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PhysicsPower	&	Cooling	

ALICE:	
• small	fill	factor	CMOS	design	
• 40mW/cm2	
• Polyimid	cooling	pipe	
• Water	coolant	

• max	500mW/cm2	
• 150mW/cm2	cooling	power	
• (50mW/cm2	for	end-of-stave	cooling)	

!
ATLAS:	
• >350	mW/cm2	
• bi-phase	CO2	as	coolant	
• Ti	cooling	pipe	
!
ATLASPix3:	
• large	fill	factor	CMOS	design		
• 	high	efficiency	and	25ns	demonstrated!	

• 140mW/cm2	w/o	serial	powering	
• amplifier	+	comparator	/	digital	
1.25V*100mA	+	1.8V*250mA	

• comparator	in	NMOS	consumes	power	
• MuPix	uses	CMOS	in	periphery,	better	
in	power	

• original	estimate	was	~340	mW/cm2		
• Caveat:	Power	estimated	at	what	
occupancy?	

• Power	depends	on	readout	speed	and	
occupancy!	

• 	CMOS	can	run	at	high	ΔT	
• 	ATLASPix	is	optimised	for	radiation	
hardness.	This	design	choice	can	be	traded	
against	power	consumption	

!
!
!
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Physics

H.	Fox

Baseline	tracker	design:	TPC	

and	3	layers	/	5	disks	of	silicon	sensors,	

5.12	+	19.8	(ETD)	+	53.5	(SET)	=		78.4	m2	in	CMOS	pixels
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CEPC	tracker	designs:	TPC/Si

For 5 - 80m2 we have to plan with 
2 - 32kW of power

40	-	300	mW/cm2	power	consumption



PhysicsClicDet:	Air	Cooling

Assumptions:	50mW/cm2;	vertex	detector;	
barrel	only;	airflow	between	layers	
2.2	-	12	m/s	
!
!
!
!
!
!
!
!
!
!
!
!
!
Edge	from	laminar	→	turbulent	flow

4

4 VERTEX DETECTORS

uniformly distributed over the entire surface of each sensor and to contribute a heat load of 0.05 W/cm2

(see Section 10.2.2). Heat source concentrations can lead to higher local temperatures.
To simplify air delivery, an incoming air temperature of 289 K was assumed at the barrel. This

minimises the thermal insulation needed for air delivery and corresponds to a dew point that might be
expected in a collision hall, although a lower air delivery temperature could be achieved via double-
walled cooling lines. In that case, liquid coolant could be used in an outer shell and high-pressure air in
an inner line, with the air allowed to expand near the point of use.

The results obtained are shown in Figure 4.12 for the five barrel layers of the CLIC_SiD vertex
detector. This figure illustrates the effects of variations in flow division among the various barrel layers.
In particular, the temperature of the innermost layer is higher than that of other layers due to the limited
cross section available for flow between it and the beam pipe. Supplemental one- or two-phase cooling
may be needed for the innermost layer. The variation of temperature with flow rate in all layers illustrates
the critical nature of flow division calculations. The transition from laminar to turbulent flow seen in this
figure depends on total flow rate, the size of flow passages, the smoothness of surfaces, the extent to
which components project into the flow stream, and the way in which flow lines enter and leave the
barrel region. Normally, designs assume a relatively low or high flow rate to improve confidence in heat
removal predictions and lessen the need for testing of prototypes. Since vibrations are a potential issue,
testing is mandatory in any case for CLIC vertex detector structures. Ignoring the region between the
beam pipe and layer 1 (L1), flow velocities range from 2.2 m/s at the lowest total flow rate to 12 m/s at
the highest total rate. For the range of flow conditions studied, the temperature variation along the length
of a module is relatively small: ±0.2 to±2.0 K. Figure 4.12 suggests two options: supplemental cooling

290!

295!

300!

305!

310!

0! 100! 200! 300! 400!

T a
ve

(S
i) 

 [K
]!

Total Flow [g/s]!

L1!
L2!
L3!
L4!
L5!

Incoming(air(=(289(K(

Fig. 4.12: Calculated average temperatures of the five barrel layers of the CLIC_SiD vertex detector as
function of the total air-flow rate.

for L1 and a total flow rate of about 70 g/s or no supplemental cooling with a total flow rate in the range
150 to 190 g/s. In either case, the possibility of lowering the air delivery temperature to roughly 280 K
should be considered.

Should a different coolant be required for the disks or supplemental cooling be required for the
barrel, one possibility is to use evaporative CO2. Evaporative CO2 cooling generally requires tubing with
an inside diameter of 1.5 mm or more for acceptable pressure drop and a wall thickness of 0.15 mm or
more for manufacturability and pressure containment; CO2 pressure at room temperature can rise to at
least 70 bar; round tubing is normally chosen to avoid shape changes with pressure. Materials considered
for tubing include stainless steel, aluminium, and titanium. Stainless steel has the advantages that it

86

Stitched Silicon Vertex Detector?
Stitching allows building circuits as large as an entire wafer 
(standard process for several CIS technologies)

CLIC 
Air Cooling

One of the main challenges of using gas cooling 
is to achieve a uniform gas delivery to all 
detector surfaces whilst minimizing the amount 
of material in the form of ducts/pipes.

ÎMinimize cooling material, use of  air cooling where possible, experimental characterisation and study of induced vibration

Air cooling
Cooling is provided by air flow through the 
carbon foam. Foam in thermal contact with 
silicon acts as a radiator.

Air Flow 

Mu3e 
Helium gas 

Cooling 

Mu3e  PSI
Kapton structure as base support

Air 
Cooling 
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MINIMUM MECHANICS & COOLING MATERIAL: 
GAS COOLINGe+e- collisions



PhysicsAlice:	Air	Cooling
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Cooling System Requirements: Air Circulation and Thermal Shield

Requirement Air Circulation
Flow )�~ 150 m3/h   

• IB airflow 12 m3/h,
• OB airflow 75 m3/h;  
• Envelope airflow 25 m3/h

Temperature Tout =20°C

Humidity RHout =35% RH

Airflow direction From A side

Air velocity <2m/sec in the detector

Requirement Thermal Shield
Thermal Limit heat exchange between the ITS volume and TPC: provide high thermal resistance to radiation 

and convection heat transfer

Safety Comply with Fire safety Instruction/Radiation tolerant

Accesibility TPC inner bore



PhysicsAlice:	Water	Cooling
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Specification Detector Off-Detector Electronics
Power dissipation • IB :    

On-detector    119.55 W*,   Bus  0W,     Power cable    34W                
• OB-ML :    
On-detector    1168.99 W*,  Bus  26W,    Power cable    28W             
• OB-OL :          
On-detector  3468.96 W*,       Bus 135W,    Power cable  46W    

• 10 kW**

Pressure drop stave/board IB (3l/h)=     0.22 bar  
OB-ML           (5 l/h)=    0.08 bar 
OB-OL            (6.3 l/h)= 0.20 bar 

(11l/h) = 0.3 bar 

Chip/Board Operative T range 20°C-30°C 20°C-40°C

* CHIP Power dissipation  (based on Alpide 3: 
• IB =41 mW/cm2

• OB= 28 mW/cm2

and 50% margin

Detector and off-Detector Electronics: Specifications 

8

** based on nominal 7.5KW+margin
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Water Cooling System Overview

Cooling plant

ITS

Plant

PP0 miniframe PP1

Plant
40 m 

5 m 

Remove 14.8kW 
Water Temp range: 18 to 23°C
n.48 loops
n.4 controlled manifold:
• Detector  IL,
• Detector ML, 
• Detector OL
• Off -Detector Electronics



PhysicsAlice:	Water	Cooling,	Stavelet	Study
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2018 JINST 13 T08003

Figure 4. Normalized temperature profiles along the samples (at the central stave line). The vertical axis
shows the di�erence between the temperature of the current point of the sample and the measured temperature
of the inlet water. The heating power density was 0.5 W/cm2.

(a) (b)

Figure 5. Temperature profile of the sample 4 (a) and sample 5 (b) at: 0.1, 0.3, 0.4 and 0.5 W/cm2 power
densities. Red dots — thermocouples located in the middle of the heater, green dots — thermocouples located
on the edge of the heater close to the inlet channel (temperature 14�C ) side, blue dots — thermocouples
arranged along the edge of the heater close to outlet water channel.

axes indicates the location of the thermocouples across the sample: positions 1–3. Position 3 —
thermocouples mounted on the edge of the heater towards the inlet water channel (see figure 3(c)
for illustration), position 2 — thermocouples mounted in the middle of the heater (figure 3(a)),
position 3 — thermocouples mounted along the edge of the heater close to the outlet water channel

– 10 –
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PhysicsAlice:	Water	Cooling,	Stave

8

Thermal characterization

Pressure drop ∆P below 0.3 bar 

Water in 15°C--->Tchip <30°C

q   [W cm-2] G
[L h-1]

ΔTCHIP-H20
[K]

ΔTH2O
[K]

Δp 
[bar]

vH2O
[m s-1]

0.15 3.0 2.4 1.4 0.3 1.0

Water leakless (<1bar) baseline

ΔTCHIP-H20  [K]

Pixel max temperature non-uniformity < 5°C

Corrado Gargiulo, 28 May 2015 32



PhysicsAlice:	Water	Cooling,	end	of	stave

Alice:

9

Thermal 
interface

Cooling blocks both side 37

0.02 0.82 0.56 12.6

0.03 1.25 0.71 12.7

0.04 1.64 0.80 12.9

0.05 2.02 0.86 12.9

q
[W cm-2]

Power
input 
[W]

Estim. 
power 
to flow

[W]

T
water
[°C]

T map [°C]

studies: peripheral cooling, no pipes on the stave

Carbon Fibre orientation Cold plate section



PhysicsATLAS	Strips
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9 Local Supports: Staves and Petals

Polyimide Hybrid
Silicon Sensor

Polyimide Bus Tape

Carbon fibre
closeouts
(C-channels)

Carbon Fibre
Facesheet

Readout ASICs

Carbon Fibre HoneycombHigh Thermal Conductivity Foam Titanium Cooling Tube

Figure 9.1: Schematic of the internal structure of the stave core, with the silicon sensors and ASICs
added. Glue layers are not shown. Not to scale.

Face-Sheets

Face-sheets are formed from layers of high-modulus unidirectional carbon-fibre material
with pre-impregnated radiation tolerant and low-CME cyanate ester resins (prepreg) to-
gether with a copper/polyimide bus-tape. The carbon-fibre material properties are dictated
by the overall stiffness requirements for the local support and the thermal requirements for
supporting the conduction of heat generated in the modules to the cooling structures em-
bedded in the core. The copper/polyimide bus-tapes are laminated together with three
layers of K13C2U/EX1515 (45 gsm, 40% resin content) prepreg in a [0,90,0] lay-up (where
“0 degrees” is along the stave/petal centre axis) in an autoclave at high pressure and tem-
perature (7 bar, 120�C). Due to the high coefficient for thermal expansion (CTE) of the bus-
tape relative to the carbon-fibre, co-curing at high temperature stretches the tape and in-
duces stresses in the final face-sheet at temperatures below the cure temperature. These
stresses can lead to curved face-sheets which can cause problems during local support core
assembly. The degree to which the co-cured face-sheet deforms is reduced by performing
the co-cure on a custom designed curved tool which produces a curved face-sheet at 120�C
which then becomes flat at room temperature.

Cooling Structure

As local supports have all their service connections at one end (staves at z ~1.4 m, petals at
R ~1 m), the cooling tubes pass along the full length of the local support and return via a
U-bend (either close to z = 0 m or R ⇡ 0.4 m). Using both the flow and return arms max-
imises the area available for heat transfer into the fluid and hence the tubes are located at
a symmetric distance around the centre-line of the local support such that heat flow from
the module is divided into four sections of equal length and heat flux. In order to ensure
that the structure is balanced with respect to thermally induced stresses, the cooling tubes
are located in the mid-plane of the local support. The interface between the tube and the
face-sheet is formed using a thermally conducting carbon-foam (Allcomp K9, 130 ppi2),

2 pores per square inch

190

9.2 Details of the Design

r = 0.23 g cm�3, K ⇡ 30 W/mK). The glue joints are made using an adhesive3) loaded with
thermally conducting carbon particulates. To ensure electrical isolation between the struc-
ture and the external cooling services, the cooling loop incorporates two ceramic insulating
breaks which are located close to the connectors inside or outside the core at the connection
end. The example of a stave is given in Figure 9.2.

Figure 9.2: A stave core as seen from the top side. Violet colour indicates carbon-fibre honeycomb
material and yellow indicates carbon-foam used in the assembly.

Cooling loops are manufactured from three basic components: the internal cooling loop
and two composite inlet/outlet sub-assemblies. The joints between the three parts are all
made through orbital welding. The inlet and outlet sub-assemblies each comprise a short
section of the internal cooling tube, an insulating break and an interface tube of 2.5 mm
outer diameter and wall thickness of 0.2 mm. The interface tubes follow the routing re-
quired after insertion into the global support structures but are extended by a few cm, as
shown in Figure 9.2. The extension is terminated in a connector4) for all subsequent testing.
Following the local support acceptance test, the extension piece is cut off and the end of
the tube cleaned up ready for service connections after integration into the global support
structure.

Low-density Core Material

Apart from the cooling structures and the close-outs, the remainder of the central portion of
the local support core is filled with a low-density honeycomb core material which is glued
to the two face-sheets using a conducting glue. The honeycomb maintains the separation
of the face-sheets for good bending stiffness and ensures the support has a sufficiently flat
and robust surface to allow adhesive attachment of the modules without the need for ex-
cessively thick glue layers. Although the choice of honeycomb material is not critical, a
high-performance carbon-fibre based honeycomb with a cell size of about 6.4 mm has been
selected.

3 Hysol EA9396
4 Swagelok VCR
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9 Local Supports: Staves and Petals

transfer coefficient (htc) varies around the cooling loop and is computed using the stand-
alone package CoBra [89], for the appropriate stave or petal thermal loads. The cooling
pipe inner diameter is currently assumed to be 2 mm, although calculations are in hand to
optimise this.

Table 9.5: Thermal properties used as input to the FEA.

Part or Material Kx/Ky/Kz Thickness Comment
Interface [W/(m⇥K)] [mm]

ASIC Silicon
191 (250K)

0.30
- 148 (300K)

ABC130
UV cure glue 0.5 0.08 50% coverage

to Hybrid
HCC130 UV cure glue

0.5 or 3.0 0.08 75% coverage
to Hybrid or silver epoxy

Hybrid PCB Cu/polyimide
72/ 0.23 (0.54)* /

0.2 *in via region
72

Power PCB Cu/polyimide see text 0.3
PCB to sensor FH5313 Epolite 0.23 0.12 75% coverage

Sensor Silicon
191(250K) -

0.3
148(300K)

Sensor to Bus DC SE4445 2.0 0.1 - 0.2 100% coverage

Bus tape
Polyimide/ 0.17 / 0.24 /

0.17
Cu/Al 0.17

Bus to facing - (idealised) - co-cured

CFRP Facing 0-90-0 CFRP 90 / 1/ 180 0.15
K13C2U fibre,
45 g/m2

Facing to Foam
Hysol 9396 +

1.0 0.1
graphite powder

Graphite Foam Allcomp, 2g.cm-3 30 5 mm (core)

Foam to Pipe
Hysol 9396 +

1.0 0.1
graphite powder

Cooling Pipe Titanium (grade 2) 16.4 0.14-0.15 (wall) 2 mm inner dia.

Fluid film Bi-phase CO2
htc 4.5 - 17
[kW/m2K]

Conductivity values for the foam and co-cured facing have been measured by ATLAS in-
stitutes and are so far consistent with manufacturers’ specifications. Thermal conductance
through the various layers, of which the most crucial is the interface between the graph-
itised foam and cooling pipe, have also been measured. Where thermal performance is
sensitive to these individual conductivities, components will be monitored as part of the
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PhysicsATLAS	Pixel
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15 Overview and Status of the ITk Silicon Pixel Detector

Figure 15.19: ALPINE design for the inclined layout.

Four layers of half-cylindrical shells support the modules providing coverage up to h = 4.
Each ring in a shell can be placed independently from the sensors z position loaded in the
other shells.

Figure 15.20 shows the ring concept. Rings in different shells line up to provide a tight disk
like coverage.

Figure 15.20: Left: Ring concept. The composite half-cylindrical shells supporting the half rings
carrying the modules are shown in light brown. Right: layers lining up to provide coverage.

The half-ring is a sandwich of carbon laminates where the core is carbon-foam. In its neutral
plane a titanium cooling pipe and the service bus tape are placed. The heat generated by the
modules is taken away by the CO2 boiling system. The bus tape distributes the electrical
services to the modules and are alternatively bonded to the two carbon face-plates allowing
the adequate sensor overlap.

Figure 15.21 shows an exploded view of the assembly which is symmetric in its cross-
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Mechanical Implementation: ATLAS Pixel SLIM

Page 8

• Heat management: Module Cells (Modularity)
– Base block with positioning pins soldered to CL
– Bonded cooling block (phase-change material + glue dots)
– TPG backing plate + loaded epoxy interfaces

Flat Cell
(120x40mm)

Material tailored 
for TFM needs 

(e.g. Al-Carbon 
Al-Diamond)

Cooling block

Base block

TPG

Sensor
Base block

Tilted Cell
(20x40mm)

S. MICHAL

Layer
TFM (K∙cm2∙W-1)

Conductive Convective Global

0 11 4.3 15
1 16 8.6 25
2 12 8.6 21
3 15 8.6 24
4 18 8.6 27

D. GIUGNI

OB Prototyping: Truss Structure

Page 12

• CFRP Truss Structure (filament winding construction)

~45g/m

End-of-longeron 
support

Truss

Central 
Sandwich

Interface supports      
(pipe + base blocks)

– 2 x TRUSS + Central sandwich step
– CFRP interface supports
– 2 x end-of-longeron supports



PhysicsOccupancy
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LUMINOSITY INSTRUMENTATION 281

(a) (b)

Figure 9.8: Total ionizing dose (TID) and non-ionizing energy loss (NIEL) distribution in r � z for
the machine operation at

p
s = 240 GeV. The white lines indicate the locations of the vertex detector

(VTX), the forward tracking disks (FTD) and the silicon inner tracker (SIT).

H (240) W (160) Z (91)

Hit Density [hits/cm2·BX] 2.4 2.3 0.25
TID [MRad/year] 0.93 2.9 3.4
NIEL [1012 1 MeV neq/cm2·year] 2.1 5.5 6.2

Table 9.4: Summary of hit density, total ionizing dose (TID) and non-ionizing energy loss (NIEL) with
combined contributions from pair production and off-energy beam particles, at the first vertex detector
layer (r = 1.6 cm) at different machine operation energies of

p
s = 240, 160 and 91 GeV, respectively.

9.5 LUMINOSITY INSTRUMENTATION

The forward region of the CEPC detector will be instrumented with a luminometer (Lu-
miCal), aiming to measure integrated luminosity with a precision of 10�3 and 10�4 in
e+e�collisions for Higgs production at the center-of-mass energy of 240 GeV, and for
studies of the Standard Model at the Z pole and WW production energies, respectively.
The precision requirements on the integrated luminosity measurement are motivated by
the CEPC physics program, intended to test the validity scale of the Standard Model
through precision measurements in the Higgs and the electroweak sectors with 106 Higgs
and 1010�12 Z bosons. Many sensitive observables such as ⇤Z and sin ✓eff depend on the
uncertainty of the integrated luminosity.

Luminosity at an e+e� collider is best measured by counting Bhabha events of elastic
e+e� scattering. Its theoretical uncertainty is better than 0.05% at the Z pole [15]. The
scattered electrons are distributed in the forward direction with a 1/✓3 dependence. The
cross section of the BHLUMI [16] simulation is illustrated in Figure 9.9(a).
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PhysicsCooling	Summary

Microchannel	Cooling:	
preferred	option:	spread	out,	low	X0,	nice	
project	
embedded	in	carbon	fibre	
possible	over	a	long	distance?	
!
Ti-pipe	cooling:	
from	X0	point	of	view	actually	not	as	
prohibitive	as	one	might	think	
lots	of	UK	investment	
we	know	how	to	do	it	
can	absorb	any	kind	of	heat	
!
Water	cooling:	
highly	focussed	X0	
water	is	not	a	good	substance	
easy	to	use	
commercial	product/fitting	

!
Conclusion:	
carefully	check	X0	(distribution)	for	Ti	and	ITS	
options	
R&D	programme	for	Microchannel	cooling
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