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Contents
• This talk is divided in three parts. The first two parts are 

projects that I have worked on (or I am currently working on). 
The last part is a gentle walk through some ideas being 
developed for other detectors. 

• [The past] The CMS Phase I FPIX upgrade 

• CO2 cooling and 2PACL cycle 

• [The present] The ATLAS Phase II ITK Inner System upgrade 

• [The future] Some ideas from innovative detectors

!2



[The past] The CMS Phase I FPIX Upgrade
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§ Motivation for design choices 
§  Reduce material budget (despite adding a disk) 

o  All CF/graphite support structure 
o  CO2 cooling with small stainless steel tubes 
o  Move more of the material/electronics further from the IP 

§  Easier production and maintenance 
o  One module type (2x8), that can be removed from blade if needed 
o  Independently mounted inner and outer half disk, inner half disk can 

be replaced if needed 
o  Modules rotated/tilted to improve hit resolution 
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•  CMS FPIX Phase 1 Upgrade: 
Main Features of Mechanics 
and Cooling 

•  Lessons Learned: Mechanical 
Design 

•  Lessons Learned: Thermal 
Design 

•  Lessons Learned: Welding 

•  Lessons Learned: QA/QC 

•  Lessons Learned: Assembly & 
Integration 

•  Summary 
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 Overview 

New pixel detector for the CMS experiment 
successfully installed in the 2016 EoY shutdown 



CMS FPIX - Mechanical Design Choices
• Reduction of material budget 

• Use carbon fiber and graphite support structure 

• CO2 cooling with small stainless steel tubes 

• Easy maintenance 

• Only one module type 

• Independent inner and outer disks (inner disk can be replaced) 

• Modules tilted to improve hit resolution
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Improvements over original pixel detector
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Main Features of Half Disk Structure 

Phase 0 Phase 1 

4 Types 

7 Types 1 Type (672 total) 

2x8 Module 
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§  4	Half	Cylinders:	Support	structure	and	
cooling	for	pixel	modules	and	electronics	

§  24	half	disks	w/	integrated	CO2	cooling	

§  672	modules	mounted	on	carbon	fiber/	
thermal	pyrolyMc	graphite	blades	
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CMS FPIX Mechanics 

CF Half Cylinder 
Support Tube and 

mounting feet 

3 CF Half Disks 

Port Cards and POH 

End Flange CO2 cooling tubes 
Cooling tube 

capillaries Filter cards 

DC-DC 
converters 
and CCU 

Mechanical design of the CMS FPIX
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• Half-cylinders (4) 

• Integration structure for 
modules, electronics, and 
cooling pipes 

• Half-disks (24) 

• With integrated 
evaporators 

• Modules (672) 

• Mounted on thermal 
pyrolitic graphite (TPG) 
blades
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§  Made of carbon fiber composite 
(CF):  

§  K13C2U and M46J in epoxy matrix 

§   Cylinder consists of 3 sections: 
§   front corrugated single-wall trough 

section (0.91 mm thick) with reinforced 
CF facing and solid C rings 

§   rear double-wall section with CF ribs in 
between (which is basically the same 
as the existing design) 

§   transition section where front and rear 
sections are glued together 

§  Single-wall front section 
provides 25 troughs so that 
cooling tubes and cables of the 
inner assemblies can run on the 
outside of the HC, while outer 
assembly tubes and cables are 
kept inside the HC 
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Design of Half Cylinder 

Front	cover	

Cable	cover	

TransiMon	secMon	

Reinforced	
cf	facing	X2	

Solid	C	rings	x2	Solid	C	rings	x2	Front	corrugated	secMon	

HD	mounMng	sleeves	X18	

Inner	board	covers	X2	

Rear	double-wall	secMon	

Half cylinder design
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• Made of carbon fiber composite (CF):  

• Ultra High Modulus K13C2U 

• Cylinder consists of 3 sections  

• Front corrugated single-wall trough 
section with reinforced CF facing 

• Rear double-wall section with CF 
ribs in between  

• Transition section where front and 
rear sections are glued together



Half cylinder construction
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Half Cylinder Structure 

Double	wall	CF	back	secMon	(very	similar	to	Phase	0	HC)	

Single	wall	corrugated	
CF	front	secMon	

End	flange		
(very	similar	to	Phase	0)	

Double wall carbon fiber section

End flange Carbon fiber front section



Local support - Half disk
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Half Disk Structure 

AQer	blades		
bonded	to	graphite	rings	

AQer	tubing	and	facing	
bonded	to	graphite	rings	

Inner 
Assembly 

Outer 
Assembly 

SS Cooling 
Tubes 

Outer Assembly with 
tubing and CF facing 
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Basic Design of the Half Disk 

Outer	Half	Disk	Mounts	

Removable	
Couplings	

Inner	Half	Disk	Mounts	

Glued	Joints	

§  Half disk consists of one inner blade assembly and one 
outer blade assembly. 

§  Both assemblies are fastened to the half cylinder 
individually with 3 mounts.  

§  Outer blade assembly consists of 17 blades. 

§  Inner blade assembly, with an inverted cone 
arrangement, consists of 11 blades. 

§  All blades are glued to 2 supporting half rings that 
perform as heat sinks as well. 

§  Cooling tubes are embedded within the rings with 
removable couplings attached at ends. 

§  Epoxy painting of all raw carbon edges of HD structure to 
seal all machined surfaces before mounting modules. 

Half disk design
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• Half disk consists of an inner blade 
and an outer blade assembly 

• Both assemblies are fastened to the 
half cylinder with 3 mounts 

• All blades are glued to 2 supporting 
half rings that work as heat sinks 

• Cooling tubes are embedded within 
the rings with removable fittings



LHC	CMS	
Detector	
Upgrade	
Project	

Stefan	Grünendahl,		July	2017	 Forum	on	Tracking	Detector	Mechanics	 8	

Basic Design of the Half Disk 

Outer	Half	Disk	Mounts	

Removable	
Couplings	

Inner	Half	Disk	Mounts	

Glued	Joints	

§  Half disk consists of one inner blade assembly and one 
outer blade assembly. 

§  Both assemblies are fastened to the half cylinder 
individually with 3 mounts.  

§  Outer blade assembly consists of 17 blades. 

§  Inner blade assembly, with an inverted cone 
arrangement, consists of 11 blades. 

§  All blades are glued to 2 supporting half rings that 
perform as heat sinks as well. 

§  Cooling tubes are embedded within the rings with 
removable couplings attached at ends. 

§  Epoxy painting of all raw carbon edges of HD structure to 
seal all machined surfaces before mounting modules. 

Half disk design

!11

• Half disk consists of an inner blade 
and an outer blade assembly 

• Both assemblies are fastened to the 
half cylinder with 3 mounts 

• All blades are glued to 2 supporting 
half rings that work as heat sinks 

• Cooling tubes are embedded within 
the rings with removable fittings
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Half Disk Mount within Half Cylinder 

Sliding	5mm	ruby	
balls	inside	HC	inserts		



Custom designed fittings
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Face welding between gland and tubing

14

Removable Coupling Assembly for Tubing OD 2.4 mmDesign of Removable Coupling

Forum on Tracking Detector 2017

• Enhanced design of FPIX 1 
• Nuts are turned with minimal 

friction during fastening without 
the potential of twisting the 
tubing

• Gasket is seated properly within 
the male nut before fastening

• Metal seal
• Glands and ss 304L tubing are laser-

welded on the front face
• Better welding cooling to 

minimize the chance of generating 
cracks.

• Gland is made of VIMVAR 304 L SS to 
avoid hot cracking

• Gasket is made of aluminum 6063 T6 
with Brinell hardness 60

• Nuts are made of high-strength 2024 T4 
aluminum with Brinell hardness 120 
(similar to ss 304)

Identical glands

¼” hex male nut M5.5 x 0.9 threads

Aluminum gasket being captured inside the male nut

¼” hex female nut with M5.5 x 0.9 threads

Before Fastening of Nuts

Notes:  Male nut can be made of ss or titanium if needed.
Yield strength of Al 2024 T4 = 47 ksi (324 MPa);  SS 304L = 30 ksi (207 MPa).
See Stephanie’s slides at FTDM 2016 for further details on laser welding

• No commercial solution for small diameter 
tubes (1.7mm diameter) 

• Nuts are turned with minimal friction during 
fastening without the potential of twisting 
the tubing  

• Gasket is seated properly within the male 
nut before fastening. Metal seal 

• Glands is made of VIM-VAR 304 L SS  (to 
avoid hot cracking) and welded to SS tube. 

• Gasket is made of aluminum 6063 T6  

• Nuts are also made of aluminium, but high-
strength 2024 T4 



Half disk construction
• Use of fixtures sets precision 

of finished assembly  

• TC 5022 thermal compound 
in blade-to-ring joints is 
sealed in by DP190 epoxy  

• Exposed carbon edges of 
disk assembly sealed with 
epoxy 
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§  Use	of	fixtures	sets	precision	of	finished	
assembly	

§  TC	5022	thermal	compound	in	blade-to-ring	
joints	is	sealed	in	by	DP190	epoxy	

§  Exposed	carbon	edges	of	disk	assembly	sealed	
with	epoxy	
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Tooling for Half Disk Assembly 

Epoxy	joint	

Phi	stopper	

Side-wall	stopper	for	blade	placement	

Stepping	tooling	



Design of the pixel blade
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§  Solid TPG (0.68 mm thick, highly thermally conductive with in-
plane k = 1500 W/(m*K)) encapsulated with carbon-fiber facing 
(0.06 mm thick). 

§  All blades within the half disk are identical, with one module on 
each side. (Only 2x8 module is used.) 

§  Cooling is arranged at the ends of the blade where blade is 
bonded to the cooling rings. 

§  Removable silicone thermal interface film with 4 W/(m*K) is used 
between the module and blade. 

§  Module assembly is removable with provision of a pair of glued 
module holders. 

§  Cable strain-relief is provided by one of the module holders. 

§  Aluminum #00-90 threaded inserts are glued on the blade for 
module mounting 
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Basic Design of the Pixel Blade 
Threaded	insert	

#00-90		
Mtanium	screw	Grounding	mesh	

TPG		

Module	holder	with	
strain-relief	

Module	assembly	

• Solid TPG (0.68 mm thick, highly thermally 
conductive with in-plane k = 1500 W/(m*K)) 
encapsulated with carbon-fiber facing (~60μm thick) 

• All blades within the half disk are identical, with one 
module on each side. 

• Cooling is arranged at the ends of the blade where 
blade is bonded to the cooling rings.  

• Removable silicone thermal interface film with 4 W/
(m*K) is used between the module and blade.  

• Aluminum threaded inserts are glued on the blade 
for module mounting 



Assembly in the US (at Fermilab’s SIDet)
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Outer Disk 1 Insertion 
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Thermal management
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§  To make the tilted 
blade design work 
thermally took quite a 
bit of R&D 
§  Blade-ring joint is critical; 

tight control of tolerances 
and of assembly 
technique necessary 

§   Achieved Delta T module-
coolant < 10ºC 
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Lessons Learned: Thermal Design 

• To make tilted blade work, very tight 
control of tolerances in the joints are 
necessary (took a lot of R&D) 

• Achieved ΔT(module, coolant) < 10oC. 

• Cooling loop is very conservative 

• Low heat load per loop (~100W). 

• CO2 cooling with 30% vapor 
quality. 

• Pressure drop in manifold 
branches controlled by capillaries.
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§  Disk structure thermal qualification with IR camera 
§   Fast, relatively easy, complete coverage 
§  Half disks are thermal cycled after embedding of  loops (30 times -40ºC to 

+40ºC), and then thermally tested at full end-of-life heat load (3W/module). 
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Lessons Learned: QA/QC 

Green:	out	of	
range;		
Non-green:	
within	target	
temperature	
range	

Thermal management
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Lessons Learned: QA/QC 

Green:	out	of	
range;		
Non-green:	
within	target	
temperature	
range	

• To make tilted blade work, very tight 
control of tolerances in the joints are 
necessary (took a lot of R&D) 

• Achieved ΔT(module, coolant) < 10oC. 

• Cooling loop is very conservative 

• Low heat load per loop (~100W). 

• CO2 cooling with 30% vapor 
quality. 

• Pressure drop in manifold 
branches controlled by capillaries.

Thermal 
quality 
control 
tests



2-phase cooling 

!18

bverlaat@nikhef.nl 

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

Tube diameter (mm)

Vo
lu

m
et

ric
 h

ea
t t

ra
ns

fe
r c

on
du

ct
io

n 
(W

/m
m

3 K)

Isothermal volumetric heat transfer conduction
L=1 m, Q=500 W, T=-20 °C, VQ=0.5

 

 
CO2 (19.7 bar)
Ethane (14.2 bar)
R116 (10.5 bar)
Propane (2.4 bar)
R218 (2 bar)
Ammonia (1.9 bar)
R134a (1.3 bar)

0 1 2 3 4 5 6 7 8 9 10
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Tube diameter (mm)

Vo
lu

m
et

ric
 h

ea
t t

ra
ns

fe
r c

on
du

ct
io

n 
(W

/m
m

3 K)

Overall volumetric heat transfer conduction
L=1 m, Q=500 W, T=-20 °C, VQ=0.5

 

 
CO2 (19.7 bar)
Ethane (14.2 bar)
R116 (10.5 bar)
Propane (2.4 bar)
R218 (2 bar)
Ammonia (1.9 bar)
R134a (1.3 bar)

Fluid Trade-off (2) 

• Translating the temperature gradients to the volumetric heat transfer 
conductance 
– Clearly visible: CO2 is a winner in both overall and isothermal. 
– Another interesting phenomena: The higher the pressure the more 

efficient. Is this maybe the simple answer to the perfect fluid? 
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Overall 

Isothermal 

CO2 

CO2 

Plus: 
High latent heat (less flow) 
Low viscosity (low pressure drop) 
Non-flammable 
Radiation hard 
…. 



2 PACL cycle
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bverlaat@nikhef.nl What circulation method can we use? 

Detector Cooling plant 

Warm transfer 

Refrigeration method: 
(Atlas) 

Vapor compression system 
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If we remember slide 3, we see that proper 
cooling takes place on the liquid side, while 
compressors need gas as input. It is better to 
invent a cycle staying on the liquid side.  
=> externally cooled pump cycle. 
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What happens inside a cooling tube?
Heating a flow from liquid to gas

Super heated vaporSub cooled liquid 2-phase liquid / vapor 
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bverlaat@nikhef.nl New cycle for particle detectors: 2PACL 
 (The 2-Phase Accumulator Controlled Loop ) 

• The 2PACL has the following advantages: 
– Cycle stays on the liquid side, no heat required (experiment can be cooled unpowered 

and no control heaters required) 
– Evaporator pressure=(temperature) controlled with a 2-phase vessel away from the 

experiment. No local control nor sensing needed! 
– All control hardware in a distant accessible cooling plant 
– Primary cooling can be anything, no accurate temperature control needed as long as it 

is colder than the 2PACL 2-phase temperature. 
– Inlet fluid state defined by physics => saturated liquid. 
– Large temperature range (typical from room temperature down to -40°C)  
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Chiller Liquid circulation 
Cold transfer 

2PACL method: 
(LHCb) 

 

Pumped liquid system, 
cooled externally 
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• Cycle stays on the liquid side, no heat required 
(experiment can be cooled unpowered) 

• Primary cooling can be anything, no accurate 
temperature control needed as long as it is 
colder than the 2PACL 2-phase temperature.  

• Large temperature range.



Advantages of 2PACL cycle
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Inlet pressure defined by 
liquid and gas in equilibrium 
inside evaporator → always 
in saturation

Uses outlet fluid to 
increase the temperature 
of sub-cooled liquid

The only part of the system that need to be 
controlled is the temperature of the 
accumulator (heaters and chiller branch). 
But that’s far from the detector.



[The present] ATLAS Phase 2 ITk Inner System
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2.2 Simulation of the ITk Detector

Figure 2.10: Display of the ATLAS Phase-II Inner Tracker ITk with the Inclined Duals detector layout.

2.2.3 The Digitisation, Clustering and Track Reconstruction Chain

The digitisation software for ITk strips and pixels is based on the ATLAS SCT and IBL
offline software, respectively. ITk strips are modelled using n-in-p sensors with electron
carriers. Here the channel efficiency is set to 99.5%, and no defects are simulated for the
main results. ITk pixel sensors are simulated as planar n-in-p with electron carriers. The
channel efficiency is simulated as perfect for hits above threshold, also without simulated
defects. For the pixel sensor two different pitch sizes are considered for performance stud-
ies, either 50 ⇥ 50 µm2 or 25 ⇥ 100 µm2 as both options are still considered. For the pixel
size of 50 ⇥ 50 µm2, the front-end electronics in-time threshold is set to 600 electrons, with
an intrinsic standard deviation of 40 electrons added in quadrature with a noise standard
deviation of 75 electrons. For 25 ⇥ 100 µm2 pixels the in-time threshold, intrinsic stand-
ard deviation and noise standard deviation values are all multiplied by 1.5 owing to the
larger capacitance of such rectangular pixels. Most studies presented in this document are
based on simulating 50 ⇥ 50 µm2 pixel sensors. For some studies results are compared to
simulation using 25 ⇥ 100 µm2 pixel sensors. Further studies are needed to fully assess the
performance implications of the different options for the pixel pitch.

The first step of event reconstruction in ITk is the formation of clusters from individual
channels with a hit for the Strip and Pixel Detectors, respectively. In the following, this is
illustrated using a sample of single muons with pT = 100 GeV. For the Pixel Detector, the
cluster formation starts from grouping hits in adjacent pixels to form clusters. Figure 2.11
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Evolution of the design
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Less is more: simplify design. Greatly 
improves thermal performance and 
simplifies mechanical integration.

Optimization of individual layers 
Angles chosen to minimize material



Integration structure - quarter shell
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• Four quarter shells 
• Integration begins from low z 
• Each with approximately 1/4 

of the disks



Integration strategy
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Q1 Q2H1

Radial
Assembly
Of Quadrants



Local support: barrel rings
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L1 ring L0-L1 coupled ring L0 intermediate ring



Barrel ring assembly
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Foam/face 
co-cured

Titanium 
pipes

Pipe and shape 
machined

Bonded assembly



Cooling pipes
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Welded to 
manifold

Use titanium cooling 
pipes to minimize 
CTE difference

E-break 
position 
(with orifices?)

Still needs to 
converge on either 
capillaries or orifices 
for manifolding



Prototype example
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We plan to build a larger 
“Integration prototype” 
this year.



[The future] Some new ideas
• Disclaimer: the next slides cover projects that I have not participated in. 

• However, those are nice ideas that are being explored for some unique 
detectors right now and that can also be used in future detectors. 

• I will present two case studies. The information I have about them is a 
bit limited, but I think they are interesting to discuss here. 

• Both were presented in last year’s Forum on Tracker Detector Mechanics. 
This is a superb conference to learn new ideas about tracker mechanics. 

• In 2019 the conference will be in Cornell (NY, USA)                            
[https://indico.cern.ch/event/775863/]
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https://indico.cern.ch/event/775863/


The mu3e ultra-low mass tracker
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Mu3e mechanics
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Mu3e mechanics

4mm

6mm

HDI ~100µm

Mupix sensor 50µm

Mupix periphery

polyimide 15µm

SpTAB bonds

Radiation length: ⇡ 0.1% x/X0

23 / 52

The V-shape is used not only for 
mechanical strength, but also for cooling 
with gaseous helium 

Typical heat dissipation 0.25 W/cm²
https://indico.cern.ch/event/695767/contributions/3014935/
attachments/1674108/2686948/praesMu3eValencia2018.pdf 

https://indico.cern.ch/event/695767/contributions/3014935/attachments/1674108/2686948/praesMu3eValencia2018.pdf
https://indico.cern.ch/event/695767/contributions/3014935/attachments/1674108/2686948/praesMu3eValencia2018.pdf


Thermal simulation
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Pixel detector cooling
The V-folds not only give mechanical strength but are used for cooling with gaseous
Helium. Simulation results:

P
A = 400mW/cm2 All pixel layers, no target or SciFi
vglobal = 0.5 m/s vgap = 10m/s vv-fold = 20m/s

41 / 52Very large temperature gradients! 
And O(10μm) thermal expansion! 
Many more studies needed.

Cooling simulations

L1/2

46 / 52

Cooling simulations

Average temperature of ladder translated into thermal expansion of polyimide:

Note: This is a result calling for more studies. Plan is to optimise gas inlets. Interplay with duct layout,

hence non-trivial.
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Pixel detector cooling
The V-folds not only give mechanical strength but are used for cooling with gaseous
Helium. Simulation results:

P
A = 400mW/cm2 All pixel layers, no target or SciFi
vglobal = 0.5 m/s vgap = 10m/s vv-fold = 20m/s

41 / 52

Layers 1/2



The LHCb VELO upgrade cooling
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� 500 [µm] thick silicon substrate
� Input restrictions:

• 60 x 60 [µm] , 40 [mm] long
• dominant pressure drop
• Prevents instabilities among the 

channels
� Main channels

• 120 x 200 [µm] , ~ 260 [mm] long
• Absorbed heat changes the CO2

vapor quality (ratio of gas and liquid)

The sudden increase in cross section 
between the restriction and the main 
channels triggers the boiling.

FOTDM 2017 – CO2 evaporation inside the microchannels
Click!

• The LHCb VELO upgrade will use silicon microchannels to 
cool down the detector.  

• 500 μm thick silicon substrate 

• Input restrictions 

• 60μm x 60μm, 40mm long 

• thin capillary, dominant pressure drop 

• Main channels 

• 120μm x 120μm, 260mm long 

• sudden increase in cross section triggers boiling

https://indico.cern.ch/event/695767/contributions/
3014925/attachments/1674339/2687417/
FOTDM2018_Byczynski_v3.pdf 

https://indico.cern.ch/event/695767/contributions/3014925/attachments/1674339/2687417/FOTDM2018_Byczynski_v3.pdf
https://indico.cern.ch/event/695767/contributions/3014925/attachments/1674339/2687417/FOTDM2018_Byczynski_v3.pdf
https://indico.cern.ch/event/695767/contributions/3014925/attachments/1674339/2687417/FOTDM2018_Byczynski_v3.pdf


Microchannel fabrication
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Deep Reactive Ion Etching

Ti - 200 [nm] 

Au - 500 [nm] 

Ni - 350 [nm]

Silicon oxides



The connector is a big challenge
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A

A

Connector

Ni 10 [μm]

Au  100 [nm]

Solder layer
~200 [μm]

Ni 350 [nm]
Au 500 [nm]

Ti 200 [nm]

Si substrate

A-A
Challenges involved:
� leak tightness
� planarity
� minimum voids in the solder layer
� no flux
� high pressure qualification : 186 [bar]

Solder joint robustness tests presented on FOTDM 2017

Click!
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A

A

Connector

Ni 10 [μm]

Au  100 [nm]

Solder layer
~200 [μm]

Ni 350 [nm]
Au 500 [nm]

Ti 200 [nm]

Si substrate

A-A
Challenges involved:
� leak tightness
� planarity
� minimum voids in the solder layer
� no flux
� high pressure qualification : 186 [bar]

Solder joint robustness tests presented on FOTDM 2017

Click!
Very hard to obtain leak tightness and high pressure 

qualification so that it can be operated with CO2



Conclusions
• Many lessons were learned with the CMS Phase I FPIX  

• The ATLAS ITk Pixel is currently being designed with new ideas 
that minimize the amount of material in the two first layers and 
simplify the mechanical structure of the detector. 

• New detectors are being designed with ideas that have never 
been used in particle detectors before but that may find 
applications in future detectors.
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