	
  ΔT	
  ≈	
  15ps	
  
•  noise	
  	
  ≈	
  few	
  electrons	
  	
  
•  Signal	
  on	
  seed	
  pixel	
  ≈	
  1000	
  electrons	
  	
  	
  

•  σTDC	
  ≈	
  15ps	
  
•  jiper	
  ≈	
  10ps	
  
•  T0	
  ≈	
  10ps	
  

σ t < 27ps

Time	
  resoluQon	
  might	
  be	
  further	
  limited	
  by	
  signal	
  shape	
  fluctuaQons	
  inside	
  sensor	
  

Single	
  layer	
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Electron	
  ID	
  

AbsorpQon	
  of	
  electrons	
  in	
  W	
  
•  X0	
  =	
  0.35	
  cm	
  
•  ρ  =  19.3  g/cm3


Energy	
  (MeV)	
   10	
   50	
   100	
   200	
   500	
   1000	
  

Range	
  (cm)	
   0.33	
   0.79	
   1.02	
   1.26	
   1.58	
   1.81	
  

Range	
  (X0)	
   0.92	
   2.27	
   2.90	
   3.60	
   4.52	
   5.18	
  

Range  of  electrons  in  copper  


Range  of  electrons


Performance of the ALICE Experiment ALICE Collaboration
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Fig. 38: Distribution of β as measured by the TOF detector as a function of momentum for particles reaching the
TOF in Pb–Pb interactions.

rigidity cutoff generated by the magnetic field. At higher transverse momenta it reflects the geometrical
acceptance (dead space between sectors), the inactive modules, and the finite efficiency of the MRPCs
(98.5% on average).

Figure 38 illustrates the performance of the TOF detector by showing the measured velocity β distri-
bution as a function of momentum (measured by the TPC). The background is due to tracks that are
incorrectly matched to TOF hits in high-multiplicity Pb–Pb collisions. The distribution is cleaner in
p–Pb collisions (Fig. 39), showing that the background is not related to the resolution of the TOF detec-
tor, but is rather an effect of track density and the fraction of mismatched tracks. This is also visible
in Fig. 40 where the β distribution is shown for a narrow momentum band. The pion, kaon, and proton
peaks are nearly unchanged but the level of background due to mismatched tracks is higher in Pb–Pb.
The fraction of mismatched tracks above 1 GeV/c in Pb–Pb events is closely related to the TOF occu-
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Fig. 39: Distribution of β as measured by the TOF detector as a function of momentum for particles reaching TOF
in p–Pb interactions. The background of mismatched tracks is lower than in Pb–Pb.
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Figure 15: Particle separation with TOF measurements for three different system
time resolutions (�TOF = 60, 80 and 100 ps) and for a track length L = 3.5m.
Infinitely good precisions on momentum and track length measurements are as-
sumed.
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L
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With p � mc the approximation
p
1 + (mc/p)2 ⇡ 1 + (mc)2/2p2 can be used,

and with Eq. 4 the separation power becomes

n�TOF =

|tA � tB|
�TOF

=

Lc

2p2�TOF
|m2

A �m2
B| . (15)

Here �TOF is the resolution of the TOF measurement. Misidentification of par-
ticles occurs at higher momenta, where the time difference |tA � tB| becomes
comparable to �TOF . Assuming a time resolution of 100 ps (60 ps) and requir-
ing a separation of n�TOF = 3, the upper limits for the momentum are 2.1 GeV/c
(2.7 GeV/c) for K/⇡ separation and 3.5 GeV/c (4.5 GeV/c) for K/p separation (see
Fig. 15). A lower momentum threshold is defined by the curvature of the tracks
in the magnetic field. Assuming a path length L = 3.5m and a magnetic field of
0.5T, only particles with a momentum larger than about 300MeV/c reach the TOF
wall.

4.2 Errors affecting the resolution

The mass resolution of a TOF measurement is given by [39]:

dm
m

=

dp
p

+ �2
✓

dt
t
+

dL
L

◆
. (16)
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TOF	
  PID	
  –	
  track	
  length	
  3.5m	
  

3	
  system	
  Qme	
  resoluQons	
  
60ps,	
  80ps	
  ,	
  100ps	
  

Ideal	
  track	
  length	
  and	
  p	
  measurement	
  

Good	
  e/π	
  separaQon	
  	
  <	
  600	
  MeV/c	
  

Time	
  Of	
  Flight	
  	
  

Range	
  of	
  electrons	
  in	
  W	
  

Range	
  of	
  e	
  in	
  W	
  >	
  4.5X0	
  for	
  E>	
  500MeV	
  

ALICE	
  TOF	
  (current)	
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Pixel	
  Chamber	
  Experiment	
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Studies	
  on	
  3D	
  Pixel	
  Chamber	
  Imager	
  for	
  measuring	
  charm	
  and	
  beauty	
  at	
  a	
  fixed	
  target	
  experiment	
  

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

The	
  idea	
  is	
  to	
  have	
  a	
  detector	
  able	
  to	
  provide	
  the	
  image	
  of	
  the	
  proton-­‐nucleus	
  or	
  nucleus-­‐nucleus	
  
interacQon	
  and	
  track	
  the	
  parQcles	
  generated	
  in	
  the	
  inelasQc	
  collision	
  just	
  starQng	
  at	
  the	
  interacQon	
  point	
  

The	
  pixel	
  chamber	
  is	
  realized	
  with	
  a	
  stack-­‐up	
  of	
  thin	
  CMOS	
  
sensors	
  providing	
  truly	
  3D	
  (almost)	
  conQnuous	
  tracking	
  with	
  a	
  
precision	
  of	
  few	
  microns	
  for	
  very	
  high	
  rate	
  and	
  mulQplicity	
  
environment	
  	
  

A	
  pixel	
  chamber	
  as	
  heavy-­‐flavour	
  imager	
  

p,  A  beam


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

•  N	
  ≈	
  100	
  ,	
  H	
  ~	
  50µm,	
  L	
  ≈	
  0.1	
  nuclear	
  collision	
  length	
  (≈30mm)	
  

≈	
  25	
  x	
  106	
  pixel/cm3	
  
Pixel	
  Chamber	
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Using	
  ALPIDE,	
  Pixel	
  Chamber	
  Detector	
  with	
  a	
  volume	
  of	
  about	
  15(w)	
  x	
  30(L)	
  x	
  5(H)	
  mm3	
  	
  

•  segmented	
  in	
  pixels	
  of	
  about	
  27	
  x	
  29	
  x	
  50	
  µm3	
  	
  

•  providing	
  the	
  measurement	
  of	
  25	
  x	
  106	
  space	
  points	
  /	
  cm3	
  	
  

•  with	
  a	
  spaQal	
  resoluQon	
  of	
  ≈5µm	
  in	
  the	
  three	
  dimensions	
  

Besides	
  the	
  huge	
  granularity	
  which	
  ensures	
  a	
  three-­‐dimensional	
  image-­‐like	
  reconstrucQon	
  of	
  the	
  event,	
  this	
  detector	
  is	
  
sufficiently	
  radiaQon	
  hard	
  (1014	
  -­‐	
  1015	
  1MeV	
  neq)	
  and	
  fast	
  for	
  measurements	
  in	
  fixed-­‐target	
  mode	
  (integraQon	
  Qme	
  O(1µs)).	
  

The	
  Pixel	
  Chamber	
  is	
  coupled	
  	
  to	
  a	
  compact	
  silicon	
  telescope	
  	
  
immersed	
  in	
  a	
  magneQc	
  filed	
  of	
  few	
  tesla	
  for	
  precise	
  measurement	
  of	
  
parQcle	
  momenta.	
  	
  
	
  
In	
  this	
  way	
  a	
  very	
  compact	
  instrument	
  for	
  imaging	
  of	
  heavy	
  flavors	
  with	
  
unprecedented	
  precisions	
  can	
  be	
  realized.	
  	
  

The	
  detector	
  could	
  also	
  be	
  complemented	
  with	
  other	
  detectors	
  
specialized	
  for	
  specific	
  measurements	
  (e.g.	
  electrons,	
  muons,	
  photons)	
  

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

A	
  pixel	
  chamber	
  as	
  heavy-­‐flavour	
  imager	
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  You	
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Table 2: Expected maximum particle density in the layers of the ITS
Inner Barrel.

Particle density (cm�2)

LS2 Upgrade LS3 Upgrade

Layer Hadronica QED electronsb Hadronica QED electronsb

0 43 7 73 12

1 25 3 43 8

2 17 2 29 6
a maximum particle density in central Pb–Pb collisions (including secondaries

produced in material) for a magnetic field of 0.2 T.
b for an integration time of 10 µs, an interaction rate of 50 kHz, a magnetic field of

0.2 T

FMCT has been used to optimise the layout of the detector in terms of number of layers, their318

radial positions, material budget and detector resolution with the same approach discussed in319

the Technical Design Report for the Upgrade of the ALICE Inner tracking System [1, Sec. 7.4].320

An important measure of the achieved tracking precision is the track impact-parameter resolu-321

tion, defined as the dispersion of the distribution of the Distance of Closest Approach (DCA) of322

the reconstructed (primary) tracks to the interaction vertex. It is the parameter that defines the323

capability of a vertex detector to separate secondary vertices of heavy-flavour decays from the324

interaction vertex. A comparison of the impact-parameter resolution of ITS2 and ITS3 is shown325

in Fig. 11 for pions at typical pseudorapidity h = 0.5. The solid lines show the resolution for326

tracks fitted in the seven ITS layers only, while the dashed lines show the resolution for tracks327

fitted in both the TPC and the ITS. For pT ' 1 GeV/c, the impact parameter resolution of ITS3328

plus TPC is a factor of about two better than that of ITS2 plus TPC.329

The resolutions for the ITS-only case were also estimated with a Full MC simulation setup, in330

which a simplified ITS3 inner barrel geometry was implemented within the ITS2 geometry in331

the ALICE software framework. In this simulation, pions were transported through the detector332

material using the GEANT3 package [13] and their trajectories were reconstructed using the333

Cellular Automaton ITS tracker [1]. The Full MC resolutions are shown by the circles for both334

ITS2 and ITS3 in Fig. 11 and are found to be very similar to those obtained with FMCT. The335

improvement factor from ITS2 to ITS3 is thus confirmed with the Full MC.336

An alternative scenario in which the two innermost layers of the Inner Barrel are contained337

inside the beam vacuum chamber, while the third one is located outside of it at a radial distance338

of 1.5 mm from the outer wall, was also studied. In this configuration, the radii of the Inner339

Barrel layers remain the same as in the previous configuration, i.e. 18 mm, 24 mm and 30 mm,340

respectively, while the beam pipe has an inner radius of 28 mm. The performance with this341

configuration is also illustrated in Fig. 11. This scenario is evoked here to indicate that there is342

still some scope for improvement, which however would require a dedicated R&D effort. This343

option is not part of the upgrade proposal for LS3, and will not be discussed further in this344

document.345

The left panel of Fig. 12 shows the track-finding efficiency in the environment of a single central346

Pb–Pb collision. It should be noted that the plot shows the efficiency only for "correct tracks",347

14

DRAFT

ParQcle	
  Rates	
  	
  	
  

Expected	
  maximum	
  parQcle	
  density	
  in	
  the	
  layers	
  of	
  the	
  ITS	
  Inner	
  Barrel	
  	
  

a  maximum  par1cle  density  in  central  Pb-­‐Pb  collisions  (including  secondaries  produced  in  material)  for  B  =  0.2T

b  for  an  integra1on  1me  of  10µs,  an  Lint  =  50  kHz  and  B  =  0.2T


ParQcle	
  density	
  at	
  L0	
  increases	
  by	
  ≈	
  70% 	
  	
  
Sensor	
  occupancy	
  (fracQon	
  of	
  pixel	
  with	
  a	
  parQcle	
  hit)	
  	
  ≈	
  10-­‐3	
  	
  	
  a	
  	
  	
  no	
  issues	
  for	
  the	
  tracking	
  	
  	
  

ParQcle	
  flux	
  (for	
  50	
  kHz	
  Pb-­‐Pb)	
  <	
  4	
  MHz	
  /	
  cm2	
  	
   	
   	
   	
  	
  	
  	
  	
  	
  a	
  	
  	
  well	
  within	
  the	
  detector	
  readout	
  capabiliQes 	
  	
  

RadiaQon	
  load	
  increases	
  by	
  ≈	
  70%	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  a	
  	
  	
  sQll	
  well	
  below	
  the	
  safety	
  values	
  

EOI	
  Sec.	
  4	
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Tracking	
  Performance	
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Impact	
  parameter	
  resoluQon	
  (charged	
  pions)	
  for	
  ITS2	
  and	
  ITS3	
  

FMCT:	
  	
  semi-­‐analyYcal,	
  includes	
  QED	
  hits,	
  but	
  no	
  energy	
  loss	
  fluctuaYons	
  
Full	
  MC:	
  simplified	
  ITS3	
  	
  geometry,	
  full	
  MC	
  simulaYon	
  (GEANT3),	
  Cellular	
  Automaton	
  ITS	
  Tracker	
  	
  

a	
  Improvement	
  of	
  ≈	
  factor	
  2	
  at	
  all	
  pT’s	
   ≈	
  factor	
  3	
  for	
  pT	
  <	
  500MeV	
  with	
  pipe	
  @	
  28mm	
  

L0  ,  L1,  L2

beam  pipe


L0  and  L1  inside  beampipe  


EOI	
  Sec.	
  4	
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SQtching	
  allows	
  the	
  fabricaQon	
  of	
  wafer	
  scale	
  sensors	
  	
  
1.5	
  cm

	
  

	
  	
  	
  
	
  	
  

	
  	
  

peripheral	
  circuit	
  	
  

Pixel	
  Matrix	
  1024	
  x	
  512	
  

ALPIDE  Chip  


Pixel	
  Matrix	
  1024	
  x	
  512	
  

1D  sBtched  sensor    (z  direcBon)


Peripheral	
  circuit	
  
	
  	
  	
  	
  

14	
  cm	
  

	
  
	
  
	
  
	
  
	
  
	
  	
  

2D  sBtched  sensor  –  wafer-­‐scale  


Peripheral	
  circuit	
  
	
  	
  	
  	
  

6	
  cm
	
  

	
  	
  	
  
	
  	
  

	
  	
  

14	
  cm	
  

	
  
	
  
	
  
	
  
	
  
	
  	
  

By	
  instanQaQng	
  mulQple	
  Qmes	
  the	
  same	
  circuits	
  in	
  the	
  
second	
  dimension	
  (φ)	
  one	
  can	
  realize	
  the	
  sensors	
  for	
  the	
  
different	
  layers.	
  For	
  example	
  	
  

•  L0	
  =	
  14	
  cm	
  x	
  6.0	
  cm	
  	
  	
  	
  	
  
•  L1	
  =	
  14	
  cm	
  x	
  7.5	
  cm	
  	
  
•  L2	
  =	
  14	
  cm	
  x	
  9.0	
  cm	
  

1.5	
  	
  cm
	
  

	
  	
  	
  
	
  	
  

	
  	
  

3	
  cm	
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Tracking	
  Performance	
  	
  

Transverse Momentum (GeV/c)
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Tracking  Efficiency  
 Momentum  resoluBon  


Tracking	
  efficiency	
  and	
  momentum	
  resoluQon	
  	
   Pb-­‐Pb,	
  B=0.2T	
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