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1.BOUNDARY CONDITIONS:  
what you shall keep in mind in mind while designing your Vertex Detector

 PERFORMANCE: primary & secondary vtx reconstruction starts by single tracks and the quality of the measured track is assessed by the 
perigee parameters, notably the impact parameter (i.p.), namely the distance of closest approach to the interaction point. In the plane 
transverse to the beams, the resolution on the i.p. may be written as:

 a depends on the single point resolution, the 
geometry (Inner & outer layer), the number of 
layers 
 b depends on the Coulomb multiple 
scattering, i.e. the material budget in the beam 
pipe and the detector [dominated by the closer 
layer]

Past & future figures:

CEPC:                  5                       10      

ILD LOI 2009

CDR - 2018 N.B. initial values for LEP & LHC
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1.Implications on the detector: asymptotic term, single point resolution & geometry

Alejandro Pérez Pérez, LC Vertex Detector Workshop, Apr. 30th  – May 3rd 2017 7

Solve motion's equation                                fi nominal trajectory

Introduction: NavigationIntroduction: Navigation

Navigate geometry

fi trajectory intersection with geometry elements

Calculate intersection coordinates correlations due to MS

p(δθi)=
1

√2π
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−δθ
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/2θ
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θ0=
13.6 MeV

β pc
z√ x /X 0[1+0.038 ln(x /X 0)]

A simplified but possibly useful analytical model:

Rin

Rmean

Rout

 Rin constrained by the beam pipe 
 Rout loosely constrained by the 
surrounding detector 
 no. layers n = 2m+1 
 all of the detectors in the layers 
were born equal (same resolution) 
 layers equally spaced 
 the trajectory is a straight line 
 the impact parameter is 1:1 
geometrically correlated to the y 
value at R=0 

Being so, the resolution may be analytically estimated as:

�2
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Rin [mm] Rout [mm] n σsingle point [μm]
16 32.5 3 2.3

16 60.0 3 3.7
16 340 5 6.0

16 340 7 6.9

= 25 μm2
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Rin [mm] Rout [mm] n σsingle point [μm]
16 32.5 3 2.3

16 60.0 3 3.7
16 340 5 6.0

16 340 7 6.9

If you are confident, as I was during my talk at HKUST in 
2016, you can say that the vertex detector at the CEPC 
experiment is roughly like a Coke can:
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Rin [mm] Rout [mm] n σsingle point [μm]
16 32.5 3 2.3

16 60.0 3 3.7
16 340 5 6.0

16 340 7 6.9

If you are a bit more conservative, on the detector side, you 

need a larger can:

https://www.sizes.com/home/cans.htm but you still need to keep it cold! Or at least @ room T
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Rin [mm] Rout [mm] n σsingle point [μm]
16 32.5 3 2.3

16 60.0 3 3.7
16 340 5 6.0

16 340 7 6.9

https://www.sizes.com/home/cans.htm

140 TRACKING SYSTEM

Figure 4.1: Preliminary layout of the tracking system of the CEPC baseline detector concept. The
Time Projection Chamber (TPC) is embedded in a Silicon Tracker. Colored lines represent the posi-
tions of the silicon detector layers: red lines for the Vertex Detector (VTX) layers; orange lines for
the Silicon Inner Tracker (SIT) and Silicon External Tracker (SET) components of the silicon tracker;
gray-blue lines for the Forward Tracking Detector (FTD) and Endcap Tracking Detector (ETD) com-
ponents of the silicon tracker. The cyan lines represent the beam pipe, and the dashed red line shows
the beam line position with the beam crossing angle of 16.5 mrad. The ETD line is a dashed line
because it is not currently in the full simulation. The radial dimension scale is broken above 350 mm
for display convenience.

142 TRACKING SYSTEM

Figure 4.2: Schematic view of pixel detector. Two layers of silicon pixel sensors are mounted on both
sides of each of three ladders to provide six space points. Only the silicon sensor sensitive region (in
orange) is depicted. The vertex detector surrounds the beam pipe (red).

R (mm) |z| (mm) | cos ✓| �( µm)

Layer 1 16 62.5 0.97 2.8
Layer 2 18 62.5 0.96 6
Layer 3 37 125.0 0.96 4
Layer 4 39 125.0 0.95 4
Layer 5 58 125.0 0.91 4
Layer 6 60 125.0 0.90 4

Table 4.1: The baseline design parameters of CEPC vertex detector including position and single-point
resolution. The values of single-point resolution for layer 1 and layer 2 consider a double-sided ladder
concept based on a high resolution sensor on one side, and a faster sensor on the other side to provide
necessary time-stamp for tracking.

4.1.3 DETECTOR PERFORMANCE STUDIES

The identification of b/c-quark jets (called "flavor-tagging") is essential in physics analy-
sis where signal events with b/c-quark jets in the final state have to be separated from one
another and from light-quark jets. Flavor tagging requires the precise determination of
the trajectory of charged tracks embedded in the jets. For CEPC operation at the center-of
mass energy of 240 GeV, those tracks are often of low momentum, for which the multiple
scattering effect dominates the tracking performance as illustrated by Eq. 4.1.

The CEPC vertex detector layout has been fully implemented in the GEANT4-based
simulation framework, MOKKA [1]. In addition, the LiC Detector TOY fast simula-
tion and reconstruction framework (LDT) [2] have been used for detector performance
evaluation and layout optimization. Preliminary optimization studies have been done to
evaluate the sensitivity of the flavor-tagging performance to the detector geometry and
material budget, resulting in the chosen parameters. The detector simulations include the

[
[
[

The CEPC-CDR 
baseline vertex 
detector geometry

about 5”  
(do not forget wafers today are 8” in diameter)

about 4” 1/4
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2.Implications on the detector & beam pipe: multiple scattering term & material budget

Our event horizon is defined by the beam pipe and stochastic deviations in the particle 
direction due to multiple Coulomb scattering are irreducibly affecting our capability to 
measure the perigee parameters. 
Following the Moliére’s theory, the standard deviation of the Gaussian core of the angular 
deflection in the transverse plane can be written as: 

where x is the thickness, X0 the radiation length and the effect on the impact parameter 
resolution, presuming to have no uncertainty on the “pivot point” at the beam pipe, is: 

where θ is the polar angle. 

27. Passage of particles through matter 11

27.2.6. Energy loss in mixtures and compounds: A mixture or compound can be
thought of as made up of thin layers of pure elements in the right proportion (Bragg
additivity). In this case,

dE

dx
=

!

wj
dE

dx

"

"

"

"

j
, (27.8)

where dE/dx|j is the mean rate of energy loss (in MeV g cm−2) in the jth element.
Eq. (27.1) can be inserted into Eq. (27.8) to find expressions for ⟨Z/A⟩, ⟨I ⟩, and ⟨δ⟩; for
example, ⟨Z/A⟩ =

#

wjZj/Aj =
#

njZj/
#

njAj . However, ⟨I ⟩ as defined this way is
an underestimate, because in a compound electrons are more tightly bound than in the
free elements, and ⟨δ⟩ as calculated this way has little relevance, because it is the electron
density which matters. If possible, one uses the tables given in Refs. 24 and 31, which in-
clude effective excitation energies and interpolation coefficients for calculating the density
effect correction for the chemical elements and nearly 200 mixtures and compounds. If a
compound or mixture is not found, then one uses the recipe for δ given in Ref. 22 (repeated
in Ref. 1), and calculates ⟨I⟩ according to the discussion in Ref. 11. (Note the “13%” rule!)

27.2.7. Ionization yields: Physicists frequently relate total energy loss to the number
of ion pairs produced near the particle’s track. This relation becomes complicated for
relativistic particles due to the wandering of energetic knock-on electrons whose ranges
exceed the dimensions of the fiducial volume. For a qualitative appraisal of the nonlocality
of energy deposition in various media by such modestly energetic knock-on electrons,
see Ref. 32. The mean local energy dissipation per local ion pair produced, W , while
essentially constant for relativistic particles, increases at slow particle speeds [33]. For
gases, W can be surprisingly sensitive to trace amounts of various contaminants [33].
Furthermore, ionization yields in practical cases may be greatly influenced by such factors
as subsequent recombination [34].

27.3. Multiple scattering through small angles

A charged particle traversing a medium is deflected by many small-angle scatters.
Most of this deflection is due to Coulomb scattering from nuclei, and hence the effect
is called multiple Coulomb scattering. (However, for hadronic projectiles, the strong
interactions also contribute to multiple scattering.) The Coulomb scattering distribution
is well represented by the theory of Molière [35]. It is roughly Gaussian for small
deflection angles, but at larger angles (greater than a few θ0, defined below) it behaves
like Rutherford scattering, having larger tails than does a Gaussian distribution.

If we define
θ0 = θ rms

plane =
1√
2
θrms
space . (27.9)

then it is sufficient for many applications to use a Gaussian approximation for the central
98% of the projected angular distribution, with a width given by [36,37]

θ0 =
13.6 MeV

βcp
z

$

x/X0

%

1 + 0.038 ln(x/X0)
&

. (27.10)

Here p, βc, and z are the momentum, velocity, and charge number of the incident particle,
and x/X0 is the thickness of the scattering medium in radiation lengths (defined below).

January 10, 2006 13:17
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 Estimates of the contributions due to the multiple scattering in the Berillium beam pipe & constraints on the VTX 

Machine/Exp. Rbp [mm] Thickness  [mm] x/X0 [%] bbeam pipe [μm]

LEP/DELPHI 56 1.4 0.40 48

LHC/ATLAS 23.5 0.8 0.23 15

ILC/TESLA Det. 14 0.5 0.14 7

CEPC (CDR2018) 15 0.5 0.14 8

The inner layer of the VTX detector is adding a second scattering surface; being the deflections uncorrelated and summing up in 
quadrature the contributions, one can see that:

b ⇡ 10µm ! xV TX inner layer/X0  0.15%
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

namely an effective thickness equivalent to 140 μm of Silicon, certainly NOT a piece of cake 
(well, not necessarily bad if you have to be THIN) 



�9

 BEAM INDUCED BACKGROUND at the CEPC*:

* based on the work coordinated by Hongbo Zhu, summarised in the CEPC-CDR + Report by Wei Xu at the Beijing 2017-11 workshop

 Synchrotron radiation photons from the last bending dipole magnet: 
• it may be a killer once the photons scatter in the beam pipe and enter the detector region; 
• mask tips are an effective  therapy and reduce by nearly 3 orders of magnitude the number, from 40 000 to less than 80 

photons hitting the beam pipe /beam crossing (BX) ⇒ NEGLIGIBLE EFFECTMask tips design 

2018/11/13 14 

Central beam 
pipe (±7 cm 
from IP) 

Beam along Z direction 

𝜃𝛾  

𝜃𝑏 

Extension line should be far way 
from central beam pipe 

𝜃𝑏=   1.17 mrad 

𝜃𝛾= −127 ± 7 𝜇rad at Z=-1.51m 

𝜃𝛾= −130 ± 8 𝜇rad at Z=-1.93m 

X 
d

ir
ec

ti
o

n
 Extension line should be  

parallel with SR photons 

X 

Y 

Mask tip at X-Y plane: a ring 

0.6mm 
High Z material: 
Au is the best. 

tips located at z = ±1.51, ±1.93, ±4.2 m
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 BEAM INDUCED BACKGROUND at the CEPC*:

* based on the work coordinated by Hongbo Zhu, summarised in the CEPC-CDR + Report by Wei Xu at the Beijing 2017-11 workshop

 Off-energy particles entering the interaction region: 
• as long as beam particles loose more than 1.5% of their nominal energy, they cannot fit the “normal” orbit; 
• energy loss is due to beam-gas interaction anywhere (residual pressure 10-7 mbar), beamstrahlung and radiative Bhabha 

[the DOMINANT effect] in the ip region; 

• stray particles can enter the detector volume right after the bunch crossing or after multiple turns; 
• collimators are quite effective in reducing the effects due to off-energy particles: 

- APTX1, APTX2, horizontal plane, 5 mm aperture (14 σx) 
- APTY1, APTY2, vertical plane, 1 mm aperture (39 σy)) in the 1700 m < |z| < 2300 m region

⇒ residual hit density at the inner layer of the VD: 0.22 hits/cm2/BX (safety factor 10; √s = 240 GeV)

+ s-channel diagrams
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 BEAM INDUCED BACKGROUND at the CEPC*:

* based on the work coordinated by Hongbo Zhu, summarised in the CEPC-CDR + Report by Wei Xu at the Beijing 2017-11 workshop

 e+e- following a photon-photon interaction during the beam crossing: process : 

 the energy spectrum and the polar angle distribution are such that the majority (84% if I’m not mistaken, after Wei Xu) are confined 
within the beam pipe: 

⇒ major source of background hits at the level of: 2.2 hits/cm2/BX @inner VD layer, decreasing by 2 orders of 
magnitude at the outer layer at 6 cm (safety factor 10 in the estimates; √s = 240 GeV)

Energy spectrum of pair production 

2018/11/13 21 

84.35 % 

• Pair production in beam-beam interaction 

• Charged particles attracted by the opposite beam can emit photons (beamstrahlung), followed by electron-positron pair 

production  

• Most electrons/positrons are produced with low energies and in the very forward region, and can be confined within the beam pipe 

with a strong detector solenoid  

• GUINEA-PIG++ is used to simulate the pairs production process and  pairs generated by GUINEA-PIG++ are fed to Mokka to 

perform a detector simulation 

 

Pair production 

2018/11/13 5 
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 BEAM INDUCED BACKGROUND at the CEPC, summary table:

by the way, this is what was estimated at the ILC*:

CEPC

ILC-TDR

M. Winter, ALCW 2015;

*but beware of the fact numbers can be larger by a factor 2-3 in the ILC250 scheme, see Anne Schutz, arXiv:1801.04156, 2018 

what is the impact on the detector architecture? say that, for Pattern Recognition & efficiency,  

⇒ you do not want to exceed 1% occupancy  

https://arxiv.org/abs/1801.04156


�13Once more, some back-of-an-envelope calculations: 
say you have: 

 2.4 hits/cm2/BX 

 20x20 μm2 pixels ⇒ 1/4 Megapixel/cm2 

 every hit, is generating a 3x3 pixel cluster ⇒ about 20 fired pixels/cm2/BX

⇒ targeting 1% occupancy, the maximum number of BX you can integrate is 125, namely 

Δt = 85 μs for 1 cm2 sensor

meaning that I either have   

or, in a data-driven (push) architecture, 

 ONE full frame read-out in less than 85 μs [independent from the no. of fired pixels] 

 2500 pixels (1% of the existing ones) addressed & read-out (effective read-out time ÷ no. fired pixels), namely 34 ns/pixel

no matter the architecture, you have to be FAST ⇒ “burn” energy ⇒ “grow in mass”



 14

READY TO GO? 
a glance at the state-of-the- art and beyond



�15

 Something BIG & LIQUID COOLED 
 Something SMALLER & AIR COOLED 
 Something NEW 

2. MECHANICS & INTEGRATION 
where SIZE & HEAT do matter

Essential bibliography: 
• Slides & thoughts from Corrado Gargiulo’s Detector seminar @CERN, October 26, 2018 
• The HKUST2019 report by Rafael Coelho Lopes de Sà on Recent Developments in Silicon tracker mechanics 
• TDR of the ALICE Inner tracker J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 [comprehensive description] 
• P. Martinengo, The new Inner Tracking System of the ALICE experiment, Nuclear Physics A 967 (2017) 900–903 [short & compact] 
• G. Contin et al., The STAR MAPS-based PiXeL detector, arXiv 1710.02176v2, Jan. 22nd 2018 
• F. Duarte Ramos et al., CLIC inner detectors cooling simulations, LCD-Note-2013-007  
• N. Berger et al., A tracker for the Mu3e experiment based on high-voltage monolithic active pixel sensors, NIM A 732 (2013) 61–65 + reports @VTX conferences 
• A. Numerotski et al., PLUME collaboration: Ultra-light ladders for linear collider vertex detector, NIMA 650 (2011) 208–212 & updates (see the slides at the LC 

detector workshop 2017) 
• Reports by the DEPFET collaboration on the all-silicon module development, including: 

1. The CEPC Beijing 2018 workshop by Marcel Vos 
2.The HKUST2019 report by Laci Andricek 

3. L. Andricek et al., Integrated cooling channels in position-sensitive silicon detectors, JINST 11 (2016) no. 06, P06018 

•



�16 Something BIG & LIQUID COOLED: the ALICE ITS (supposed to be installed in the 2019-2020 shutdown)

Table 1.1: Geometrical parameters of the upgraded ITS.

Inner Barrel Outer Barrel

Inner Layers Middle Layers Outer Layers

Layer 0 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6

Radial position
(min.) (mm)

22.4 30.1 37.8 194.4 243.9 342.3 391.8

Radial position
(max.) (mm)

26.7 34.6 42.1 197.7 247.0 345.4 394.9

Length (sensitive
area) (mm)

271 271 271 843 843 1475 1475

Pseudo-rapidity
coveragea

±2.5 ±2.3 ±2.0 ±1.5 ±1.4 ±1.4 ±1.3

Active area (cm2) 421 562 702 10 483 13 104 32 105 36 691

Pixel Chip
dimensions (mm2)

15⇥ 30

Nr. Pixel Chips 108 144 180 2688 3360 8232 9408

Nr. Staves 12 16 20 24 30 42 48

Staves overlap in
r� (mm)

2.23 2.22 2.30 4.3 4.3 4.3 4.3

Gap between chips
in z (µm)

100

Chip dead area in
r� (mm)

2

Pixel size (µm2) (20� 30)⇥ (20� 30) (20� 50)⇥ (20� 50)
a The pseudorapidity coverage of the detector layers refers to tracks originating from a collision at
the nominal interaction point (z = 0).

• Space Frame: truss-like lightweight mechanical support structure for the single
stave based on composite material (carbon fiber).

• Cold Plate: carbon ply that embeds the cooling pipes.

• Hybrid Integrated Circuit: assembly consisting of the polyimide flexible printed
circuit (FPC) on which the Pixel Chips (2⇥ 7) and some passive components are
bonded.

• Half-Stave: the Stave of the Outer Barrel is further segmented in azimuth in two
halves, named Half-Stave. Each Half-Stave consists of a number of modules glued
on a common cooling unit.

• Module: The Staves of the Outer Barrel are further segmented longitudinally to
Modules. Each Module consists of a Hybrid Integrated Circuit that is glued onto a
carbon plate (Module Plate).

The Staves for the Inner Barrel and the Outer Barrel are illustrated schematically in
Fig. 1.3.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration

7

 based on binary monolithic active pixel sensors (ALPIDE), thinned to 50 μm 
 pixel size: 29x27 μm2  
 TOTAL NUMBER OF PIXELS: 12.5 x 109 (30 000 chips) 
 CHIP Power consumption: 40 mW/cm2 
 TOTAL POWER: 5 kW 
 Operating temperature: 23C

Array of MAPS chip

FPC

Glue  (~50µm)
Sensor   (~50µm)29 cm ,  1

.7 gram 

Polyimide pipes

High Modulus fibres

High Thermal 
Conductive fibres An amazing engineering masterpiece but NOT good enough for the 

next-gen lepton colliders since x/X0 ~ 0.3%



�17 Something SMALLER & AIR COOLED: the STAR tracker @RHIC (OPERATIONAL since 2014) 

 based on Monolithic Active Pixel sensors (MIMOSA-28), thinned to 50 μm  
 pixel size: 20.7x20.7 μm2 
 TOTAL NUMBER OF PIXELS: 356 x 106 (400 sensors) 
 CHIP Power consumption: 170 mW/cm2 
 TOTAL POWER: 272W + 80W for the drivers 
 2 layers @2.8 & 8 cm  
 operated at room T + 10C 

STAR-HFT Heavy Flavour 
Tagger 

Figure 1: The HFT PXL detector.

using precision machined mounts. A sector represents the basic unit in terms

of powering and readout. Each sector consists of a trapezoidal, thin (250 µm)

carbon fiber sector tube supporting four 10-sensor ladders, one at the inner ra-

dius, and three at the outer radius, arranged in a turbo geometry design (see

Figure 2).

Figure 2: Sector tube shape and end view of the detector showing the ladder positions on the

sector.

Each sector is composed of 40 MAPS sensors and is serviced by a single

Mass Termination Board (MTB), where all di↵erential and single-ended signals

are bu↵ered and where the ladder power supplies are regulated (see Section 5.3

for details). The MTBs are connected with sectors using 2 m long cables and

8

Carbon Fiber Sector, 120 μm thin 
air flow at 10 m/s

through the inside of the sector tubes, constrained by a barrier in the PXL

support cylinder, and then returns and exits the detector over the outer surface

of the ladders and along the inner barrel surface next to the beam pipe. This

is shown graphically in Figure 15.

Figure 15: Graphical representation of air flow in the PXL cooling system.

The pixel chips dissipate 150 mW/cm2 or a total of approximately 270 watts

and additional 80 W are required for the ladder drivers. In addition to the

ladder total of 350 W a fraction of this value is required for voltage regulators

and electronics that are on the MTBs and reside in the air cooled volume in the

exit path of the airflow.

Initial computational fluid dynamic simulations indicated that the temper-

ature rise of the sensors could be limited to approximately 10�C above ambient

temperature with a cooling airflow of 9 m/s. This result was later confirmed in

cooling test studies using a full-size detector mock-up as described below.

Since MAPS-based devices can be operated at room temperatures and up

to ⇠40�C without any significant noise degradation, the PXL detector is cooled

simply with forced air flow and without any need for thermal isolation and

condensation control. The air chiller system2 provides the cooling air circulating

through the PXL detector with a temperature of around 23�C as measured at the

blower outlet. The chiller and the PXL support structure are connected with

6 inch (15.24 cm diameter) flexible ducts. The air exiting the PXL detector

2Water-Cooled Environmental Control Unit (ECU), Air Innovations Model 99C0134-00,

https://airinnovations.com/

33

TOTAL MATERIAL BUDGET: 0.4% X0, for the 2 layers



�18 Something BIG & AIR COOLED: the CLIC-ILD tracker (will it ever be operational?) 

Figure 2: Engineering layout of the CLIC ILD inner region.

1.2. Cooling Strategy

A dry gas (air or N2
3)) is proposed for the cooling of the detectors in the inner region as a means

to achieve the strict requirements for the material budget in this volume. One of the main chal-
lenges 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. A proposed solution for the air de-
livery inside the inner region of CLIC ILD consists of having two independent cooling streams
inside the volume defined by the cylindrical CFRP support tube (as shown in Figure 3): an outer
stream will provide the air necessary to cool the FTDs 2-5 whilst an inner one will serve to cool
the vertex detector as well as the SIT and FTD1 layers.

For the outer stream, the air will be provided through openings in the bottom of the CFRP
support tube and extracted from openings on the top as shown in Figure 3a. For the supply
of the air to the innermost region, a solution has been proposed where the initial design of the
beam pipe with 4 mm thick conical walls is modified to become a ”double-wall” design. In this
proposal, the thickness of the conical portions of the beam pipe is reduced to the minimum value
required to satisfy vacuum and load bearing specifications whilst a second stainless steel conical
shield is added around the beam pipe conical portions. The thickness of this shield will have to
be optimized in a future series of full detector simulations. The gap between the conical shield
and the beam pipe serves as the duct needed to supply/extract air to/from the innermost region.
This solution has the added benefit of reducing the weight of the beam pipe and thus minimize
the loads on the fragile beryllium portion whilst at the same time providing an air duct without
increase in material. The introduction of this duct comes at the expense of a slight decrease in

3The thermal behaviour of both gases is similar. For example, at 300 K: rair = 1.161 kg/m3, rN2 = 1.123 kg/m3;
cpair

= 1.007 kJ/kg·K, cpN2
= 1.041 kJ/kg·K; kair = 26.3 ·10�3 W/m·K, kN2 = 25.9 ·10�3 W/m·K.

6

acceptance (currently, the gap between the conical shield and the beampipe is 10 mm). Figure
3b shows the flow direction inside the innermost region. This arrangement of streams allows
the air to be provided to the inner region from one side of the detector and extracted from the
opposite, thus simplifying the routing of the cooling related services.

(a) Outer cooling stream

(b) Inner cooling stream

Figure 3: Sketch showing the proposed cooling strategy for the inner region of the CLIC ILD
detector concept.

Since the air supply to the innermost region is perpendicular to the vertex detector endcaps,
a solution had to be found to properly cool the vertex detector endcaps while minimizing large
scale flow disturbances that would increase the pressure drop inside the innermost region and
degrade the cooling efficiency. The proposed solution adds a significant tangential component
to the air flow inside the vertex detector volume. To match the flow direction, it is proposed to
split the three vertex detector endcap disks into twenty-four petals that are distributed around the
beam pipe following a helical path with a pitch equal to the initial distance between the vertex
endcap disks (see Figure 4). In order to induce the tangential velocity component to the flow
entering the vertex detector model, a set of helical shaped deflectors was added to the volume
between the conical beam pipe portion and the stainless steel shield as shown in Figure 5a. Once
inside the volume of the vertex detector, the air is allowed to flow in between the vertex endcap
petals and barrel layers as shown schematically in Figure 5b. The impact on the physics per-
formance of the different layout changes proposed for the air-cooling scheme is being evaluated
[2, 3].

Furthermore, in order to also minimize the flow disturbances that could cause unwanted vi-
brations in the transition between the vertex endcap and the barrel regions, the support structure
for the vertex barrel ladders was designed in order to match the flow direction inside the vertex
detector volume. To achieve this goal, a CFRP/Rohacell sandwich structure with a helical shape
with the same pitch as the one used in the placement of the vertex endcap petals is used to sup-

7



�19 Something “NEW” (1/3):

 PLUME (since 2009; initiated by the Strasbourg team) (AIR cooled oriented): a light weight support for the ILD double layer VTX 
design

support made of low density silicon carbide (SiC) foam, 2 mm thick.
Six sensors with total area of about 12!1 cm2 are butted together
and glued on the kapton-metal flex cable. The flex cables provide all
communications and services of the sensors from and to the
outside world. They are wire bonded to other flex cables, which
in turn are connected to a servicing board located about one
meter away.

Sensors will be power cycled to benefit from the ILC bunch train
structure (at most 1/50 duty cycle) and to reduce the average power
consumption, around 100 mW/cm2 before the power cycling. The
main aim of this work is to acquire expertise for the ladder
production considering both electrical and mechanical aspects
and keeping minimal the material budget. In particular, conse-
quences of the power cycling in strong magnetic field will be
studied in order to minimize their influence on the impact
parameter resolution.

The PLUME project is organized in several steps described
below, which gradually allow to approach its target specifications.

4. First prototypes

The very first PLUME ladder prototype was built in 2009 out of
‘off-the-shelf’ components to explore the fabrication and beam test
procedures [10]. This prototype used two MIMOSA-20 sensors with
analog output [11] on each side, thinned down to 50 mm, providing
a 1!4 cm2 sensitive area. The flex cable for the sensors was
provided by the CBM (Compressed Baryonic Matter experiment)
vertex detector [12] group. The two cables were separated by a
piece of 2 mm-thick SiC foam with 8% fill factor. The total material
budget of 0.60% X0 had the following contributions: SiC foam 0.18%,
sensors 0.11%, glue 0.02% and flex cable 0.29%. The ladder was
tested in November 2009 in a 120 GeV pion beam at the CERN-SPS.

Preliminary results of the study, shown in Fig. 4, demonstrate
that the spatial resolution is improved by about 25% when two hits
on the two ladder sides are combined into a mini-vector. The RMS
of residuals for each single plane, about 7.7 mm, can be compared to

that for the mini-vectors, 5.9 mm. Work is in progress to understand
the discrepancy with expected improvement of about 40%.

The next prototype will have six MIMOSA-26 binary output
sensors operating simultaneously on the same flex cable. The
material budget estimate for this prototype is about 0.61% radiation
length in the sensor area (SiC foam 0.18%, sensors 0.11%, glue 0.01%
and flex cable 0.31%). Fig. 5 shows three MIMOSA-26 sensors
mounted on a PCB version of the flex cable. The electrical testing of
the sensors is in progress.

Currently two vendors have been qualified for the flexible
kapton cable production with best results obtained from Optiprint
[13]. Copper metal traces have been used. The current design did
not aim to minimize the material in the cable but rather to have a

Fig. 3. Conceptual drawing of the double-sided PLUME ladder.

Fig. 4. Track residual for the first PLUME prototype ladder.

Fig. 5. Second PLUME ladder prototype with three MIMOSA-26 sensors prepared
in 2010.

Fig. 6. Differential clock signal at 150 MHz.

Fig. 7. Microphotograph of SiC foam.
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support made of low density silicon carbide (SiC) foam, 2 mm thick.
Six sensors with total area of about 12!1 cm2 are butted together
and glued on the kapton-metal flex cable. The flex cables provide all
communications and services of the sensors from and to the
outside world. They are wire bonded to other flex cables, which
in turn are connected to a servicing board located about one
meter away.

Sensors will be power cycled to benefit from the ILC bunch train
structure (at most 1/50 duty cycle) and to reduce the average power
consumption, around 100 mW/cm2 before the power cycling. The
main aim of this work is to acquire expertise for the ladder
production considering both electrical and mechanical aspects
and keeping minimal the material budget. In particular, conse-
quences of the power cycling in strong magnetic field will be
studied in order to minimize their influence on the impact
parameter resolution.
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Outputs of PLUME-1 
•  Running 12 sensors altogther poses no pb (no so trivial before STAR/PXL) 
•  Air flow at 1-3 m/s is enough � operation temp 35-40 oC (no perf. Degradation) 
•  Metrology agreed with FEA simulation for resonance freq > 230 Hz 

•  Metrology & beam test agreed on pixel-to-pixel distance for neighboring sensors 
~550 µm, mostly driven by dicing quality 

•  Beam test confirmed material budget (multiple scattering measurement) 
-  Cross section ~ (0.47 ± 0.02) % X0  

•  Metrology & beam test revealed non flatness within ~ 100 µm  
-  Foam surface not prepared specifically 

-  Reproduced offline with polynomial parameterisation of the surface 
� spatial resolution recovered for non incident angles (not fully at 60 degrees) 

•  Spatial resolution of indivual sensor unchanged 
-  1/√2 gain when two sides combined 

•  Pointing resolution assessed with two sides 
-  0.05 to 0.2 degrees from normal to 60 deg incidence 
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 Phase 1 (2009-2010):  
• fill factor 8% (1-void volume)/total 

volume 
• SiC foam: 0.18% X0 
• sensors:    0.11% 
• glue:          0.02% 
• flex cable: 0.29% 
• TOTAL: 0.6% X0  

 Phase 2 (2011-2017) 
• investigating a lighter foam (4%), 

unfortunately brittle 
• characterising lower mass cables with 

Al or Cu traces

SiC foam, about 2 mm thick

INTERESTING but slow progress and still not satisfactory
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 AN ULTRA-LIGHT STRUCTURE FOR THE PIXEL TRACKER AT THE MU3E EXPERIMENT @PSI 

Ultra-thin HDI  

28.02.2017Dirk Wiedner, Mu3e 19

• Two layer HDI test 
design (top)

Material Thickness [μm] X/X0
upper Al layer 14 1.57 · 10−4

isolator (PI) 35 1.22 · 10−4

glue 10 0.25 · 10−4

lower Al layer 14 1.57 · 10−4

lower PI shield 10 0.35 · 10−4

total 83 < 5 · 10−4
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Ultralight Pixel Ladder

pixel layer: ~ 1.15 per mille radiation length

2 Al layers

Ultra-thin HDI  
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isolator (PI) 35 1.22 · 10−4

glue 10 0.25 · 10−4

lower Al layer 14 1.57 · 10−4

lower PI shield 10 0.35 · 10−4

total 83 < 5 · 10−4

Cross section of the High Density Interconnection layer:
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pixel layer: ~ 1.15 per mille radiation length

2 Al layers
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Mechanical Mockups

36 cm

Even larger stable structures possible 

Ultra-thin mechanical mockup:
●  sandwich of 25 µm Kapton®

●  50 µm glass (instead of Si)

Mechanical Mockups

by using Kapton V-folds

A 36cm long mock-up, equipped with 50 μm glass layers 
mimicking the pixels
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 ALL-SILICON MODULES WITH INTEGRATED COOLING CHANNELS (initiated by MPG-HLL Munich + Bonn + Valencia/P. Petagna 
@CERN) 

marcel.vos@ific.uv.esCEPC workshop Beijing, November 2018 34 Ladislav Andricek, 34

thinned all-silicon module with integrated cooling channels

:- integrate channels into handle wafer beneath the ASICs

:- channels etched before wafer bonding → cavity SOI (C-SOI)

:- full processing on C-SOI, thinning of sensitive area

:- micro-channels accessible only after cutting (laser)

All-silicon ladder with integrated cooling

process a pattern of cooling channels in the handle wafer of the assembly

marcel.vos@ific.uv.esCEPC workshop Beijing, November 2018 37

Thermo-mechanical measurements

37

Low pressure mono-phase liquid flow of few l/h removes local heat very 

efficiently. Insignificant impact on mechanical stability.

Front end HOTTEST POINT

Max. power for a ΔT of 10 ºC 
vs. coolant flow

•Power density up to 25 W/cm2

•Continues to improve, flow rate up to 3 l/h
•Low pressure: 0.2 - 1.5 bar

Mechanical stability
•Maximize effects by using single-point support
•Measure position with sub-mm resolution  
•Impact of air flow shows sensitivity
•Liquid flow negligible impact (RMS ~ 0.5 mm)

Results by a test module:



�22 A popular view (which I fully subscribe):

If air cooling works:                         
(namely if I have a power density ~ 20 mW/cm2)

Otherwise:                         

Si chip

Anisotropic etching of trenches

Parylene etching

Parylene deposition

Isotropic etching of channels

Trench filling and Parylene curing

Integrate the microchannels in the back of the Detector

ü Eliminate liquid cooling
possible for power <20mW/cm2  

ü Eliminate electrical substrate
possible if the sensor covers the full stave length: Stitching

ü Minimize mechanical support
exploit flexible nature of the silicon (<50μm):  Bending
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3. SENSORS, ENFIN! 
where CONCEPT, TECHNOLOGY & ARCHITECTURE do matter

 Talking about CONCEPTS, I would certainly go MONOLITHIC, or at least SEMI-MONOLITHIC:

MIT students create 2,000-pound "megalith" that can be moved with a fingertip 

https://www.dezeen.com/2015/11/13/massachusetts-institute-of-technology-mit-students-mckneely-megalith-sculptural-object-balance/
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Monolithic Active Pixel Sensors (MAPS), namely CMOS sensors for particle detection 

❖ Main drive from digital cameras 

❖ Pioneered @ LEPSI Strasbourg in the late 
90’s: 

• G. Deptuch at al, IEEE-TNS 49 (2002) 601 
• R. Turchetta et al, NIM A458 (2001) 677 

NON STANDARD SENSORS [early days specs!]: 

• based on the charge carrier generated in the epitaxial layer [2-14 μm thick, 
depending on the technology => SMALL signal (~80 e-h pairs/  μm)] 

• diffusion detector vs  [standard] drift sensors  (the sensitive volume is NOT 
depleted => charge cluster spread over ~ 100 μm [10 μm ] AND collection 
over ~ 150 ns [10 ns]) 

NEVERTHELESS OFFERING SEVERAL ADVANTAGES: 

• very simple baseline architecture (3Transistors: reset, source follower, 
address key) 

• standard, well established industrial fabrication process, granting a cost-
effective access to state-of-the-art technologies, including back thinning

Early 2019 estimate of the cost for the LFoundry process: about 160 EUR 
for a sensor with reticle size area, e.g. 25x30mm2
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A tribute to the Strasbourg team; early results from the MIMOSA (Minimum 
Ionising particle MOS Active pixel sensors) 1 & 2 (back to 2002):

S/N for the seed pixel S/N vs cluster size

Collected charge vs no. pixels Resolution

AMS 0.6 μm technology - 14 μm epitaxial layer - 20 μm pixel pitch
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SEMI-Monolithic Pixels: the DEPFET (DEPleted Field Effect Transistors) [see talk by Laci Andricek] 

a. L.Rossi, T.Rohe, P.Fischer and N.Wermes, Pixel Detectors - From Fundamentals to Applications. Springer, 2006.  

internal gain 500 pA/e



�27DEPFET: an all-Silicon module (but exactly monolithic) 

and the experience with the BELLEII 
Vertex detector is certainly beneficial:
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 Talking about TECHNOLOGY, we could be discussing for ages:

 epi- less technologies (AMS 350 nm) 

 low resistivity epitaxial layer, bulk (large catalogue) 

 low resistivity epitaxial layer, OPTO tech (AMS 350 nm) 

 low resistivity epitaxial layer, 3 wells (e.g. STm 130 nm) 

 low resistivity epitaxial layer, 4 wells (e.g. INMAPS) 

 High Resistivity epitaxial layer, 4 wells (e.g. Tower Jazz 180 nm) 

 SOI on High resistivity Substrate (LAPIS, formerly OKI) 

 Vertical integration (e.g. Tezzaron) 

 Full CMOS on high resistivity substrates (LFoundry) 

 low resistivity:  ≈ 10 Ω cm, collection by diffusion 
 high resistivity > 1 k Ω cm, collection by drift

 An incomplete inventory of technologies/processes used so far:  What I know, is that I would rather choose a high 
resistivity substrate: 

1.  smaller charge spread & cluster 

2. shorter collection time ⇢ reduced trapping probability 
⇢ increased radiation tolerance (possibly from 1012 neq/cm2 to 
1015 neq/cm2 [W. Snoeys, NIM A731 (2013) 125]  

3. possibility to design pixels with unusual aspect ratio ⇢ 
SHORT STRIPS (e.g. Z. Liang et al., NIM A (2016) http://dx.doi.org/
10.1016/j. nima.2016.05.007i) 

TJ 0.18 µm technology - 18 µm epitaxial layer - 20 µm pixel pitch, illuminated by an 55fe source (5.9 keV X 
ray,  generating 1640 eh pairs
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Charge in the seed pixel Charge in a 4 pixel cluster

AND THERE IS A GROWING ACTIVITY HERE!
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 Moving on to ARCHITECTURE, I would consider at least 2 features: 

1. Pixels can be ANALOG 

or BINARY:
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 Moving on to ARCHITECTURE, I would consider at least 2 features: 

Since the pitch/√12 rule has been violated in MAPS….

The MIMOSA26, an architecture for the high spatial resolution innermost layer at the ILC [J. Baudot et al., IEEE-NSS 2009 conf. record]:

 reticle size detector, 0.35 µm OPTO 

 on pixel correlated double sampling 
& ampli 
 rolling shutter & parallel column 
readout 

 binary output - 18.4 µm pitch 

 sensor readout in 112 µs (80 MHz 
clock) (200 ns/pixel) 

 fake hit rate 10-4 / pixel 
 efficiency 99.5 +/- 0.1 % 

 power consumption: 520 µW/column 
=> 700 W for the full VD (150 mW/cm2) 

 thinned down to 50 µm (et la PLUME!) … I would certainly go for BINARY pixels
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 binary resolution = 18.4/√12 = 5.3 μm 
 measured resolution; 3.5 μm
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 Moving on to ARCHITECTURE, I would consider at least 2 features: 

2. Do you like better the PACMAN [DATA DRIVEN read-out; e.g. token ring for the sake of simplicity] 

or the camera [ROLLING shutter, possibly]?
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Rolling Shutter - MIMOSA-28

 1 discriminator/column  
⇢ analog info travels to the end-of-column logic 

 the integration time is determined by the read-out (r.o.) 
time 

 the r.o. time is independent from the pixel occupancy 

 current power consumption at the level of 150 mW/cm2 

On-pixel sparsification - ALPIDE

 1 discriminator/pixel + 1bit memory cell  
⇢ analog info locally processed 

 the integration time is independent from read-out (r.o.) 
time 

 the r.o. time is dependent from the pixel occupancy 

 current power consumption at the level of 50 mW/cm2 
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4. CONCLUSIONS (1/3) 

 The new technologies certainly offer unprecedented opportunities 

 I believe the running conditions at the Z shall be carefully considered in designing the detector 

 the real CHALLENGE, to me, will be designing an architecture providing the required data evacuation rate 
with the MINIMUM power dissipation, resulting by an optimisation of the ANALOG CELL, the digital 
architecture, the clock distribution 

 Having DESIGNERS on our side, and considered the current level of activities , I see 3 options: 

• be conservative&evolutionary, starting by the ALPIDE design 

• be smart, exploit what we did in the past (e.g. the STm130nm design by the UNIPV-UNIBG teams) and 
what is being done (e.g. SEED (Sensor with Embedded Electronics Development - ITALY; MALTA lead 
by Bonn; ARCADIA, the INFN project just starting up) 

• be brave, start with something OUT-OF-THE-BOX 
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4. CONCLUSIONS (2/3) 
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4. CONCLUSIONS (3/3) 

Let’s move on!
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Thank you for listening!


