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Presentation Outline

• Introduction
• Conceptual Design Description
• Sector Trade Studies & Analyses
• Support-Structure Trade Studies & Analyses
• Summary
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INTRODUCTION
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Background

• The Solenoidal Tracker at RHIC (STAR) tracks the thousands of particles produced 
by each ion collision at the Relativistic Heavy Ion Collider (RHIC), at Brookhaven 
National Laboratory

• The Heavy Flavor Tracker (HFT) will be placed at the center of the STAR Detector
• The HFT is currently in the conceptual design phase, and is being developed by a 

team at Lawrence Berkeley National Laboratory (LBNL)

Solenoidal Tracker at RHIC (STAR)

HFT installed at 
center of STAR
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ARES Scope of Work

• LBNL subcontracted with ARES Corporation to support the conceptual design and 
engineering analysis of the HFT pixel-detectors and associated support structure.  
ARES’ scope of work included the following Subtasks:

• Subtask 1 – Identify and Document Design Requirements
– Identify design requirements applicable to the HFT detector design
– Summarize requirements in a design document

• Subtask 2 – Analysis of HFT and Design Optimization
– Model and perform finite element analysis of HFT pixel-detector
– Evaluate thermal performance with chilled-air cooling
– Evaluate the structural stability and compare results to design requirements
– Minimize the projected radiation length

• Subtask 3 – Analysis of Surrounding Structure and Design Optimization
– Develop the Kinematic Mount, D-Tube Support Structure, and Strongback Support Structure design 

concepts
– Model and perform finite element analysis of design concepts
– Evaluate the structural stability and compare results to design requirements

• Specific Effort for Subtasks 2 & 3
– Perform trade studies
– Update the design configuration
– Create FEA models and perform stability analyses
– Update solid models
– Report findings
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Initial LBNL HFT Concept

• Detector Background
– The detector beam structure forms part of a silicon tracking system for high 

precision tracking of charged particles at the STAR experiment at the RHIC 
collider.  A preliminary and partial concept is shown below.

Inner vertex detector shown at the center of the STAR interaction region

2 of 3 inner vertex detector modules 
at the center of the interaction region
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Initial LBNL HFT Concept

• Clamshell Design
– HFT Detector and Support Structure Assembly mounts around center beam 

pipe, with kinematic-mount interface between the two halves
• Five (5) sectors per each clamshell half
• Four (4) ladder units per sector

Silicon Pixel 
Detectors (Blue)

Sector (Green)

Beam Pipe (Gray)

Ladder Unit
(Gold and Blue)

End Cap Support
(Yellow)

Clamshell Structure 
w/ Kinematic Mounts
(Red)

Beam Pipe
Support Structure 
(Gray)
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Interface:  
Kinematic Mounts to ISC

ISC fits inside cone and is supported by structure therein

ISC supports pixel detector and beam pipe inside

HFT Interfaces – HFT to Inner Support Cylinder (ISC)

ISC

Beam Pipe
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HFT Interfaces – HFT to Strongback

HFT

Strongback

Interface:
HFT to Strongback

• Strongback mounted to linear rail system
– Strongback supports HFT during installation/extraction in ISC

• HFT cantilevered from Strongback
– Design objective is to decouple the interface following 

installation in ISC



Conceptual Design of HFT 
Summary Presentation
(No. 0733403.01-001)

3/31/2008 Page 10 of 148

Design Requirements – Materials, Loads, Design Life

• Material Requirements
– No magnetic materials

• Design Loads
– Gravity:  Static 1-g in Y-Direction
– Thermal:  Silicon pixel ladder thermal output = 100 mW/cm2

• Thermal Load Distribution (Single Chip)
– 100 mW along 2-mm wide strip of long edge
– 5 mW distributed over the rest of chip surface
– 2 W over surface of the drivers at the power-connection end of each ladder 

– Vibration:  Power Spectral Density (PSD) curve supplied by LBNL

• Design Life
– HFT support structure:  five (5) years
– Silicon pixel ladders:  one (1) year
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Design Requirements – Environment

• Operating Environment
– Ambient Temperature

• 75°F ( ~24°C)
– Non-operating temperature range

• 32-100°F
– Humidity

• 50-60% relative humidity
• Maximum of 100% relative humidity at non-operating conditions

– Ambient Pressure
• 1 atm

– Magnetism
• ½-tesla magnetic field environment

– Radiation
• 300 kilorad per year, RHIC-2 luminosity
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Design Requirements – Performance

• Performance
– Stability

• 20-µm maximum operational displacement from surveyed condition
– Radiation length of populated HFT sector (goal)

• 0.3% for inner detector layer
– Cooling

• Cooling fluid – ambient air
• 10°C maximum temperature difference from ambient temperature for silicon pixel 

ladders
• Cooling method is forced convection with flow through center support tube that the 

HFT is supported in
– Hermaticity

• 0.5 – 1.0-mm overlap between adjacent ladders
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Design Requirements – Maintenance & Design

• Maintenance
– ~6-month operational cycle annually
– 1-2 months during summer of each year for regular scheduled maintenance
– Non-scheduled maintenance:  1-2 times per year (may occur during operational cycles)

• Replacement of half shell (5-sector unit) in less than 8 hours
• Rebuild of half shell with replacement of sector and re-map in 1 week or less

• Mechanical Design
– HFT Coordinate System

• Cylindrical coordinate system (R, Θ, Z), origin located at STAR Detector Coordinate System origin
• Z-axis same as STAR Detector Coordinate System Z-axis
• R- Θ plane defined by:

– R = Unit radius from origin, orthogonal to Z-axis
– Θ = 0° in vertical direction (STAR Detector Y-axis)
– Positive Θ – defined from right hand rule

– Ladder Configuration
• Inner silicon pixel detector layer at Radius = 2.5 cm
• Outer silicon pixel detector layer at Radius = 8.0 cm
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Design Requirements – Mechanical Design (Cont’d)

• Mechanical Design (Cont’d)
– HFT Assembly (bounded by hermetic overlap = 0.5 – 1.0 mm)

• Alignment tolerances of silicon pixel detectors onto sectors:
– Θ-position:  7.6-mm overhang of ladder off of sector to +/- 0.25 mm
– Z-position:  -9.5 cm from HFT origin to +/- 0.25 mm

• Align adjacent sectors to satisfy the above requirements
– Interfaces 

• STAR Detector “stay-out” envelope for HFT
– Radial distance from beam centerline

» Rinner = 2.1 cm
» Router = 10.5 cm (ISC inner radius)

– Axial distance along beam centerline from center point of STAR Detector
» -Z dir = N/A, extraction of HFT is done from this end
» +Z dir = 21.0 cm 

• STAR Detector radiation length requirements for other surrounding detectors outside of 
HFT envelope

– 1% radiation length
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Design Requirements – Mechanical Design (Cont’d)

• Mechanical Design (Cont’d)
– Utility Routing

• Electrical Cable 
– Bundle size per ladder

» Blue circles - signal pairs
» Red circles - power pairs
» Total envelope - 6.2-mm diameter
» 0.1-V drop around a 2-m loop if all ladder power is carried in one power pair

• Ducting for cooling air – TBD
• Vacuum lines – TBD
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CONCEPTUAL DESIGN 
DESCRIPTION
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Sector & Detector Ladders – Component Layout

• The sector is a composite structure, supporting multiple silicon pixel ladders
• Each silicon pixel ladder comprises multiple silicon pixel detector chips, 

Kapton layer, composite backing layer, and adhesive between layers
• One (1) inner silicon pixel ladder and three (3) outer ladders per sector
• Ten (10) silicon pixel detectors bonded end-to-end to form one (1) ladder

Silicon Pixel 
Detectors (Blue)

Sector (Green)

Ladder Unit
(Gold and Blue)

Interface Wedge
(Gray)

Flat Cable
(Blue)
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Sector & Detector Ladders – Design & Layout

Sector Bonded Joints
(Typical)

Detector / Ladder Layers 
(from top to bottom):

1) Silicon (50-µm thick)
2) Acrylic Adhesive (50 µm)
3) Kapton (75 µm)
4) EA 9396 (50 µm)
5) GFRP Open Woven Cloth (75 µm)
6) EA 9396 (50 µm)
7) YSH-50 Laminate (200 µm)

Sector Bonded Assembly 
using Three Sections

Cooling Fin

Sector Cross-Section
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Sector & Detector Ladders – Material Properties

• Silicon
– EX = EY = EZ = 131 GPa
– αX = αY = αZ = 2.6E-6 m/moK
– ρ = 2330 kg/m3

• Acrylic Adhesive
– EX = EY = EZ = 4.2 GPa
– αX = αY = αZ = 5.5E-5 m/moK
– ρ = 1190 kg/m3

• Kapton
– EX = EY = EZ = 3.3 GPa
– αX = αY = αZ = 2.0E-5 m/moK
– ρ = 1420 kg/m3

• Structural Adhesive
– EX = EY = EZ = 1.8 GPa
– αX = αY = αZ = 1.8E-7 m/moK
– ρ = 800 kg/m3

• YSH-50/CE Open Woven Cloth 
Laminate

– EX = EY = 150 GPa
– EZ = 5 GPa
– αX = αY = αZ = -2.0E-7 m/moK
– ρ = 900 kg/m3

• YSH-50/CE Lamina*
– EX = 324 GPa
– EY = EZ = 5 GPa
– αX = αY = αZ = -2.0E-7 m/moK
– ρ = 1750 kg/m3

* Note: Laminate CTE properties are defined in model
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Sector & Detector Ladders – Fiber Orientation

0 degree

+ 60
- 60

+ 90

Sector

Quasi-isotropic lay-up

YSH-50/EX-1515, [0, +60, -60|s

0 degree

+ 90

Back Plane

Open Weave YSH-50 Cloth

[0/90]
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Sector & Detector Ladders – Interface

Ladder Unit

Sector  Wedge

D-Tube 

Interface Plate

Locking Bracket

Note:  Click 
to animate

Sector
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Sector & Detector Ladders – Clamshell Assembly

Interface Plate

D-Tube 

Sector Wedge

• HFT is Comprised of Two 
Mirror-Image Assemblies

– 5 Sectors Per Assembly
– 1 D-Tube Per Assembly
– 1 Wedge Per Sector 

Sectors
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HFT Docking – Concept Design Objectives

• Design Objectives
– Installation

• Provide full 6-DoF stability during installation
• Allow Pixel Detector position to be controlled by kinematic mounts
• Provide an axial force greater than the opposing kinematic mount spring force
• Protect the Pixel Detector from over-drive

– Operation
• Decouple Pixel Detector from Strongback support structure
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HFT Docking – Concept Description

Strongback Mounts

D-Tube

Pixel 
Detectors

Upper 
Kinematic 
Mounts

Lower 
Kinematic 
Mount

ISC 

Strongback
(Guide Rails not shown)

Cooling-Air 
Inlet Ducts

Bellows
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Lower Kinematic Mount: 
Roll Constrained
– Mount anywhere along the bottom edge
– Below the C.G. is ideal

Beam
Axis Upper Kinematic Mount:  

All Translations Constrained

Upper Kinematic Mount:  
Yaw and Pitch Constrained

HFT Docking – Kinematic Mounting Configuration

• 3-2-1 Kinematic Mount System
– Used to mount and precisely position D-Tube
– Repeatable positioning 
– Physical Constraints are Non-Redundant
– Allows system to minimize self-induced strain during thermal/moisture expansion



Conceptual Design of HFT 
Summary Presentation
(No. 0733403.01-001)

3/31/2008 Page 26 of 148

HFT Docking – Kinematic Mounts

Upper Kinematic Mount:
V Groove
(Yaw and Pitch Rotations Constrained)

Upper Kinematic Mount:
V-Groove with Stop
(All Translations Constrained)

Lower Kinematic Mount: 
Spring Loaded Tab
(Roll Constrained)

D-Tube 
AssemblyISC
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HFT Docking – Upper Kinematic Mounts

• Upper Kinematic Mount & Flexure
– Weight of assembly provides positive 

contact on V-Groove
– Flexure provides a vertical and longitudinal 

force (forward mount only)
• Additional preload on V-Groove
• Provide positive contact on longitudinal 

constraint

V-Groove Interface

Cantilevered Flexure

Upper ISC Guide/Mount

D-Tube Kinematic Mount

Longitudinal Constraint
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HFT Docking – Upper ISC Guide/Mount

Guides are post bonded using a fixture to locate the three mounts

Installation Guides

V-Groove Interface

Retaining Plates

ISC Interface Flange
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HFT Docking – Upper Kinematic Mount

Cantilevered Flexure

Guide Interface Pin

Precision Surface 
(Simulating V-Groove)

D-Tube Interface
(Double Lap Joint)
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HFT Docking – Lower Kinematic Mount

• Lower Kinematic Mount & Flexure
– Flexure Provides preload to keep 

Precision Tab Surfaces in Contact.
– Surfaces Also Preloaded by the 

Assembly’s Weight

Lateral Constraint w/ 
Precision Surface

Cantilevered Flexure

Lower ISC Guide/Mount

D-Tube Kinematic Mount
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HFT Docking – Lower ISC Guide/Mount

Guides are post bonded using a fixture to locate the three mounts

Retaining Plates

ISC Interface Flange

Lower ISC Guide/Mount

Angled Guide/Capture Surfaces
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HFT Docking – Lower Kinematic Mount

Cantilevered Flexure
Lateral Constraint 
w/ Precision Surface

Precision Surface w/Chamfer
(Minimum Contact Area)

D-Tube Interface
(Double Lap Joint)
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• Strongback Attachment System
– Used to Install and Uninstall D-Tube Assembly from Kinematic Mount
– Physical Constraints are Non-Redundant
– De-Coupled from Installed D-Tube Assembly Manually.

Beam
Axis

HFT Docking – Strongback Attachment

Upper Strongback Mount – U-Joint:
Pitch Constrained

Lower Strongback Mount – Clevis:
Longitudinal and Vertical Translation,
Roll, and Yaw Constrained
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HFT Docking – Strongback Attachment

Strongback

Upper Mount is 5-DOF Joint

Lower Mounts

Safety Spring, Pre-Load 
Cap and Housing

D-Tube

Section View of Upper Mount

• Upper Strongback Mount
– Provides controlled axial force to overcome 

kinematic mount flexure forces during 
installation

– Configuration releases all DOF Except 
Axial (5-DOF Joint)

– Is decoupled by partially unscrewing pre-
load cap

Upper Mount
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HFT Docking – Upper Mount 5-DOF Joint

UY

UX

RX

RZ
RY

• Upper Strongback Mount 5-DOF Joint
– Only Axial Translation (UZ) Constrained
– Small gap (0.005 in.) between pins allows 

small rotations (<10 Deg) about the Y-Axis
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HFT Docking – Strongback Attachment

• Lower Strongback Mount
– Prior to Installation: Provides a pinned-type connection
– During installation: Lower mount becomes compliant by reacting against flexure 

to allow kinematic mounts to determine the HFT position
– Following Installation: Decoupling is accomplished by manually sliding shaft

Lower Mount Flexure
Decoupling Shaft

Clevis
(Shown Partially 
Cut for Clarity)

During Installation Decoupled
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SECTOR TRADE STUDIES & ANALYSES 

The following slides provide a summary of the various 
trade studies and analyses performed that led to the 
conceptual design presented on the previous slides 
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Clamshell Stiffness – Analytical Analysis

• Assumptions:
– Uniform load on entire beam
– Small angle deformation

• Two Cases:
– Cantilevered Beam (Fixed – Free)
– Guided Cantilevered Beam (Fixed – Guided)

• No shear transfer between sectors
– resistive moment
– equal length deformation

• Results (ref. Roark):
– Case 1 – ydef = (-wa*l4)/(8*E*I)
– Case 2 – ydef = (-wa*l4)/(24*E*I)
– Case 2 is three (3) times stiffer than Case 1
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Clamshell Stiffness – Finite Element Model

• Model Parameters:
– Sector element - 3-D Beam

• Section properties from LBNL 
SolidWorks model

– Sector mass
• 4 Ladders at 2.5 grams/ladder
• Distributed evenly along sector length

– Wedge-Socket end cap
• Element – Rigid beam (conservative)

– End cap mass:
• No mass
• Matl. – Al = 70 grams
• Matl. – GFRP = 44.4 grams

Uy
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Clamshell Stiffness – Finite Element Analysis

• Results (COSMOS/M FEM):  
(Fixed-Guided vs. Fixed-Free)

– No end cap mass
• Uy - 2.667 times stiffer
• Ux - 1.8 times stiffer

– End cap mass – 70 grams (aluminum)
• Uy - 1.6 times stiffer
• Ux - 0.875 times stiffer

– End cap mass – 44.4 grams (GFRP)
• Uy - 1.57 times stiffer
• Ux - 1.143 times stiffer

Ux
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Clamshell Stiffness – Conclusions

• Mass of end cap dominates the deflection of the guided cantilevered 
beam

– Therefore, the equation for deflection is more like a concentrated force at the 
guided end

– From Roark, ydef = (-W*l3)/(12*E*I), which is only a 1.5 increase in stiffness 

• Gain in stiffness from fixing ends of sectors together in Guided end 
condition is offset by additional weight of end cap piece.

• Leave cantilevered design as is!
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Sector Stiffness – Analytical Analysis

• Boundary Conditions:
– Loads:

• 1g in negative Y-direction
• Weight of sector only

– Sector:  cantilevered (fixed – free)
– Incremented wall thickness:

• 120, 150, 200, and 250 µm

• Results:
– Plotted deflection of sector against 

radiation length of GFRP composite 
wall for a given wall thickness

– Used radiation length = 28 cm for 
GFRP
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Sector Stiffness – Finite Element Analysis

HFT Pixel Detector Sector Stiffness
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Sector Stiffness – Conclusions

• Radiation length for Inner detector layer
– Goal – 0.3%
– Ladder unit RL – 0.242%
– Sector wall RL - 0.05% to 0.07%

• Deflection for sector
– Stability requirement – 20 µm

• Sector wall thickness
– Optimum ~ between 150 µm – 200 µm
– Fabrication – strive to build sector with < 200 µm wall thickness
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Sector Cooling – Study I

• Assumptions:
– 1-D (X-dir.) heat transfer problem
– Top surface of silicon pixel detector is adiabatic

• Heat Transfer Path:
– Conduction through pixel detector ladder to 

inside surface of sector
– Convection from inside sector surface to ambient 

air
– Flow rate:  2 m/s

• Results:
– Temperature change of ~82 K thru the thickness 

to ambient air
– Calculated ∆T for conduction through thickness 

= 1.62 K, Conclusion:  convection controls

50µm Silicon, k = 130 W/m-K
50µm Acrylic Adhesive, k = 0.1 W/m-K

75µm Kapton, k = 0.37 W/m-K

50µm Epoxy Adhesive, k = 0.21 W/m-K

75µm GFRP Open Woven Cloth, k = 0.4 W/m-K

50µm Epoxy Adhesive, k = 0.21 W/m-K

200µm GFRP Laminate, k = 0.8 W/m-K

Adiabatic Surface

100 mW/cm2

Heat Flux

Air Flow - 2 m/s

Tamb - 294 K

X
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Sector Cooling – Study I

• Assumptions:
– 1-D (X-dir.) heat transfer problem
– Removed adiabatic condition

• Heat Transfer Path:
– Conduction through pixel detector ladder to 

inside surface of sector
– Convection off of top surface of silicon 

detectors and off of inside sector surface to 
ambient air

– Flow rate:  2 m/s

• Results:
– ∆T of ~40 K (convective heat transfer)

50µm Silicon
50µm Acrylic Adhesive

75µm Kapton

50µm Epoxy Adhesive

75µm GFRP Open Woven Cloth

50µm Epoxy Adhesive

200µm GFRP Laminate

100 mW/cm2

Heat Flux

Air Flow - 2 m/s
Tamb - 294 KTamb - 294 K Air Flow - 2 m/s

X
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Sector Cooling – Study I

• Model parameters:
– Utilized shortest sector surface for mounting of ladder
– Biased sector contact surface to far side of ladder unit (conservative)
– Assumed isotropic thermal conductivities for orthotropic materials (GFRP composites)
– Assumed convective heat transfer along outward surfaces of ladder
– Heat input = 100 mW along 19-mm width of chip (to compare with 1-D analytical solution)
– Convective film coefficient = 12.43 W/m2-K (equivalent to 2m/s flow rate)
– Ambient air temperature = 294 K
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Sector Cooling – Study I

• Results:
– FEM ∆T of 45.7 K (Tsi – Tamb) vs. 1-D Calc. ∆T of 40 K
– Temperature difference of 4.4 K across width of pixel detector
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Sector Cooling – Study I

• Model Parameters (modified)
– Heat input = 5 mW along 17 mm & 100 mW along 2 mm width of chip
– Keeping the film coefficient and ambient air temperature the same

• Results:
– FEM ∆T of 17 K (Tsi – Tamb)
– ∆T due to conduction at 2 m/s:  4.4 K
– ∆T due to conduction at 10 m/s:  3.8 K
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Sector Cooling – Study I

• At low flow rates (< 6 m/s), there is 
a rapid decrease in ∆T with 
increased flow rate.  Above 6 m/s, 
the rate of change for ∆T slows for 
increase in flow rate.

– As film coeff. approaches infinity, ∆T 
from convective heat transfer 
approaches zero and remaining ∆T for 
heat transfer problem is due to 
conduction.  As a result, for higher and 
higher flow rates, the ∆T approaches 
asymptotically to the conduction heat 
transfer limit. 

2-D FEA HX vs. Flow Rate
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Sector Cooling – Study I Conclusions

• Convective heat transfer 
dominates the problem

• Increasing only the flow rate of the 
cooling fluid is insufficient to lower 
temperature difference in ladder 
unit to requirement levels (i.e., (Tsi
– Tamb) = 10 K) at reasonable
(guess: < 8 m/s) flow rates

• Determine options for further 
investigation
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Sector Cooling – Study II

• Options:
– (Option 1.) Investigate heat transfer 

associated with Rcond + Rconv path
• m’fluid (mass flow rate)
• Vfluid (velocity flow rate)
• Dh (hydraulic diameter)
• νfluid, kfluid (cooling fluid props)

– (Option 2.) Investigate heat transfer 
associated with Rcond + Rconv plus Rsec_cond & 
Rbp_cond path to Tsink

• Ksec & Asec (thermal cond. & area)
– (Option 3.) Investigate heat transfer with 

Qdrivers flowing directly to Tsink
• Move Qdrv off of ladder

– (Option 4.) Investigate heat transfer from 
combination of Options 1, 2, & 3

 

Rsec_cond & Rbp_cond 

50µm Silicon, k = 130 W/m-K

50µm Acrylic Adhesive, k = 0.1 W/m-K 

75µm Kapton, k = 0.37 W/m-K 

50µm Epoxy Adhesive, k = 0.21 W/m-K 

75µm GFRP Open Woven Cloth, k = 0.4 W/m-K 

50µm Epoxy Adhesive, k = 0.21 W/m-K 

200µm GFRP Laminate, k = 0.8 W/m-K 

Move Qdrv here! 

Tamb 

Tsink 

QT = Qdet + Qdrv 

Rcond 

Rconv 

Tamb 

Z

Y



Conceptual Design of HFT 
Summary Presentation
(No. 0733403.01-001)

3/31/2008 Page 53 of 148

Sector Cooling – Study II:  Option 1 (Rcond + Rconv)

• Investigate heat transfer associated 
with Rcond + Rconv path

– For air cooling from inside sector:
• Considered “ducting” idea from LBNL
• Varied Dh, duct from 1.25 cm to 1.9 cm

– Dh, duct range – duct area ~ ¼ of 
area for Dh of original sector , 
1.25 cm – 1.9 cm

• Held m’fluid fixed
– Arbitrarily chose m’fluid to keep 

flow rate at 8 m/s or less over 
Dh_duct range

• Calculated respective fluid flow rate and 
h (film coefficient)

– Hold flow rate to 8 m/s or less 
over Dh, duct range ( 8 m/s based 
upon guess for flow rate which 
won’t impact stability of sector 
significantly)

• Determine 1-D ∆T from film coefficient

Convective HX Parameters
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Sector Cooling – Study II:  Option 1 (Rcond + Rconv)

• For other cooling fluid candidates 
for comparison:

– Chose candidates with higher cp value 
than air (cp = 1.0061 kJ/kg – oC @ 20 
oC)

– N2:  cp = 1.041 kJ/kg - oC
– He:  cp = 5.19 kJ/kg – oC
– NH3 (Ammonia):  cp = 2.167 kJ/kg – oC

• Safety concerns prevent the use 
of some fluid candidates with 
higher cp than air due to toxicity or 
explosion considerations (i.e., 
propane, butane, methane, etc.) 

Convective HX Parameters
(Constant Mass Flow Rate)
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Sector Cooling – Study II:  Option 1 Conclusions

• For a constant mass flow rate:
– Air cooling:

• Decreasing the original sector hydraulic diameter area by ¼, gives a smaller hydraulic diameter of ½
the original sector hydraulic diameter and provides a factor of 2.0 improvement in ∆T

• Decreasing the smaller hydraulic diameter further by a third, doubles the flow rate (approx.) and 
another factor of 2.0 improvement in ∆T (approx.).

– Other cooling fluid:
• Helium the best overall choice, Noble gas, highest cp

• Factor of ~4.5 improvement over air cooling
• Higher flow rate may cause stability issues in sector (vibration, deflection)

• Need to determine threshold of flow rate that impacts sector stability
– Consider performing an experiment to determine threshold for stability of sector
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Sector Cooling – Study II:  Option 2 (Rcond + Rconv plus 
Rsec_cond & Rbp_cond)

• Assumptions:
– Tsec is ~ equal to Tsec_surf

• Reasonable since distance from Tsec to 
Tsec_surf = 100 µm

– Tsink = Tamb
• ∆T for conduction and convection is 

equivalent
– Ignored conduction along backplane to 

simplify problem
– Acv

* = contact area of a detector ladder on 
sector

– Acd
* = cross sectional area of sector 

associated with contact area of a detector 
ladder

– Lcd
* = length of sector

* (shown on next slide)
• Given:

– QT = 6 Watts
– QT = Q1 + Q2
– Q1 = h*Acv*(∆T)
– Q2 = ((kZ*Acd)/Lcd)*∆T

 

50µm Silicon, k = 130 W/m-K

50µm Acrylic Adhesive, k = 0.1 W/m-K

75µm Kapton, k = 0.37 W/m-K 

50µm Epoxy Adhesive, k = 0.21 W/m-K 

75µm GFRP Open Woven Cloth, k = 0.4 W/m-K 

50µm Epoxy Adhesive, k = 0.21 W/m-K 

200µm GFRP Laminate, k = 0.8 W/m-K 

Tamb 

Tsink = Tamb 

QT 

Rcond 

Rconv 

Z

Y

Tsec 
Q2 

Q1 Rsec_cond & Rbp_cond 
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Sector Cooling – Study II:  Option 2 (Rcond + Rconv plus 
Rsec_cond & Rbp_cond)
• Consider a 6-ply quasi-isotropic lay-

up (i.e., 60,-60,0|s), 60% fiber 
volume for sector

• Replace zero-degree plies with 
higher conducting fiber

– kZ (YS50 lamina) = 72 W/m-oC
– kZ (K1100 lamina) = 636 W/m-oC

• For a uni-directional (6-ply) lay-up
– kZ = 1/3*636 + 2/3*72 = 260 W/m-oC

• For a quasi-isotropic (6-ply) lay-up
– kZ ~ 235 W/m-oC
– Factor of 3 increase in kZ versus YS50 

uni-laminate

Acv

Acd

Lcd
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Sector Cooling – Study II:  Option 2 Conclusions

• Solving for ∆T using different thermal conductivities for sector 
material, the percent improvement with higher thermal conductivity 
is ~4%

• Improvement in thermal performance is marginal with improved 
material thermal conductivity

– Due to small cross sectional area and long conduction length to Tsink

• High cost of K1100 fiber plus the added difficulty in fabricating a 
sector shape with a stiffer/more brittle fiber offsets the improvement 
in thermal performance
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Sector Cooling – Study II:  Option 3 (QT = Qdet + Qdrv)

• Heat Input based upon 
experimental versions of detectors 
for HFT pixel detector

• QT = Qdet +Qdrv = 6 Watts
– Qdet = 4 Watts
– Qdrv = 2 Watts

• Analytical analysis assumes 100 
mW/cm2, which comes out to ~ 
5.4 Watts over the area of the 
GFRP back plane

• FEM analysis uses 100-mW/ 5-
mW split on detectors, which 
comes out to be ~ 1.05 Watts over 
the area of 10 detectors 

 

Rsec_cond & Rbp_cond 

50µm Silicon, k = 130 W/m-K

50µm Acrylic Adhesive, k = 0.1 W/m-K 

75µm Kapton, k = 0.37 W/m-K 

50µm Epoxy Adhesive, k = 0.21 W/m-K 

75µm GFRP Open Woven Cloth, k = 0.4 W/m-K 

50µm Epoxy Adhesive, k = 0.21 W/m-K 

200µm GFRP Laminate, k = 0.8 W/m-K 

Move Qdrv here! 

Tamb 

Tsink 

QT = Qdet + Qdrv 

Rcond 

Rconv 

Tamb 

Z

Y
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Sector Cooling – Study II:  Option 3 Conclusions

• Removal of 2 watts from QT gives a QTnew of 63.3 mW/cm2 over the 
area of the back plane

• Plugging QTnew into the analytical calculation gives a ∆T = 51.9 K 
versus 82 K, which is ~37% improvement

• Removal of Qdrv (~2 watts) by cooling source other than cooling fluid 
flowed through sector is recommended
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Sector Cooling – Study II:  Option 4 – Combined Options 1 
and 3

• Neglect option 2 and combine 
options 1 and 3

• ∆T of Air approaching the 
acceptable temperature range for 
silicon pixel detectors

• ∆T for Helium is in the acceptable 
temperature range for the 
detectors, but need to understand 
the following:

– Temperature profile with silicon 
detector flipped over on ladder (*see 
next 3 slides)

– Temperature profile using 2-D FEM of 
sector (instead of 1-D) with ladder 
detectors

Convective HX Parameters
(Constant Mass Flow Rate & Lower Heat Input)
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Sector Cooling – Study II:  Pixel Detector Power 
Distribution and Location

100 mW/cm2

100 mW/cm2
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Sector Cooling – Study II:  Pixel Detector Power 
Distribution and Location (cont’d)

100 mW/cm2

5 mW/cm2

100 mW/cm2

5 mW/cm2
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Sector Cooling – Study II:  Pixel Detector Power 
Distribution and Location (cont’d)

• Power distribution of pixel detector chip is critical to understanding 
temperature profile for entire ladder

• Locating higher power portion of chip over sector bond pad is important if 
heat transfer is to occur by convection from inside surface of sector only

100 mW/cm2

5 mW/cm2
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Sector Cooling – Study II:  2-D Full Sector w/ Four Pixel 
Detector Ladders

• Added adhesive layers between 
the detectors, flex cable, 
backplane, and the sector for each 
ladder unit

• Adjusted lengths of flats on sector 
for bonding ladders (~ equal 
lengths)

– heat transfer path more uniform from 
ladder to ladder

• Hermaticity will have to be 
checked and adjusted afterwards

• Geometry imported from 
SolidWorks into COSMOS/M 
Geostar
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Sector Cooling – Study II:  2-D Full Sector w/ Four Pixel 
Detector Ladders (cont’d)

• FEM Parameters:
– Heat Input:  distributed 100 mW/cm2

– Material properties and thickness kept 
the same as 2-D individual ladder FEM

• Preliminary Case Runs:
– For air flow rate:  2 m/s

• ~∆T = 66 oC
• Middle ladder of top three hottest by ~ 

6.5 oC
– If fins are added to three top ladders 

along inside sector surface:
• ~40% improvement in ∆T
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Sector Cooling – Study II:  Summary

• Option 1:
– Thermal performance is improved with 

smaller ducting (velocity increases for given 
mass flow rate)

– Alternative cooling fluids (compared to air) 
can provide better thermal performance on a 
mass-flow-rate basis, but gases having lower 
densities than air require substantial increase 
in flow velocity to produce the benefit

– Need to understand the impact of cooling fluid 
flow on the stability of sector before 
considering a different cooling fluid as a viable 
option

• Option 2:
– Conduction along the length of the sector to a 

separate thermal sink is not efficient enough 
to warrant consideration as a viable option

– However, conduction in back plane to help 
equilibrate temperature profile of the silicon 
pixel detectors along the width of the ladder 
unit may be of interest 

• Option 3: 
– Substantial thermal performance 

improvement in removing power input of the 
drivers from the ladder units

• Option 4: 
– Combining options 1 and 3 is best approach 

to increasing thermal performance in 
temperature range requirements for pixel 
detectors

• Flipping Pixel Detectors
– Locating the higher-power area of silicon 

detectors over the bond area to sector is 
helpful if cooling happens from inside surface 
of the sector

• Produces more uniform temperature 
profile across detectors

• Heat conducts more directly to heat sink
• Full Sector FEM

– Demonstrates that an improvement in 
convection does occur by including surface 
area of the sector side walls

– Air cooling still may not be sufficient to cool 
detectors to temperature range requirements 
for pixel detectors – NEED TO INVESTIGATE 
FURTHER
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Sector Cooling – Study III:  2-D Full Sector FEM

• FEM Parameters Varied:
– Thermal Conduction properties for sector and 

the back plane
• For sector:  biased two (2) plies of K1100 in 

hoop direction, remaining plies were YS50
• For back plane of ladder:  added one (1) ply of 

K1100 in width direction on top of open woven 
fabric

– Increased convective surface area
• Added fins inside sector, under the top three 

ladders
OR
• Added ducts inside the sector and varied Dh

(i.e., defined cross section)
– Increased flow rate (for fin cases)

• 2 – 8 m/s
– Changed cooling-fluid flow from internal only 

to both internal and external (flow through 
sector, then reversed and over exterior 
surfaces of ladders)
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Sector Cooling – Study III:  2-D Full Sector FEM

• Determined temperature rise in air 
along the sector length, assuming 
single-direction flow

– QT = No. of ladders per sector * watts 
per ladder

• Considered both 4 and 6 watts per 
ladder

– Set QT = ρair * Aair * vflow * Cpair * ∆T and 
solve for ∆T

Temp Rise in Air along Length of Sector
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Sector Cooling – Study III:  2-D Full Sector FEM Results

• Note:
– Initial results based upon convection coefficient for internal turbulent flow in a non-circular 

section
• For lower flow rates (< 4 m/s), Reynolds values are in the transition region 
• Convective film coefficients for velocities less than 4 m/s may be optimistic

– Increase in radiation length when adding fins or ducts (values approximated)
• Fins – equivalent thickness = 350 µm, which translates to ~ 0.1% increase in RL 

(adhesive layer included)
• Ducts – equivalent thickness = 500 – 700 µm, which translates to ~ 0.2% increase in RL 

(adhesive layers included) 

Nominal Case Thermal Conduction
Fins + Conduction + 
Flow Rate + Int/Ext 
Flow (not reversed)

Ducts + Conduction + 
Int/Ext Flow (not 

reversed)

(kYS50, f.r.= 2 m/s, no ducts 
or fins, internal flow only)

(kYS50/K1100sect, kOWC/K1100bp, 
f.r.= 2 m/s, no ducts or fins, 
internal flow only)

(kYS50/K1100sect, kOWC/K1100bp, 
f.r.= 2 m/s, fins, internal 
flow only)

(kYS50/K1100sect, kOWC/K1100bp, 
f.r.= 8 m/s, fins, internal 
flow only)

(kYS50/K1100sect, kOWC/K1100bp, Dh 

= 0.019 m, f.r.= 3.5 m/s, 
ducts, internal flow only)

(kYS50/K1100sect, kOWC/K1100bp, Dh 

= 0.0125 m, f.r.= 8 m/s, 
ducts, internal flow only)

(kYS50/K1100sect, kOWC/K1100bp, 
f.r.= 4 m/s, fins)

(kYS50/K1100sect, kOWC/K1100bp, Dh 

= 0.019 m, f.r.= 3.5 m/s, 
ducts)

∆T (oC) in air from 
inlet to outlet 
(assuming 4 watts 
per ladder) 

4.1 4.1 4.1 1.0 2.3 1.0 2.1 2.3

∆T (oC) in 
sector cross 
section at outlet 63.3 47.6 28.0 11.2 20.0 13.6 10.9 11.4

17.7 12.659.2∆T (oC) in sector 
cross section 

Requirement = 10 oC

43.5 8.9 9.0

Fins + Conduction + Flow Rate

24.0 10.2

Ducts + Conduction
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Sector Cooling – Study III:  Summary

• For certain thermal design combinations, temperature profile of 
sector is approaching the design requirement

• Below 4 m/s flow rate, the flow is in the thermal transition region for 
fluid flow

– Film coefficient values found by turbulent regime correlations may be high for 
those flow rates

• Path Forward:
– Move on with formal analysis of sector stability using best thermal design 

influences applied in the FEM
– Plan to re-address thermal design later in the optimization portion of the analysis 

to see if further improvements can be made  
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Sector Cooling – Study IV:  LBNL Full Sector

• Purpose:
• Develop sector concept that can be fabricated most practically

• ARES to evaluate thermal performance against previous concepts
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Sector Cooling – Study IV:  LBNL Full Sector

Nominal Case Thermal Conduction

(kYS50, f.r.= 2 m/s, no ducts 
or fins, internal flow only)

(kYS50/K1100sect, kOWC/K1100bp, 
f.r.= 2 m/s, no ducts or fins, 
internal flow only)

(kYS50/K1100sect, kOWC/K1100bp, 
f.r.= 2 m/s, fins, internal 
flow only)

(kYS50/K1100sect, kOWC/K1100bp, 
f.r.= 8 m/s, fins, internal 
flow only)

(kYS50/K1100sect, 
kOWC/K1100bp, f.r.= 2 m/s, 
modified fins, internal flow 
only)

(kYS50/K1100sect, 
kOWC/K1100bp, f.r.= 8 m/s, 
modified fins, internal flow 
only)

(kYS50/K1100sect, kOWC/K1100bp, Dh 

= 0.019 m, f.r.= 3.5 m/s, 
ducts, internal flow only)

(kYS50/K1100sect, kOWC/K1100bp, Dh 

= 0.0125 m, f.r.= 8 m/s, 
ducts, internal flow only)

∆T (oC) in air from inlet to outlet 
(assuming 4 watts per ladder) 

4.1 4.1 4.1 1.0 4.1 1.0 2.3 1.0

∆T (oC) in sector cross 
section at outlet

63.3 47.6 28.0 11.2 42.1 21.1 20.0 13.6

12.6

Requirement = 10 oC

38.0 20.110.2 17.7∆T (oC) in sector cross section 59.2 43.5 24.0

Fins + Conduction + Flow Rate LBNL Sectioned Concept Ducts + Conduction

∆T Conduction (Ladder), oC 1.79 4.65 61.5
∆T Conduction (Fin), oC 1.19 4.65 74.4
∆T Convection (Fin-Ambient), oC 20.97 28.33 26.0
Total ∆T, oC 23.95 37.63 36.4

Thermal Performance Break Down for Middle Ladder

LBNL Sectioned ConceptOriginal Finned Concept % Difference
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Sector Cooling – Study IV:  Results

• Results:
– For LBNL (new) concept, with air flow rate of 2 m/s:  ∆TLBNL = 38 K versus 

∆TFinned = 24 K
– Finned concept has shorter conduction path length to convective fins which 

makes it more thermally efficient
– May want to consider:

• Adding additional fins to LBNL sectioned concept
• Or, alternative fabrication approach to finned sector
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Sector Cooling – Study IV:  LBNL Full Sector

• Alternative method for fabricating sector 
with convective fins

– Use multiple small mandrels to form “U” shaped 
pieces

– Pieces co-cured:
• Co-cured with sector (avoid bonding 

altogether), or 
• Together into fin assembly (then bonded 

into sector)

Conceptual fabrication lay-up
over mandrels
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Sector Stability FEA – Finite Element Model 

• Model Design:
– Solid elements to define the multi-piece 

sector with thermal fins and adhesive 
layers

• 200-µm wall thickness for sector
– Shell elements to define the ladder 

units
• Prevents exceeding FE-code limits for 

nodes & elements
– Mass of complete sector includes 

adhesive layers and ladder units
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Sector Stability FEA – Static Deflection Verification

• Boundary Conditions:
– Loads:

• 1-g in negative Y-direction
• Sector:  cantilevered (fixed – free)

• Results:
– COMOS/M:  ydefl = -5.4*10-6 m
– Roark analytical solution

• Solution is equivalent combination of 
deflection of flat rectangular plate simply 
supported on three edges with the 
fourth edge free (top portion of sector) + 
eccentric column buckling (sides of 
sector):  ydefl = -2.67*10-6 + -2.35*10-6 = 
-5.02*10-6 m

– Check shows equivalence 
between FEA and analytical.
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Sector Stability FEA – Modal Response

• Frequency Results:
– First mode frequency:  261 Hz
– Single lobe deformation

• Results of static deflection and 
modal response don’t address 
flexibility of the wedge design 
(dovetail interface)
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Sector Stability FEA – Addition of Wedge Stiffness

• Determine, from SolidWorks 
model, the equivalent axial and 
rotational stiffnesses of the wedge 
interface for all 6 DOF

• Apply determined stiffnesses via 
spring elements in overall sector 
FEM

• Connect spring elements to FEM 
using rigid bar (Rbar) elements
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Sector Stability FEA – Path Forward

• Apply B.C.’s of Wedge Dovetail to Sector FEM
• Develop separate load cases

– Vibration input
– Thermal input
– Moisture-absorption input

• Look at combined-load cases to create displacement profile with 
sector fully loaded

• Run variations of the sector design as discussed earlier
– Removal of inner most thermal fin
– Change sector thermal conductivity in corners
– Study through-thickness radiation length variation during optimization
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Sector Stability FEA – Temperature Distribution

• Temperature Profile for Sector Displacements (thermally induced strain)

• Inner most ladder (w.r.t. beam pipe) has hottest profile

Three Outer Ladders – Temp. profile Inner Ladder – Temp. profile
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Sector Stability FEA – Thermal Displacement Results:  
YSH-50 Fiber

• YSH-50 Modulus of Elasticity = 400 GPa
• Max Silicon Displacement = 13 µm

– Increased from 11 µm

SECTOR DISPLACEMENTS SILICON DISPLACEMENTS
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Sector Stability FEA – Thermal Displacement Results:  
YSH-50 Fiber

SECTOR DISPLACEMENTS SILICON DISPLACEMENTS

• YSH-50 Modulus of Elasticity = 324 GPa
– Also increased E and α of structural adhesive to EA 9394

• Max Silicon Displacement = 15.5 µm
– Increased from 11 µm
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Sector Stability FEA – Thermal Displacement Results:  
K1100 Fiber on Backplane

SECTOR DISPLACEMENTS SILICON DISPLACEMENTS

• K1100 Fiber Properties in Y-direction were too high
– Ey changed from 539 GPa to 5 GPa
– Minimized impact from αy = 39.8 µm/m/°C

• Max Silicon Displacement = 15.6 µm
– Decreased from 30 µm
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Sector Stability FEA – Moisture Expansion Analysis (MEA) I

• Reference Review
– ASTM D5229
– MIL-HDBK-17-1F
– Various Textbooks

• Approach
– Verify that the transient absorption/desorption time is reasonable for the required 

temperatures
– Evaluate expansion for Steady-State Conditions
– Calculate worst case conditions using best available (defendable) data
– LBNL verify laminate properties through testing

• Property Data
– Required:  CME, Moisture Equilibrium Content (%M)
– Optional:  Diffusivity
– Sources:

• YLA Advanced Composite Materials, Inc. (YLA) test data (requested data)
• Handbook / textbook data as a backup
• Other
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Sector Stability FEA – MEA I:  Material Properties

• Analysis Approach
– Displacements that result from a moisture expansion induced strain are estimated by 

simulating an equivalent strain in Cosmos/M using CTE x ∆T

• CME/CTE Properties
– YSH-50/CE properties

• CME = 170 ppm/%M (@ 55% RH)
• %M = 1.5% assumed at saturation
• CTEeqiv = 25.5 ppm/°C (for ∆T = -10°C)

– Structural Adhesive
• CTEeqiv = [1.5*CME]*[5*%M] = 191 ppm/°C

– Kapton
• CTEeqiv = [CME]*[1.8%] = 30.6 ppm/°C

– Silicon and Acrylic Adhesive
• CTEeqiv = 0
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Sector Stability FEA – MEA I:  Sector Displacements

Maximum Sector Displacement = 82.5 µm

Results reported for 
Outer Silicon on 
later slide

Results reported for 
Inner-most silicon 
on following slide

Sector Resultant Displacement
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Sector Stability FEA – MEA I:  Inner-Silicon Displacements

Out-of-Plane Displacement 
at Extremes = 47 µm

Silicon Displacement
X-Direction

Silicon Displacement
Z-Direction

Silicon Displacement
Y-Direction
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Sector Stability FEA – MEA I:  Outer-Silicon Displacements

Out-of-Plane Displacement at 
Extremes = 45 µm

Silicon Displacement
X-Direction

Silicon Displacement
Z-Direction

Silicon Displacement
Y-Direction
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Sector Stability FEA – MEA II:  Updated Properties

• YSH-50/CE Unidirectional Lamina Properties
– β11 = 8.4 ppm/%M
– β22 = 1364 ppm/%M (per YLA Data – RS 3)
– %M = 0.7% (per YLA Data – RS 3)
– α11,eqiv = 0.6 ppm/°C (for ∆T = -10°C)
– α22,eqiv = 95.5 ppm/°C (for ∆T = -10°C)

• YSH-50/CE [0/90|s - Laminate Properties
– β11 = β22 = 37.97 ppm/%M
– %M = 0.7% (per YLA Data – RS 3)
– α11,eqiv = α22,eqiv = 2.66 ppm/°C (for ∆T = -10°C)

• Kapton
– CHE = 8 ppm/%RH (per DuPont – Kapton E)
– α11,eqiv = α22,eqiv = 40 ppm/°C (for ∆T = -10°C)
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Sector Stability FEA – MEA II:  Sector Displacements

Maximum Sector Displacement = 79.3 µm
Maximum Z-Displacement = 13.0 µm

Sector Resultant Displacement Sector Z-Displacement
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Sector Stability FEA – MEA II:  Inner-Silicon Displacements

Out-of-Plane Displacement at 
Extremes = 11.4 µm

Silicon Displacement
X-Direction

Silicon Displacement
Z-Direction

Silicon Displacement
Y-Direction
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Sector Stability FEA – MEA III:  Add Single 90-Deg. Ply

0 
degree

+ 
60

- 60

+ 
90

Sector Laminate

Material: YSH-50/EX-1515

Layup: [0, +60, -60, 90, -60, +60, 0]
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Sector Stability FEA – MEA III:  Sector Displacements

Maximum Sector Displacement = 104.3 µm
Maximum Z-Displacement = 12.2 µm

Sector Resultant Displacement Sector Z-Displacement
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Sector Stability FEA – MEA III: Inner-Silicon Displacements

Out-of-Plane Displacement at 
Extremes = 16.1 µm

Silicon Displacement
X-Direction

Silicon Displacement
Z-Direction

Silicon Displacement
Y-Direction
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Sector Stability FEA – MEA IV: Add Two 90-Deg. Ply’s

0 
degree

+ 
60

- 60

+ 
90

Sector Laminate

Material: YSH-50/EX-1515

Layup: [0, +60, -60, 90, -60, +60, 0]
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Sector Stability FEA – MEA IV:  Sector Displacements

Maximum Sector Displacement = 113.2 µm
Maximum Z-Displacement = 11.6 µm

Sector Resultant Displacement Sector Z-Displacement
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Sector Stability FEA – MEA IV: Inner-Silicon Displacements

Out-of-Plane Displacement at 
Extremes = 29.1 µm

Silicon Displacement
X-Direction

Silicon Displacement
Z-Direction

Silicon Displacement
Y-Direction
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Sector Stability FEA – MEA V:  Modified %M at Saturation 

• Analysis the same as MEA II, with the property change as noted on 
the following slide

0 degree

+ 60
- 60

+ 90

Sector Laminate

Material: YSH-50/EX-1515

Layup: [0, +60, -60|s
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Sector Stability FEA – MEA V:  Modified Properties

• YSH-50/CE Lamina Properties
– β11 = 8.4 ppm/%M
– β22 = 1364 ppm/%M (per YLA Data – RS 3)
– %M = 0.04% (per Tencate Data – EX 1515)
– α11,eqiv = 0.034 ppm/°C (for ∆T = -10°C)
– α22,eqiv = 5.5 ppm/°C (for ∆T = -10°C)

• YSH-50/CE [0/90|s - Laminate Properties
– β11 = β22 = 37.97 ppm/%M
– %M = 0.04% (per Tencate Data – EX 1515)
– α11,eqiv = α22,eqiv = 0.15 ppm/°C (for ∆T = -10°C)
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Sector Stability FEA – MEA V:  Sector Displacements

Maximum Sector Displacement = 84.7 µm
Maximum Z-Displacement = 9.0 µm

Sector Resultant Displacement Sector Z-Displacement



Conceptual Design of HFT 
Summary Presentation
(No. 0733403.01-001)

3/31/2008 Page 102 of 148

Sector Stability FEA – MEA V: Inner-Silicon Displacements

Out-of-Plane Displacement at 
Extremes = 16.2 µm

Silicon Displacement
X-Direction

Silicon Displacement
Z-Direction

Silicon Displacement
Y-Direction
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SUPPORT-STRUCTURE TRADE STUDIES & 
ANALYSES

The following slides provide a summary of the various 
trade studies and analyses performed that led to the 
conceptual design presented on the previous slides 
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HFT Docking – Mounting Concepts Compared

Alternate Design Concept
• 3-2-1 Mounting Configuration

Optional Location(s)
– Mount anywhere along the bottom edge
– Below the C.G. is ideal

Beam
Axis

LBNL Design Concept
• 2-2-2 Mounting Configuration

Beam
Axis
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HFT Docking – LBNL Design Concept

• 2-2-2 Mounting Configuration
– Three identical mounts each provide 2-DoF support
– Mounts are oriented 120-deg. apart
– Vacuum system is used to secure and hold clamshell halves together
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HFT Docking – Initial Kinematic Mount:  Initial Design 
Concept

• 3-2-1 Mounting Configuration
– Three independent mounts using a common design (interchangeable)
– Mechanically secured within mount using gravity and spring(s)

3-Constraint Mount

Precision Stem

Lateral Constraint

Vertical Constraint

Axial Constraint

Flexure (Spring)
Clamshell attached at this 
interface, hangs below mount
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HFT Docking – Initial Kinematic Mount Concept:  2- & 1-
Constraint Configurations

1-Constraint Mount2-Constraint Mount

Bottom Ball RemovedBack Plate Removed
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HFT Docking – Initial Kinematic Mount Concept:  Precision 
Stem

Precision Surfaces 
Interface w/Balls

Angled Surfaces*
(Apply Lateral and 
Axial Force)

θ

3θ

* Angled Surfaces removed on 2-Constraint and 1-Constraint Mounts
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FORCE VS. EXTRACTION/HOLDING ANGLE

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

0 10 20 30 40

Extraction/Holding Angle (deg)
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e 
(lb

) Lateral Force
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HFT Docking – Initial Kinematic Mount Concept:  
Lateral / Insertion / Extraction Forces

FORCE VS. INSERTION DEPTH

0.00

5.00

10.00

15.00

20.00

25.00

30.00

0 0.2 0.4 0.6 0.8 1 1.2

Insertion Depth (in)

Fo
rc

e 
(lb

) Lateral Force

Insertion Force

Extraction Force

θ

3θ

Extraction Insertion

Lateral 
Force

Weight of ½ HFT ~2.6-lb.
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HFT Docking – Initial Kinematic Mount Concept:  
Configuration Advantages & Disadvantages

2-2-2 Kinematic Mounts
• Advantages

– Consistent mount design in three 
locations

– Minimizes motion during insertion & 
extraction

• Disadvantages
– Requires both clamshells or dummy 

clamshell to seal with vacuum
– Clamping force is dependent on level 

of vacuum (variability)
• Eccentric load from vacuum 

induces strain
– Pixel detector is not “Locked” following 

a vacuum system failure
– Requires a 2nd set of mounts to 

accommodate inversion

3-2-1 Kinematic Mounts
• Advantages

– Gravity and/or springs are used to 
“Lock” the clamshells

– Clamshells can be inserted/extracted 
independently

– Mount locations are easily adjustable to 
minimize eccentricity to C.G.

– Pixel Detector in “Safe” state during 
system failure

– Forgiving to misalignments during 
installation

– Mounting system is versatile & may 
accommodate handling operations

• Disadvantages
– Mount designs are slightly different in 

the three locations
– Mounts are mirrored across plane of 

symmetry & may prohibit inverting the 
structure (a design can be used to 
accommodate inversion)
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HFT Docking – Initial Kinematic Mount Concept:  Further 
Design Development

• Review requirements and concept
• Reduce size to fit within the design envelope
• Modify design of the precision stem to accommodate inversion of 

the HFT
• Select materials compatible with instrument environment
• Improve manufacturability & interchangeability
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HFT Docking – Initial Kinematic Mount Concept:  Universal 
Precision Stem

Beam
Axis

Side Constraint 
Top View

Side Constraint
Isometric View

Side/Top Constraint 
Top View

Side/Top Constraint
Isometric View

Unconstrained mount - used 
when clamshell is inverted
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HFT Docking – Initial Strongback Attachment Concept:  
Attachment Discussion

• Strongback Attachment
– 6-DoF constraint to react weight of Pixel 

Detector/Support Structure
• Low weight / Large moment arm

• Kinematic Mounts
– 6-DoF constraint to position Pixel Detector in 

desired location

• Issue
– Over-constrained during installation
– Need a simple approach to release DoF 

constraint during installation (transfer DoF from 
Strongback to Kinematic Mounts)

• Resolution
– De-couple Pixel Detector / Support Structure and 

Strongback Support using flexure system

Beam
Axis

Beam
Axis

Strongback Attachment

Kinematic Mounts (Red)
&

Strongback Attachment (Blue)
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HFT Docking – Initial Strongback Attachment:  
Cantilevered Design Concept

Strongback
(Plate)

• Axial Flexure
– Provide Overturning Constraint
– Provide Axial Force to Overcome 

Kinematic Mount Spring Forces
• Bottom Mounts disengage during 

installation

= Approximate Kinematic Mount Locations

Axial Flexure

Bottom Mounts

D-Tube
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HFT Docking – Initial Strongback Attachment Concept:  
Assumptions

• Loads are reacted either by the Strongback or Kinematic mounts 
independently (i.e., transition forces and moments are neglected)

• Maximum motions considered (motions are considered 
independently for this study):

– Vertical Translation = +2-mm (biased below Kinematic Mounts; i.e., Kinematic 
mounts “lift” D-Tube up off the Strongback mounts as the assembly is inserted)

– Lateral Translation = ±2-mm
– Axial Translation = 0 (constrained by Axial Flexure)
– All Rotations = 0.16°

• Assumed a relative tolerance of 0.5 mm between Kinematic mounts, separated by 174 
mm along length of D-Tube

174 mm
0.5 mm
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HFT Docking – Initial Strongback Attachment Concept:  
Axial Flexure Description

• Axial Constraint in Push/Pull Direction
– Buckling not a concern with this design

• Releases Translation and Rotation in Two Orthogonal Directions
• Length of Flexure is arbitrary for this study

“Hinges”

Double Lap-Shear 
Bond to D-Tube

θ1

δTranslation

Single Rotation

Axial Constraint

Double Rotation θ2
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HFT Docking – Initial Strongback Attachment Concept:  
Axial Flexure Description

Spring CupPreload Spring

Strongback

Axial Flexure

D-Tube
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HFT Docking – Initial Strongback Attachment Concept:  
Spring/Cup Details

• Preload Spring
– Compression spring limits over-drive forces
– Spring force is greater than Kinematic 

Mount reaction to maintain positive contact 
between Strongback and Axial Flexure

– Threaded Spring Cup provides compression 
and is loosened after installation to decouple 
Flexure from Strongback

Spring Cup

Preload Spring

Strongback

Axial Flexure
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HFT Docking – Initial Strongback Attachment Concept:  
Bottom Mount Description

Detector Supported by Strongback
Mount Pin

Detector Supported by Kinematic Mounts

Strongback Clevis 2mm Gap

D-Tube Bottom Mount
(Bonded)

Top View
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θ

2mm Gap

HFT Docking – Initial Strongback Attachment Concept:  
Considerations During Extraction

• θ too large
– D-Tube may slide “Down” the angled surface 

and not engage as desired

• θ too small
– Clearance between the pin and slope does 

not provide adequate clearance to allow 
rotation about Y-axis

• Solution (shown)
– Use flexures to minimize mount reaction 

force and increase adjustability
– Design flexure stiffness to be much higher 

when supported on Strongback
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HFT Docking – Initial Strongback Attachment Concept:  
Slope Trade Study
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Solution if
µ = 0.3 Solution if

µ = 0.1

Solution:  clearance to 
allow Rotation = φ

θ

PH

PV

f

To ensure mount engages pin
as desired:

PV*cosθ – PH*sinθ > µ*N

Assume PH = 2.5*PV
LHS = cosθ – 2.5*sinθ
RHS = µ*(2.5*cosθ + sinθ)

Non-Flexure Solution:
3-4° Bandwidth w/ Low µ

φ
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HFT Docking – Initial Strongback Attachment Concept:  
Benefits of Bottom Mount Flexure Solution

~1.35 mm

Upper Flexure (Strongback Position):
• Stiff section to capture Strongback pin
• Wider/Thicker section to maximize stiffness

Lower Flexure (Released Position):
• Act as guide during extraction
• Compliant to increase adjustability (i.e. meet rotation 
requirement of 0.16°)
• Thinner section to further reduce stiffness
• A small angle, θ, vs. 90° surface, reduces reaction

force on D-Tube by allowing some unconstrained travel
• Klateral (Released position) ~10% of Klateral (Strongback position)
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HFT Docking – Initial Strongback Attachment Concept:  
DoF Transfer During Installation – Axial (X)

Kinematic Mount Constraint Strongback DoF Release

Kinematic Mounts Define 
Final Location

Flexure Controls Axial Position 
During Installation

Lift Off Mounts

X-Axis
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HFT Docking – Initial Strongback Attachment Concept:  
DoF Transfer During Installation – Lateral (Y)

Kinematic Mount Constraint Strongback DoF Release
Lift Off Mounts

Kinematic Mounts Control 
During Installation

Flexure Compliant along Lateral Axis

Y-Axis
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HFT Docking – Initial Strongback Attachment Concept:  
DoF Transfer During Installation – Vertical (Z)

Kinematic Mount Constraint Strongback DoF Release

Kinematic Mounts Control During 
Installation (Lift HFT 2-mm) Flexure Compliant along Vertical Axis

Lift Off Mounts

Z-Axis
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HFT Docking – Initial Strongback Attachment Concept:  
DoF Transfer During Installation – Rotation X

Kinematic Mount Constraint Strongback DoF Release

Lift Off Mounts

Kinematic Mounts Control 
During Installation

Flexure Compliant along Lateral Axis
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HFT Docking – Initial Strongback Attachment Concept:  
DoF Transfer During Installation – Rotation Y

Kinematic Mount Constraint Strongback DoF Release

Kinematic Mounts Control 
During Installation Flexure Compliant along Vertical Axis

Lift Off Mounts & 
Allow Axial Motion
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HFT Docking – Initial Strongback Attachment Concept:  
DoF Transfer During Installation – Rotation Z

Kinematic Mount Constraint Strongback DoF Release

Kinematic Mounts Control 
During Installation

Flexure Compliant along Lateral Axis

Lift Off Mounts & 
Allow Lateral Motion
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HFT Docking – Initial Strongback Attachment Concept:  
Bottom Mount Motion

• X-Translation
– Controlled by Axial Flexure

• Y-Translation of ±2-mm
– ±2-mm along pin axis

• Z-Translation of +2-mm
– Biased below Kinematic Mounts
– +2-mm

• X-Rotation when mounts are out of plane ½-mm
– Rotation about axis between Kinematic Mounts
– Strongback mounts move ± ½-mm along pin axis

• Y-Rotation when mounts are out of plane ½-mm
– ±½-mm along axial axis
– ±1 ¼-mm along vertical axis
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θ

2mm Gap

HFT Docking – Initial Strongback Attachment Concept:  
Objectives

• Increase θ to ensure adequate 
clearance

– Decouple bottom mount from pin in range 
of motion

– Allow unconstrained motion in all 6-DoF

Note:  the pin must return to a known 
position every time it is released and 
engaged
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HFT Docking – Initial Strongback Attachment Concept:  
Solution Region Using Gravity to Control Position
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Assumption:  the ratio PV/PH is fixed

Solution region is achieved by low µ surfaces 
or sliding components

Conclusion:  At the conceptual level, this 
region is too small

Minimum angle, θ, defined by 
φ (minimum axial clearance to 
allow rotation)
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HFT Docking – Initial Strongback Attachment Concept:  
Move C.G. Closer to Strongback

• Add counterweight at Strongback interface
– (PH = 2.0*PV)alternate vs (PH = 2.5*PV)original
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• Allow the Kinematic mounts to raise and rotate the D-Tube support 
structure

– 2-mm Translation in positive direction
– ~0.25 Degree Rotation about lateral axis

HFT Docking – Initial Strongback Attachment Concept:  
Bias Position with Rotation and Translation

Mount Orientation on Strongback
(Rotated from Final Position)

Fixed Strongback Pin

Mount Orientation on Kinematic Mounts
(Translated / Rotated from Initial Position)
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HFT Docking – Initial Strongback Attachment Concept:  
Add External Force

• Vertical Force is summed with the 
gravitational force

• Lateral Force opposes the horizontal 
force
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External Lateral Force

Note:  Solution Region is 
for higher µ surfaces
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HFT Docking – Initial Strongback Attachment Concept:  
Add Combined External Force

Combined External Vertical and Lateral Force
Note:  Solution Region is for 
higher µ surfaces
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HFT Docking – Initial Strongback Attachment Concept: 
Force Application Methods

• Chosen option should be removable to minimize induced strain
• Options:

– Mechanical
• Springs

– Spring forces can be removed using
a cable / pulley system and lever-arm
(shown at right)

• Mechanical Actuators
– Electrical

• Solenoid
– Compressed Gas

• Pneumatic Actuator

• Note:  Option 1 counterweight is not removable

Load Applied Released
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HFT Docking – Initial Strongback Attachment Concept:  
Option Advantages & Disadvantages
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D-Tube FEA – Thermal and Moisture Expansion: Finite 
Element Model

D-Tube:  
6-Ply YSH-50

Upper Kinematic Mounts

Lower Kinematic Mount

Aluminum Interface Plate

Massless-Rigid Beams
(Couple Interface DoF to Determine 
Detector end Displacement)

Beam End-Node Labels
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D-Tube FEA – Displacements from Moisture Absorption

14474

14476

14478

14480

14482

• Nodal-displacement list:
– Displacements at sector ends (labeled nodes at centroids of sectors)
– Units in meters

• Resultant displacements due to Moisture absorption:
– Only YSH-50 material is subject to moisture absorption
– Does not account for moisture absorption in the Sectors (sectors

represented as massless, rigid beams)
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D-Tube FEA – Thermally Induced Displacements, ∆T = -30oK

14474 14476

14478

14480

14482

• Nodal-displacement list:
– Displacement at sector ends (labeled nodes at centroids of sectors)
– Units in meters

• Resultant displacements due to Thermal Effects :
– ∆T = -30oK; from room temperature to operating temperature (293oK to 263oK)
– YSH-50 material (D-Tube) expands due to temperature decrease
– Aluminum Interface Plate contracts due to temperature decrease 
– Does not account for thermal displacements in Sectors
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D-Tube FEA – Random Vibration:  Pixel Detector 
Displacements (Cantilevered Ends)

• Pixel Detector 
random vibration 
resultant 
displacements nearly 
zero (FEA output 
shows < 2 E-18 m)

– Graph shows time-
history displacement 
of a single sector end
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HFT Assembly Model – Finite Element Model

• D-Tube – Quadrilateral Layered Shell Elements (Laminate)
• Kinematic Mounts – Beam Elements / Shell Elements / Spring Elements (Adhesive)
• Pixel Detectors / Wedge Mounts – Shell Elements / Beam Elements / Rigid Beam Elements

Kinematic Mount

D-Tube

Pixel Detectors 
w/ Wedge Mounts

Kinematic Mount

Kinematic Mount
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HFT Assembly Model – Displacements from Gravity

• 1-g loading in negative Y-Direction (downward on this slide)
• Maximum Resultant Displacement :  11.2 E-6 meters

Maximum Resultant 
Displacement
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HFT Assembly Model – Modal Analysis

• Fundamental Frequency :  109 Hz
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SUMMARY
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HFT Conceptual Design – Summary 

• Conceptual Designs Developed and Presented For:
– Sector
– Ladder
– D-Tube
– Sector-to-D-Tube Interface (Plate and Wedge)
– HFT Docking

• Kinematic Mounts
• ISC Guides/Mounts

– Strongback Interface

• Trade Studies and Analyses Performed in Support of Design:
– Cooling
– Sector Stability
– Kinematic Mounts
– Strongback Interface
– System Stability
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Recommended Development Activities – Prototype Testing

• Material Properties of Composite Laminates
– Modulus of Elasticity
– Poisson’s Ratio
– Coefficient of Thermal Expansion
– Thermal Conductivity
– Coefficient of Moisture Expansion
– % Moisture Absorption at Equilibrium

• Functionality of Kinematic Mounts: engagement and disengagement
• Heat Transfer

– Convection Coefficient
– Developed flow through the Interface Plate and Sector

• Flow-Induced Vibration: inside and outside the detector
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Recommended Development Activities – Design 
Development

• Moisture Expansion
– Investigate environmental control

• Heat Transfer
– Effect of cooling-air temperature on other detector systems surrounding the HFT

• Cooling fluid
– Return-flow design
– Pressure

• CTE Mismatch
– D-Tube to Sector Interface: Composite Interface Plate
– D-Tube to Inlet Plenum bond joint

• Bellows attached to D-Tube Inlet Plenum (stiffness, flow, 
attachment)


