
Mechanics for the 5th and 6th pixel layer

Sergio Gonzalez Sevilla, Sebastian Michal (UniGe)

2nd ATLAS HV-MAPS mini-workshop 
July 2nd, 2015



Sergio Gonzalez Sevilla (UniGe)

1.- Conceptual design
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Introduction

• Much work on-going to (re)-define the ITK layout for Phase-2 
‣ ITK Layout Task Force Workshop (June, 23): https://indico.cern.ch/event/394897/ 

๏ see Andi’s summary talk in this workshop 

• High-level functional requirements (ATL-COM-UPGRADE-2015-015) 
1.- basic operational parameters 

2.- required tracking performance 
๏ pile-up robustness, coverage, track reco. efficiency (e, µ, π), track parameter resolutions, 

occupancies, fake-rates, etc. 

3.- interface to the LHC machine (protection against beam losses) 

4.- interface to the rest of ATLAS  
๏ ITK conforming to TDAQ requirements, latencies, L1-track trigger, etc. 

5.- access scenarios 
๏ beam-pipe removal, inner pixel layers removal, whole pixel removal, whole ITK removal 

6.- mechanical constraints 

7.- electrical requirements,  
๏ power dissipation, noise occupancy, ESD protections, SEU, grounding & shielding, specs for 

components (cables, capacitors), etc. 

8.- safety requirements (interlocks, etc.)
3
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Mechanical constraints

• 6.1.- “While meeting all different requirements, the goal is also to 
minimize the amount of material inside the ITK volume by careful 
choices of material and routing. The layout if ITK structures should take 
into account the feasibility of cable routing and the effect of that routing 
on the material budget and detector performance”. 

‣ material budget directly affecting the tracker performance 
๏ tracking resolution (low pT tracks) 

❖ multiple scattering 

๏ tracking efficiency 
❖ pions: nuclear hadronic interactions 

❖ electrons: bremsstrahlung 

‣ passive material (services, mechanical support structure, interfaces) dominate 
over active material in the forward region |η|>1.5 

๏ though typically everywhere in the detector: more sensors = more services

4
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Positioning requirements

• Hermeticity and overlaps 
‣ ITK must be fully hermetic for 1 GeV pT tracks originating from a cylinder of 

length z = ±150 mm along the beam direction. 

‣ Minimum overlap of 5 sensing elements (pixels or strips) 

• Assembly tolerances 
‣ local assembly placement accuracy (between adjacent modules) of ±100 µm 

‣ local assembly survey: comparable or better than the intrinsic sensor resolution 

• Stability 
‣ directly to the track-based alignment strategy

5

Timescale Load
Requirement 

(RMS, rφ)
Alignment 

level

Short 1 d - external vibrations 
- variations of thermal load (trigger rate variations)

2 µm L1, L2

Medium 1m 
- (infrequent) ‘seismic’ perturbations: magnet ramps, 
cooling system cycles, power and HV cycles

5 µm L3

Long
several months 

to years
- relaxation (creep)  100 µm -

ATU-SYS-ES-0027
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SLIM concept (1/3)

• Main motivation: strongly reduce the total amount of material along the 
track path in pixel layers at large radii 
‣ fulfilling tracking performance requirements and complying with mechanical 

constraints and positioning requirements 

‣ (classical) barrel-modules layout (// z-axis) + inclined modules for |η| > ~1.0 
(Pixel layers 5 & 6) 

• Benefits: 
‣ less sensors 

‣ less services / dead material 

‣ cost savings 

‣ similar tracking performances, barrel / endcap transition region can be moved 
forward 6
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SLIM LAYOUT

• ATLAS upgrade tracker layout is not yet fixed
▫ A 5 layers pixel is the most probable layout for ATLAS ITK
▫ A 6 layers pixel could be also considered depending on sensor technology
▫ Pixel staves and disks location are not fixed
We have considered a conservative two meters long stave at different radii:
(R=160, 200, 300 and 340 mm)

Removable 
layers 1 and 2

SLIM implementation
Layers 3 up to 6

0.5 1.0 1.5

2.0

3.0

2.5SLIM
Stiff Longeron for ITK Modules
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CELL DESIGN

• Modularity: cell
• Two types: Barrel and tilted cells
• Optimized thermal flux between cooling 

block – Thermal Pyrolitic Graphite (TPG)
• Positionning 

Cooling blocks

Base block

TPG

SENSOR

TPG
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SLIM concept (2/3)
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SLIM LAYOUT

• Modules implementation
▫ Layout must be fully hermetic for 1 GeV 

tracks at IP +- 150 mm
▫ SLIM layout has barrel modules types 

(40x40) and tilted modules (20x40mm)
▫ Transition barrel-tilted: distance between 

modules >20mm  (silicon surface 
optimized)

▫ 1 angle of 56° for all tilted modulesÆ
rationalize production
x Could be changed with respect to layer: 

more types of supports
▫ Barrel module inclined at 11° (Lorentz 

angle)
▫ Tilted modules are staggered in Z

Layer  4

Nominal

Nominal
-4mm

Nominal
-4mm

Nominal

Layer  4

IP
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CELL DESIGN

• Modularity: cell
• Two types: Barrel and tilted cells
• Optimized thermal flux between cooling 

block – Thermal Pyrolitic Graphite (TPG)
• Positionning 

Cooling blocks

Base block

TPG

SENSOR

TPG
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CELL MASS / TFM

Layer Radius Cooling
Line

Modules
Tilted

Modules
barrel

TFM
(°C.W-1.Cm2)

Mass per 
CL (gr)

3 160 27 24 15 14 157

4 200 36 30 15 14 171

5 300 50 28 21 20 129

6 340 60 32 21 20 137

L5

L6

cooling-pipe

inclined modules barrel modules



Sergio Gonzalez-
SevillaSergio Gonzalez Sevilla (UniGe)

SLIM concept (3/3)
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SLIM GLOBAL LAYOUT

SLIM CLASSIC

Layers Radius 
(mm)

Number of
Cooling Lines 

Number of 
tilted

modules

Number of 
Barrel 

modules

Total SLIM 
surface

(m2)

Number of
stave

Stave area
(mm2)

Total area
(m2)

Ratio

Saved
surface (m2)

For a 2 m long stave
3rd 160 27 24 15 1.2 26 80000 2.1 0.56 0.9
4th 200 36 30 15 1.7 34 80000 2.7 0.64 1.0
5th 300 50 28 21 2.8 50 80000 4 0.70 1.2
6th 340 60 32 21 3.6 57 80000 4.6 0.78 1.0
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NEW SLIM PROPOSAL

• All modules loaded outside the longeron
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SLIM LAYOUT

• I-beam concept:
▫ Combine two layers together for material optimization and mechanichal 

stability
▫ Module width variation to couple with the change in radius

• SLIM concept:
▫ Modules implemented on both sides of the carbon structure
▫ Could also be implemented for a single layer
▫ Same modules width but different type of structure

x L34: 2 types of longeron
x L56: 3 types of longeron

L5

L6

• Modules implemented on both sides of the carbon structure (Longeron) 

• Same modules (barrel, tilted) for all layers, but different types of support 
structures depending on layer pairs 
‣ Layers 56: 3 types of longeron
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Stave integration

• IBL experience on integration stand 

• Stave extracted radially with a combined kinematic

9
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• IBL experience on integration stand
• Stave extracted radially with a combined kinematic

STAVE INTEGRATION
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Stave integration
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Stave integration
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Stave integration
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Stave integration
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Stave integration
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Cooling line

• Simulation of cooling performance using CAD cells 
‣ pipe with ∅2 - ∅2.5 mm inner diameter OK (CO2 cooling) 

‣ stability of cooling temperature along longeron ±1oC

15 Slide 8 June, 15th 2015Sébastien MICHAL

COOLING

• Based on:
▫ Modules distribution from CAD
▫ A maximum heat flux of 0.5 W.cm-2

▫ 240 W total
• Pipe inner diameter from Ø2 to Ø2.5 

mm
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Services routing

16
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SLIM services

• Stave flex running along the longeron
▫ Not bonded

• Module flex with pigtail
▫ Flex

x Check the rigidity / shape
▫ Bundle

Stave flex

Micro connector

Stave flex
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Material budget (1/2)

17
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SLIM GLOBAL LAYOUT

SLIM CLASSIC

Layers Radius 
(mm)

Number of
Cooling Lines 

Number of 
tilted

modules

Number of 
Barrel 

modules

Total SLIM 
surface

(m2)

Number of
stave

Stave area
(mm2)

Total area
(m2)

Ratio

Saved
surface (m2)

For a 2 m long stave
3rd 160 27 24 15 1.2 26 80000 2.1 0.56 0.9
4th 200 36 30 15 1.7 34 80000 2.7 0.64 1.0
5th 300 50 28 21 2.8 50 80000 4 0.70 1.2
6th 340 60 32 21 3.6 57 80000 4.6 0.78 1.0
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Material budget (2/2)
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SLIM vs IBL 

SLIM L34/2 
pitch eta 1  

IBL R164 

• Comparison of material budget: SLIM vs IBL 
‣ R=164 mm, 2 m long stave 

‣ rescale IBL position up to 164 mm 

‣ only local supports, no silicon
IBL nominal 

radius (~33 mm)

IBL “rescaled” 
@R=164 mm
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2.- Prototyping
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Prototyping campaign for SLIM concept

1.- Longeron 
‣ manufacturing  

๏ short section: transition region 

2.- Cooling lines 
‣ cooling pipe bending jig 

‣ cooling line-to-longeron bonding jig 

3.- Module cells 
‣ cooling blocks production 

‣ barrel cell assembly and loading 

‣ tilted cell assembly and loading 

➡ measure thermo-mechanical performances of cell assembly 

20
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Cooling lines

21
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PROTOTYPE MATERIAL

• Block longeron interface: amount of glue
▫ Epoxy film

x Pb: curring temp ~170 °C
x Diego found 50-70°C epoxy

▫ Epoxy glue
x DPM 490

Slide 4 April, 20th 2015Sébastien MICHAL

Pipe Dog leg

• Is this bending feasible ?
▫ Valery AKHNAZAROV (PH-DT)

• According to Bart VERLAART, there is no 
issue on the cooling side
▫ Pressure drop negligible
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NEW SILM PROPOSAL

• Transition from tilted to barrel location
▫ Simplification of the part types

x All colling block the same for tilted and barrel

• Need a different section of the longeron
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Pipe Dog leg

• Is this bending feasible ?
▫ Valery AKHNAZAROV (PH-DT)

• According to Bart VERLAART, there is no 
issue on the cooling side
▫ Pressure drop negligible

• Cooling pipe bending jig 

• Cooling line-to-longeron bonding jig 
‣ adhesive type (epoxy film / glue) ? thickness ?
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Base- and cooling-block prototypes (1/2)

• Aluminium-Carbon composite (60% Cf) from NovaPack (France) 
‣ Al alloy poured into a matrix of carbon fibres grown with given fibre orientation 

‣ in-plane fibres alignment, low CTE (Si CTE: 2.6 ppm/oC)

22

CONFIDENTIAL

Al-fC FIBER PROPERTIES

PROPERTIES - 7 - 4
Thermal properties
Thermal conductivity (W/m.K) / (X-Y) 200 230
Thermal conductivity (W/m.K) / (Z) 125 120
Specific Heat Capacity (J/kg.K) 880 850

Physical properties
CTE 25 - 150°C (ppm/°C) / (X-Y) 7 4
CTE 25 - 150°C (ppm/°C) / (Z) 24 24
Density (g/cm3) 2.46 2.4

Mechanical properties
Young’s modulus (GPa) 90 98
Flexural Strength (MPa) 160 185

Electrical properties
Electrical resistivity (µohm.cm) 6.9

3

CONFIDENTIAL

C FIBER COMPOSITE MICROSTRUCTURE

C fibers composites properties are anisotropic

! preferential in-plane fibers alignment
! in-plane CTE adaptation for dice and ceramic brazing

2

C fibers repartition (here Al-fC)

in plane through thickness

CONFIDENTIAL

C FIBER COMPOSITE MICROSTRUCTURE

C fibers composites properties are anisotropic

! preferential in-plane fibers alignment
! in-plane CTE adaptation for dice and ceramic brazing

2

C fibers repartition (here Al-fC)

in plane through thickness

COMPOSITES 
(Metal Matrix Composites)

14 rue des Glairaux, Bâtiment Atoll, 38120 St Egrève (Grenoble), France

REV F
Jan 2013
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Base- and cooling-block prototypes (2/2)

23

Base-block

Base-block

Cooling-block Base-block + cooling-block
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BLOCKS

• First blocks machined from Al-CF
• Tolerances according to specifications
• Plan is to order:

▫ 15 parts of each

Base-block

Base-block

Cooling-block

BARREL CELL
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PROTOTYPE MATERIAL

• 4 pipes Ø2 mm inner diameter
▫ Eric VIGEOLAS

• TPG
▫ 6 plates 38 x 118.4 x 0.6 mm

x Barrel cells L34 (TFM 14)
▫ 6 plates 38 x 118.4 x 0.4 mm

x Barrel cells L56 (TFM 20)
▫ 15 plates 19 x 38 x 0.6 mm

x Tilted cells L34
▫ 15 plates 19 x 38 x 0.4 mm

x Tilted cells L56
▫ In transit since 10th june…

Cooling blocks

Base block

TPG

SENSOR

TPG

TILTED CELL

• First prototypes already received, extremely good quality 
‣ e.g: specifications for base-block positioning pin diameter:                

[0.994-0.980] mm ; metrology survey = 0.984 mm
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3.- Alternatives
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Upgrade of the ALICE ITS (1/2)

• ALICE Inner Tracking System (ITS) 
‣ 7 layers with MAPS  

๏ Inner Barrel: 22, 31, 39 

๏ Outer Barrel:  194, 247, 353, 405 

‣  10.3 m2, ~12.5 x 109 pixels with binary readout 

• Operated at room temperature (20 - 30 oC), water cooling

25
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Figure 1.1: Layout of the new ITS detector.
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Figure 1.2: Schematic view of the cross section of the Inner Barrel (left) and Outer Barrel
(right).

1.3.3 Experimental conditions

The experimental conditions in terms of interaction rates and particle multiplicity, which
have been used as basis for the definition of the detector specifications and simulation of
its performance, are presented below.

Table 1.2 summarises the expected maximum hit densities for primary and secondary
charged particles. An additional contribution to the overall particle load comes from e+e�

pairs generated in the electromagnetic interaction of the crossing ion bunches. These
will be referred to as QED electrons. The latter contribution depends on the detector
integration time.
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1.3.3 Experimental conditions

The experimental conditions in terms of interaction rates and particle multiplicity, which
have been used as basis for the definition of the detector specifications and simulation of
its performance, are presented below.

Table 1.2 summarises the expected maximum hit densities for primary and secondary
charged particles. An additional contribution to the overall particle load comes from e+e�

pairs generated in the electromagnetic interaction of the crossing ion bunches. These
will be referred to as QED electrons. The latter contribution depends on the detector
integration time.
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Figure 4.4: Schematic exploded view and cross section of the OB Stave.

Figure 4.5: A prototype of the OB Stave Space Frame with Cold Plates.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration
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Figure 4.8: Schematic layout of the mechanical and cooling structure of the OB Stave.

requirements have led to an equilateral section of the frame with a 42mm wide side, that
provides almost the same rigidity for all the possible Stave positions.
The materials used in the prototype production are high modulus carbon fibre M55j-

6k (540GPa) [24], with K13C2U (900GPa) [25] as a sti↵er alternative. At both ends
of the Space Frame, two mechanical connectors ensure the accurate positioning of the
Stave within the Layer. The mechanical connectors are designed to permit mounting and
dismounting of the Stave with high accuracy.

4.2.2 Thermal characterisation

Thermal tests were conducted on several prototypes with the aim of optimising and char-
acterising the Stave cooling design. Both water in leakless mode (absolute pressure at the
Stave < 1 bar) and two-phase C

4

F
10

refrigerant [26] were used as coolants. The power
dissipated by the Pixel Chips was simulated by means of a polyimide heater glued to the
prototype Cold Plate, covering the same surface as the Pixel Chips. The heat load is
transferred through the carbon fibre towards the embedded pipes and is finally removed
by the coolant. Several temperature sensors were placed above the Stave heater, while an
infrared (IR) camera mapped the heater temperature allowing the location of heat spots.
Pressure and temperature of the refrigerant were recorded during the tests at the Stave
inlet and outlet.
The following requirements have been considered for the thermal characterisation tests

of both IB and OB Staves:

• the Stave operative temperature shall not exceed 30�C, based on the requirements
of the chip, while the temperature uniformity along the Stave shall be kept within
5 �C;

• the power dissipated by the Pixel Chips shall not exceed 300mWcm�2 for the IB
and 100mWcm�2 for the OB.

Inner Barrel Stave

Test results are reported for a chip power dissipation value of 300mWcm�2 as well as
150mWcm�2 and 500mWcm�2 as lower and upper limits, respectively.
A small portion of the applied power is exchanged directly with the environment by

convective and radiative heat transfer. This heat load has been estimated by means of

• Stave mechanical components: 
‣ space-frame: truss-like lightweight mechanical support structure for the single 

stave based on composite material (CFRP) 

‣ cold-plate: sheet of high-thermal conductivity CF laminate, with embedded 
polymide cooling pipes, ∅1.0(2.7) mm ID for IB(OB) staves
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Design Concept: Truss Structure

• “Longeron” concept substituted by a CFRP truss structure
▫ Extremely light and mechanically efficient
▫ Proven technology (e.g. ALICE ITS)

• Module layout identical to current SLIM concept 
• Initial feasibility studies focus on 5th Pixel layer

▫ Baseline solution: Thermal management following UniGe philosophy
x Simplified & lighter support structure

▫ Alternative proposal: Thermal management based on flexible strap
x Modules fixed to structure via CFRP supports (i.e. positioning)
x “Floating” cooling lines (decoupled thermo-mechanical behaviour)

ALICE ITS

PH-DT Engineering office
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SLIM + Truss structure (1/2)

1. Cooling lines + cooling pads attached to truss structure 
‣ adhesive bonding 

‣ mechanical fixation system

27
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Baseline Solution

• Cooling lines + cooling pads attached to truss structure:
▫ Adhesive bonding (CFRP skin or sandwich to increase area and facilitate bonding)

▫ Mechanical fixation system
• Preliminary FE Analysis

▫ End vertex fully constrained
▫ Mass per cooling line: 160g
▫ Cross members: M55J
▫ Longitudinal Fibres: K13D

Sandwich structure in the 
barrel section to 

accommodate bent pipe
Mass of Truss Structure: ~ 55g 

PH-DT Engineering office

Slide 21 June, 15th 2015Sébastien MICHAL

Baseline Solution

• Cooling lines + cooling pads attached to truss structure:
▫ Adhesive bonding (CFRP skin or sandwich to increase area and facilitate bonding)

▫ Mechanical fixation system
• Preliminary FE Analysis

▫ End vertex fully constrained
▫ Mass per cooling line: 160g
▫ Cross members: M55J
▫ Longitudinal Fibres: K13D

Sandwich structure in the 
barrel section to 

accommodate bent pipe
Mass of Truss Structure: ~ 55g 

PH-DT Engineering office

Slide 21 June, 15th 2015Sébastien MICHAL

Baseline Solution

• Cooling lines + cooling pads attached to truss structure:
▫ Adhesive bonding (CFRP skin or sandwich to increase area and facilitate bonding)

▫ Mechanical fixation system
• Preliminary FE Analysis

▫ End vertex fully constrained
▫ Mass per cooling line: 160g
▫ Cross members: M55J
▫ Longitudinal Fibres: K13D

Sandwich structure in the 
barrel section to 

accommodate bent pipe
Mass of Truss Structure: ~ 55g 

PH-DT Engineering office

Slide 21 June, 15th 2015Sébastien MICHAL

Baseline Solution

• Cooling lines + cooling pads attached to truss structure:
▫ Adhesive bonding (CFRP skin or sandwich to increase area and facilitate bonding)

▫ Mechanical fixation system
• Preliminary FE Analysis

▫ End vertex fully constrained
▫ Mass per cooling line: 160g
▫ Cross members: M55J
▫ Longitudinal Fibres: K13D

Sandwich structure in the 
barrel section to 

accommodate bent pipe
Mass of Truss Structure: ~ 55g 

PH-DT Engineering office

Slide 39 June, 15th 2015Sébastien MICHAL

CFRP Truss Structure: Baseline Solution
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SLIM + Truss structure (2/2)

2. Flexible thermal strap for heat management 
‣ TPG plate behind module to minimise T within sensor 

‣ Layered PGS (Pyrolytic Graphite Sheet) connecting TPG and cooling pads 
(floating pipes) 

‣ modules positioned on truss-structure via CFRP local supports

28
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Alternative Solution: Flexible Thermal Strap

• Flexible thermal strap for heat management
▫ TPG plate behind module to minimise ΔT within sensor
▫ Layered PGS connecting TPG and cooling pads (floating pipes) 

• Modules positioned on truss structure via CFRP local supports

• Prototyping and thermal testing currently underway
▫ Proof of concept
▫ Characterisation of thermal interfaces

400µm TPG plate

Al Cooling pad

Layered PGS

PH-DT Engineering office
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Alternative Solution: Flexible Thermal Strap

• Flexible thermal strap for heat management
▫ TPG plate behind module to minimise ΔT within sensor
▫ Layered PGS connecting TPG and cooling pads (floating pipes) 

• Modules positioned on truss structure via CFRP local supports

• Prototyping and thermal testing currently underway
▫ Proof of concept
▫ Characterisation of thermal interfaces

400µm TPG plate

Al Cooling pad

Layered PGS

PH-DT Engineering office

Layered PGS

CFRP local support
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Summary

• Still a number of uncertainties in the layout of the future ITK 
‣ hopefully to be solved soon 

• SLIM has been presented as a possible engineering solution for the 
outermost pixel layers of the ITK tracker 
‣ large benefits from using inclined sensors 

๏ large reduction in material budget 

๏ large reduction in cost 

• First real prototypes currently being developed 
‣ evaluation of thermal and thermo-mechanical performances 

‣ comparison with detailed FEA simulations 

‣ validation of different component types and assembly techniques (pipe bonding) 

• Further optimization of the layout after feedback from physics 
simulations

29
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Electrical requirements

• 7.2.- “Power dissipation per detector module must be low enough to 
prevent thermal runaway of Pixel and Strip sensors defined in 
conjunction woth the cooling capacity specification. Power dissipation 
of end of stave or petal circuitry must be low enough to prevent a rise in 
stave or petal temperature above that required for the attached modules 
to present their sensor thermal runaway”. 

• 7.3.- “Noise occupancy of the Pixel and Strip detectors should be at 
least one and preferably two orders of magnitude less than the 
occupancy due to hits on tracks after exposure to lifetime irradiation”.
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SLIM with CFRP Truss structure: baseline
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CFRP Truss Structure: Baseline Solution
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SLIM with CFRP Truss structure: alternative
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CFRP Truss Structure: Alternative Solution
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CMS layout options

• Flat geometry (baseline) 
‣ Pixel modules 

‣ PS modules (OT) 

‣ 2S modules (OT)
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CMS Tracker layout options 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

S. Mersi at al., Performance of Tilted Inner Barrel, CMS Upgrade Workshop 1 April 2014 

4 

New types of modules for the Upgrade 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

Using two superposed 
sensors each module is able 
to filter tracks by momentum 

130 mm 

70 mm 

140 mm 

130 mm 

16.09.2014 GSguazzoni

PT Modules for track trigger: 2S

12

2S module
5cm×90μm AC coupled strips (both 
sides) pitch, ~10x10cm2 ,P~4W

CIC (Concentrator IC):
FE chip data sparsificationData link:

Low-power GigaBit Transceiver
(LpGBT) + laser driver currently 
under development DC/DC converter (already foreseen in Phase-1 pixel 

project) 10-12V lines: lower current, lower material

Low-mass 
mechanical 
structures 
optimized for 
cooling

Front-end electronics (CBC chips), specialized for 
strips features top/bottom sensor correlation

130 mm

140 mm

2S

STRIP sensors: 
- AC coupled, 10 x 10 cm2 

- two rows of 5 cm long strips, 90 µm pitch

➡ COARSE z-information

16.09.2014 GSguazzoni

PT Modules for track trigger: PS

13

PS module
2.4cm×100μm AC coupled strips + 1.5mm×100μm DC 
coupled macro pixels, ~5x10cm2 ,P~6-8W

Front-end electronics, specialized for strips (SSA chip) 
and pixels (MPA chip), features top/bottom sensor 
correlation

CIC (Concentrator IC):
FE chip data sparsificationData link:

Low-power GigaBit Transceiver
(LpGBT) + laser driver currently 
under development DC/DC converter (already foreseen in Phase-1 pixel 

project) 10-12V lines: lower current, lower material

Low-mass 
mechanical 
structures 
optimized for 
cooling

140 mm

130 mm

PS

STRIP sensor: 
- AC coupled, 5 x 10 cm2 
- two rows of 2.5 cm long strips, 100 µm pitch 

PIXEL sensor: 
- DC coupled, 5 x 10 cm2 

- 32 rows “macro-pixel”, 1.5 mm long, 100 µm pitch

➡ PRECISE z-information: primary vertex discrimination @L1

Technical Proposal for the Phase-2 CMS upgrade 
CERN-LHCC-2015-010 / LHCC-P-008
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Tilted section 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Modules supported by Rings 
• Rings joined by longitudinal bars. 
• Cooling supply pipes, wires and fibres 

routed along the bars. 
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CMS layout options

• Flat geometry 
‣ Pixel modules 

‣ PS modules (OT) 

‣ 2S modules (OT) 

• Tilted geometry 
‣ Pixel modules 

‣ PS modules (OT) 

‣ 2S modules (OT) 
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CMS Tracker layout options 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

S. Mersi at al., Performance of Tilted Inner Barrel, CMS Upgrade Workshop 1 April 2014 
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Tilted section 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Modules supported by Rings 
• Rings joined by longitudinal bars. 
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CMS layout options

37

Layout PS modules

Flat ~7000

Tilted ~5700

11 

Gain of tilted wrt flat (simpler) geometry 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

27 modules 

28 modules 

32 modules 

12 

Gain of tilted wrt flat (simpler) geometry 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

21 modules (instead of 27) 

18 modules (instead of 28) 

15 modules (instead of 32) 

A. Onnela & K. Cichy, “Concept of a tilted barrel for the CMS Tracker Phase 2 
upgrade”, Forum on Tracking Detector Mechanics (2014) 
https://indico.cern.ch/event/287285/contribution/22/material/slides/0.pdf
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Material budget full tracker 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

S. Mersi at al., Performance of Tilted Inner Barrel, CMS Upgrade Workshop 1 April 2014 
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Material budget full tracker 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

S. Mersi at al., Performance of Tilted Inner Barrel, CMS Upgrade Workshop 1 April 2014 
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Tilted section 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Modules supported by Rings 
• Rings joined by longitudinal bars. 
• Cooling supply pipes, wires and fibres 

routed along the bars. 
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Engineering solutions for tilted modules: CMS

38
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Tilted section 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Modules supported by Rings 
• Rings joined by longitudinal bars. 
• Cooling supply pipes, wires and fibres 

routed along the bars. 
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The Ring concept 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Flat disk with cooling pipes and module supports on each side. 
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Ring & Modules 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 
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The Ring concept 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Here the other side 
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The Ring concept 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Here the other side 
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The Ring concept 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Flat disk with cooling pipes and module supports on each side. 

- Tilted modules supported by rings 
- rings joined by longitudinal bars 
- Cooling pipes and services routed along bars
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Tilted section 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Modules supported by Rings 
• Rings joined by longitudinal bars. 
• Cooling supply pipes, wires and fibres 

routed along the bars. 

Fully populated ring

Bare ring
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Tilted section 

Forum 2014: Tilted Barrel for CMS Phase 2 Upgrade 

• Modules supported by Rings 
• Rings joined by longitudinal bars. 
• Cooling supply pipes, wires and fibres 
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