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STEP 1: a look at the different technologies, with a different point 
of view and starting 



The essence of the designing and constructing a VERTEX DETECTOR:

fit 1 GigaPixel in a Diet Coke can & keep it cool!

Physics First!

ILD DBD 2012 ILD LOI 2009

  a depends on the single point resolution and the ratio between the innermost radius 
and the lever arm: 

=> σsp = 3 µm when Rin =16 mm and Rout = 60 mm  

 b depends on the multiple scattering at the innermost radius: 
=> thickness/layer = 0.15% X0     [ X0 = 9.37 cm for Silicon]

impact parameter resolution

The ILC figures apply also when you go beyond the linear approximations 

[The ILD and CePC 
baseline figures] 

[140 µm] 



The machine comes next; and we have to account for 

 the time structure of the beams:
at the CepC, collisions are equally spaced (in time) with a frequency depending 
on the number of bunches. In one of the configurations reported in Beijing-201609, 
we have: 
•     50 bunches at the Higgs factory energy 
• 5000 bunches at the     Z     factory energy [where I estimated 4 kHz event rate] 

for a beam Xing every 5 µs (@Higgs) to 50 ns (@Zpole) [3.6 µs is the “official” 
number]

 the expected Beam-induced background:

there is actually NO solid rock number and estimates have a significant 
dependence on the machine & final focus parameters (HongBo, 2018, Roma). 

A rough figure says ≈ 2.5 hits/cm2/Xing (I believe @Higgs energies) 

BUT: 
•  having the spectrum of the bckg particles is important to see if we have 

“loopers” 
•  we have to see how it scales with the energy

 the expected radiation level: RELAX!



If we look a bit around we know that Monolithic Active Pixel Sensors (MAPS) are a good 
starting point:

MAPS have been shown to be able to provide the required resolution with a binary read-out:

Test beam results for the MIMOSA-26 
sensor: 

 18.4 µm pitch (5.3 µm binary 
resolution) 
 rolling shutter & end-of-column zero 

suppression (200 ns/pixel r.o. time) 
 250 mW/cm2 power consumption

M. Winter et al., arXiv: 1203.3750v1 (2012)

The pitch/√12 rule has been violated



If we look a bit around we know that Monolithic Active Pixel Sensors (MAPS) are a good 
starting point:

sophisticated architectures with ON PIXEL sparsification have been designed and qualified:

 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 (ALPIDE) 

-NIM A 765 (2014) 177 + A 785 (2015)  61 
-pixel 2014 proceedings published on JINST  
(doi:10.1088/1748-0221/10/03/C03030 )



If we look a bit around we know that Monolithic Active Pixel Sensors (MAPS) are a good 
starting point:

large systems have been designed and commissioned (or will be, in a short while):

 400 sensors
 0.9 Pixel each
 power dissipation 170 mW/cm2

nothing but a toy compared to what is envisaged for the ITS of the ALICE experiment:

a development based on:

 new technologies (Tower-Jazz 180 nm)
 and new design (on pixel sparsification)



If we look a bit around we know that Monolithic Active Pixel Sensors (MAPS) are a good 
starting point:

and new technologies based on high resistivity substrates are very appealing:

 die area 2x2 mm2
 24x24 pixel array
 Equivalent Noise Charge: 50 e-
rms at room T

The INFN SEED (Silicon with Embedded Electronics Development, partnership with LFoundry):

INFN - SEED

SEED approach
Customized 110nm CMOS process:
- High resistivity n-type substrate
- Intermediate resistivity n-type epitaxial layer
- Deep pwell (nwell insulation)
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INFN - SEED

Pixel array

▪ Die area:  2×2 mm2

▪ low voltage operation: 1.2 V
▪ matrix of 24×24 pixel units 

organized in 4 independent 
sectors

▪ 6 columns x 24 rows in each 
sector
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INFN - SEED

Pixel schematic and layout

▪ Both NMOS and PMOS transistors are used
▪ The electronics fits an area of 30 µm ×30 µm
▪ Digital in-pixel logic
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Pixel schematic and layout

▪ Both NMOS and PMOS transistors are used
▪ The electronics fits an area of 30 µm ×30 µm
▪ Digital in-pixel logic
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300 μm

INFN - SEED

Array backside measurements - CV

Doping 2.4 x 1012 cm-3 – same as wafer specification
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S. Panati et al. , IEEE-NSS 2017 Conf. record



Vertex Detector Conclusions:

 The new technologies certainly offer unprecedented opportunities 

 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 (<20 mW/
cm2), resulting by an optimisation of the ANALOG CELL, the digital architecture, 
the clock distribution 

But I’m confident that fun and excitement will exceed pain & fear!



One step up: the main TRACKING system

In principle, we have two options: 

4 

Silicon or Gaseous Central Tracking Detector? 

!!!!!!!!silicon!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!gaseous!

same event 

The detector we are planning to build is more akin to an 
electronic bubble chamber than an LHC detector but with 
true 3D volume pixels and exquisite calorimetry too. 
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One step up: the main TRACKING system

In practice, we do not since the EMITTANCE PRESERVATION at 
the IR constraints the B field to be at the 2T level.

So, in order to: 

 guarantee a good neutral/charged 
separation at the calorimeters:

 the required curvature resolution at the 
10-5 level [about a factor 10 better than LEP]

Figure 11: Measured average impact parameter resolution of an 8mm drift tube
as a function of the He fraction in the He� iC4H10 gas mixture under cosmic
rays. The estimated multiple scattering contribution is indicated

Figure 12: Measured drift distance residue distribution in the MEG2 drift cham-
ber prototype under cosmic rays. 85%He� 15% iC4H10 gas mixture.

7.3 Transverse momentum, momentum and angular reso-
lutions

The analytical parameterisations of transverse momentum resolution and angu-
lar resolutions are the following:
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We have to be LARGE, precise & LIGHT => there is no 
other detector than a 3D gas detector imager



Time Projection is not the only way and DRIFT chambers have been 
shown* to be an interesting alternative:

* - M. Adinolfi et al., The tracking detector of the KLOE Eexperiment. NIM. A 488 (2002) 51
- A. M. Baldini et al., Single-hit resolution measurement with MEG II drift chamber prototypes. 2016 JINST 11 P07011 
- G. Chiarello, The full stereo drift chamber for the MEG II experiment, 2017 JINST 12 C03062 

2017 JINST 12 C03062

Figure 9. Left above: DC assembly station. Left below: PCB and spacer stack. Right above: engagement
procedure. Right below: first layer mounted on the end plates.
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Dimensions of the MEG II chamber:
L = 193 cm
Rin = 17 cm
Rout = 30 cm
10 layers for each 30o azimuthal sector



its BIG BROTHER is being proposed as the main tracker of IDEA:

(see Figure 2).
A system of tie-rods directs the wire tension stress to the outer endplate rim,
where a cylindrical carbon fibre support structure bearing the total load is
attached. Two thin carbon fibre domes (”gas envelope”), suitably shaped to
minimise the stress on the inner cylinder and free to deform under the gas pres-
sure without a↵ecting the wire tension, enclose the gas volume.
This assembling technique allows to manage large number of wires with con-
siderably simplified procedures and it has been successfully applied to the con-
struction of the MEG2 drift chamber.

Figure 1: Schematic representation of the separation between gas containment
and wire tension relief. In evidence the ”wire cage” and the ”gas envelope”.

Figure 2: Schematics from the MEG2 drift chamber construction to illustrate
how the chamber is built: printed circuit boards (in green), to which the wires
are soldered, are stacked radially alternating with spacers (in red), which set
the proper cell dimensions.
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The IDEA drift chamber by numbers:
L =     400 cm
Rin =     35 cm
Rout = 200 cm
112 layers for each 15o azimuthal sector
56 448 squared drift cells of about 12-13.5 
mm edge
max drift time: 350 ns in 
90%He-10%iC4H10

The “wire cage” and the “gas envelope” are decoupled

3.1 Layer Structure

The active volume of the drift chamber is divided in 14 co-axial super-layers,
each one composed of 8 layers, at stereo angles of alternating signs, for a total of
112 layers, arranged in 24 identical azimuthal sectors. The innermost 8 layers,
constituting the first super-layer, contain N1 = 192 drift cells (8 per sector)
each. In order to maintain an approximately constant cell size, the number of
drift cells in each consecutive super-layer is incremented by 48 (2 in each sector):
N

i

= 192+(i�1)⇥48, up to N14 = 816 (34 drift cells per sector), for a total of
56,448 drift cells. The width of the cell, approximately square, varies from about
12mm at the innermost layer to about 14.5mm at the outermost layer. For the
chosen gas, 90%He � 10%iC4H10, this corresponds to about 350ns maximum
drift time for the largest cell size, well below the bunch crossing spacing of 537ns
at the Higgs running mode.
The stereo angle is generated by stringing the wires between two points on the
end plates at the same radius and mutually displaced by two sectors (2↵

i

=
±30�, see Figure 3). Thus, the stereo angles increase linearly with the layer

Figure 3: Arrangement of a stereo wire.

radius from 20mrad to 180mrad. Because of this configuration, the cell size at
the end plates (z = ±L/2) results larger by about 3.5%, with respect to the cell
size at z = 0, maintaining, however, its aspect ratio identical to 1 at any z. Each
layer consists of three wire sub-layers: an inner and an outer cathode sub-layers
made of 40µm diameter Au coated Al field wires and a middle anode sub-layer
made of alternating sense (20µm diameter Au coated W) and field shaping
(50µm diameter Au coated Al) wires. Two consecutive layers are oriented at
opposite stereo angles. The outer cathode sub-layer of each layer lies at the
same radius as the inner cathode sub-layer of its radially adjacent layer, thus
forming a dense equipotential mesh of cathode wires (Figure 4). Its envelope in
space forms a rotational hyperboloid surface. The resulting large ratio of field
to sense wires of 5 : 1, besides assuring uniformity of response longitudinally,
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 The stereo angle α is generated stringing the wire 
between spokes @ 2 sectors (30o) distance
 α ∈ [20 mrad (1.1o); 180 mrad (10.3o)], increasing 
with R
 the electrostatic stability is achieved when the wire 
tension is about 25g, for a total load of about 7,7 
tons!

allows for thinner field wires, thus reducing the total mass of the chamber and
the tension load on the end plates.

Figure 4: Stereo layers arrangement.

3.2 Drift Cell Structure

A reasonable single electron signal at the front end (pulse height of the order of
6mV), with the configuration described in Figure 4 (sense to field wires capaci-
tance C = 8pF/m), is obtained at a gas amplification of 6⇥ 105, corresponding
to 100 fCoul charge on the sense wire, or 10 nCoul/m linear charge density, if
one assumes a charge spread of the order of 10µm. These values are compatible
with 1.25 kV sense wire positive potential with respect to the field wires. The
necessary electric field of about 200 kV/cm on the sense wire surface is reached
with a 20µm diameter sense wire. In order to avoid generating uncorrelated
noise due to positive ions amplification and to mitigate cathode ageing e↵ects,
the electric field on the surface of the field wires must be kept below 20 kV/cm.
It is, therefore, necessary that the surface of all field wires surrounding a sense
wire be, at least, ten times larger than the sense wires surface. In the described
configuration of Figure 4, with five field wires per sense wire, the resulting di-
ameter of all field wires must then be, in average, at least twice the sense wire
diameter, i.e. 40µm. In addition, since all field wires located at the same radius
as the sense wires exhibit for symmetry reasons a higher field, their diameter
need be increased to at least 50µm.

3.3 Wire Choice

Gas amplification considerations suggest the choice of 20µm for the sense wires
and 40µm and 50µm for the field wire diameters. Tungsten (W) is a good
candidate for the sense wires because of its availability, due the ease of drawing,

6



strong points of the DRIFT chamber:

 strong  but light:
• 1.6% Xo in the barrel [8% for the TPC - Joao, Yesterday]
• 5% Xo in the fwd/bkwd directions  (end plates included)

 cluster timing for improved spatial resolution:Cluster#Timing/CounOng#
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• record the time of 
arrival of electrons 
generated in every 
ionisation cluster 
( ≈12cm-1)

• reconstruct the 
trajectory at the 
position most likely 
generating the sequence

Figure 11: Measured average impact parameter resolution of an 8mm drift tube
as a function of the He fraction in the He� iC4H10 gas mixture under cosmic
rays. The estimated multiple scattering contribution is indicated

Figure 12: Measured drift distance residue distribution in the MEG2 drift cham-
ber prototype under cosmic rays. 85%He� 15% iC4H10 gas mixture.

7.3 Transverse momentum, momentum and angular reso-
lutions

The analytical parameterisations of transverse momentum resolution and angu-
lar resolutions are the following:
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measured resolution for the MEGII 
prototype, corresponding to 
σxy  ≈ 100 μm
σz  ≈ 1000 μm



 cluster counting for improved particle identification: it is essentially based on the well 
known method of measuring the [truncated] mean dE/dX but it replaces the measurement 
of an ANALOG information with a DIGITAL one, namely the number of ionisation clusters 
per unit length:
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Cluster Counting/Timing and P.I. expected performance 

analytic evaluation, 
to be checked with detailed simulations 
and test beams 

Cluster Counting/Timing and P.I. expected performance 

From the ordered sequence of  the electrons arrival times, 
considering the average time separation between clusters and their 
time spread due to diffusion, reconstruct the most probable 
sequence of  clusters drift times: ti

cl{ }       i =1,Ncl

acquired%%
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truncated mean cut (70-80%) reduces the amount of  collected  
information n = 112 and a 2m track  at 1 atm give  
                          � ≈ 4.3% 
Increasing P to 2 atm improves resolution by 20% (� ≈3.4%) but  
at a considerable cost of  multiple scattering contribution to  
momentum and angular resolutions. 

�cl = 12.5/cm for He/iC4H10=90/10 and a 2m track give   
                      � ≈ 2.0% 
A small increment of  iC4H10 from 10% to 20% (�cl  = 20/cm) 
improves resolution by 20% (� ≈1.6%) at only a reasonable cost of  
multiple scattering contribution to momentum and angular 
resolutions.  

                   from Walenta parameterization (1980)     from Poisson distribution 
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−0.32

For more details see poster: Application of  the Cluster Counting and Timing techniques to improve the Drift Chamber performance 

04/10/2018 G.F. Tassielli - FCC-week 2018, Amsterdam 6/16 
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04/10/2018 G.F. Tassielli - FCC-week 2018, Amsterdam 6/16 

• ≈ 4%
• ≈ 2%
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Drift Chamber Conclusions: 

it sounds good, as long as you can crunch in real time all of the 
numbers… 

[you do need to digitise the waveform from every sense wire at 2Gs/s on 8 bits => 
unless you process in real time, the required bandwidth skyrockets to 1 Tb/s…]

 compliance with the rates at the Z pole [a potential problem with the TPC]:
• a MEG2 prototype has been successfully tested till a rate O(100 kHz/cm2)
• simulation studies at the Z pole and up to 380 GeV indicate that ion drift related 

problems shall not be an issue

 for further details, see the talk by G. Tassielli



One more step: measuring the ENERGY

We know what we want:

sE/E = 0.6/ÖE sE/E = 0.3/ÖE

The Blue Plot!

separating hadronically decaying W’s from Z’s helps for channels where 
kinematic fits will not work and, obviously, to reduce combinatorics
in order to compensate from a degraded resolution, 20-40% higher 
integrated luminosity is required



We know there is one solution:

ECal

HCalv 130T of Tungsten (watch the commodity market..)
v 3000 m2 of pixelated Silicon
v 250 Mpixel (well calibrated and stable…)

WARNING! pre-
optimisation studies!
Actual numbers are 
likely to be different

Today: reduced to 100 Millions….



We know there is one solution:

ECal

HCal

WARNING! pre-
optimisation studies!
Actual numbers are 
likely to be different

HCAL

>4 MIP
>1.8MIP & <4MIP
>0.5MIP & <1.8MP



Can I get there in a different way?
We know that:

 Calorimetry is a “fluctuation game” [leakage, sampling, e.m. fraction, invisible 
energy, noise];
 In hadron initiated showers, the main fluctuations in the event-to-event 
response are due to:
• the share between the e.m. and and hadronic component 
• the fluctuations in the “invisible energy”

and the e.m. component is giving a significant contribution, growing with 
energy:

an example of the improvement that can be expected in 
the measurement of a sample of 100 GeV π’s if fe.m. is 
NOT measured (top plot) or if fe.m. bins are singled out

R. Wigmans, NIM A572 (2007) 215-217



We also know that:

 if you embed in the same calorimeter a detector responding primarily to the e.m. fraction 
and detector responding to the total dE/dX, you can single out fe.m. .

This was proposed (and successfully demonstrated in a series of different implementations) 
using Cherenkov light [produced by relativistic particles and dominated by the e.m. shower 
component] and scintillation => DUAL READOUT CALORIMETRY

Two exemplary results from the DREAM/RD52 calorimeters: 
[NIM A537 (2005) 537-561 - NIM A735 (2014) 130-144 - NIM A732 (2013) 475]
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• referred to the RD52 calo 
with Pb converter

• affected by lateral leakage 
and light attenuation

VERY CONSERVATIVE
(the SPACAL values are close 
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see the talks by:
J. Hauptman
R. Ferrari
R. Santoro



So far, the idea of integrating such a 
detector concept in a 4π detector 
turned the DREAM into a nightmare

And it was so until when the Silicon age 
entered the photonics world and PMT 
were replaced by SiPM:

[sampling fraction 4.5%]

10x10 fibers

3D-sketch

Event Display

more info:
talk by R. Santoro NOW!
our NIM paper, available 
on the ArXiv: 1805.03251



Results by:

 the 2016-2017 beam tests 
 a preliminary simulation of a 4π geometry 

Made us confident this can be a solution worth being considered



When SIZE matters most than RESOLUTION
(e.g. pre-showers, muon detectors and wherever a large area with moderate 
single point precision is what you need)

=> Micro Pattern Gas Detectors enter the game

In the MPGD world, there is one technology that looks particularly promising for its characteristics 
and the possibility to be industrialised: the μ-RWell

2017 JINST 12 C06027
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1 Introduction

The µ-RWELL, figure 1, is a novel MPGD recently introduced [1, 2] composed by two elements:
the cathode, a simple FR4 foil with a thin copper layer on one side and the µ-RWELL-PCB, the core
of the detector. The µ-RWELL-PCB, realized as a multi-layer circuit by means of standard photo-
lithography technology, is composed by three di�erent elements: a suitable patterned kapton foil
that acts as amplification stage of the detector; a resistive layer, properly sputtered on the bottom side
of the kapton foil, as discharge limitation stage; a standard segmented PCB for readout purposes.

Figure 1. Layout of the µ-Resistive WELL.

– 1 –

It essentially consists of:

 a patterned Kapton foil (amplification stage)

 a resistive layer sputtered on the back of the 
Kapton foil to quench the multiplication and 
avoid sparks  (DLC = Diamond Like Carbon)

 a patterned PCB for readout

- Bencivenni et al., 2017 JINST 12 C06027
- Bencivenni et al., 2015 JINST 10 P02008
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Figure 2. Single-resistive layout for low rate operation.

reached with the most resistive detector (figure 3). The dependence of the rate capability on the
resistivity of the various prototypes has been measured at the gain G⇠4000 with the usual collimated
(2.5 mm diameter) photon X-ray gun.

Figure 3. Measured gain for the three detectors. Figure 4. Normalized gain for 12 M⌦/⇤ (blue
open squares), 80 M⌦/⇤ (black full circles) and
880 M⌦/⇤ (red empty circles).

As shown in figure 4, the gain decrease is correlated with the voltage drop due to the resistive
layer: the larger is the DLC resistivity the lower is the rate capability, ranging from few tens of
kHz/cm2 up to few MHz/cm2. A more trustworthy measurement of the rate capability achievable
with the single-resistive layer configuration of the detector has been obtained irradiating with a
⇠ 3⇥3 cm2 (FWHM) pion beam (see section 4) two di�erent sectors of a large area detector with a
⇠70 M⌦/⇤ resistivity (section 2.3). The result, as reported in [2], indicates that the detector can
stand a particle flux above 35 kHz/cm2.

– 3 –

Gain vs Voltage

2017 JINST 12 C06027

The tracking performance of the three prototypes and its dependence on the resistivity of the
DLC film has been tested with a muon beam at the H4 line of the SPS test area at CERN.

All detectors have been operated in Ar:i-C4H10 90:10 and read-out by APV hybrid cards [9]
handled by an SRS system. The APV chip, supplying analog output signals, allows the study of the
detector tracking performance based on the charge centroid method.

The resistive anodic film is equivalent to a distributed 2-D resistive-capacitive network with
respect to the readout plane. The localized charge produced in the amplification stage of the detector
arriving on the resistive anode surface is dispersed with a time constant depending on the surface
resistivity and the capacitance per unit area (see section 1).

As a consequence the spatial resolution, as shown in figure 5, depends on the surface resistivity
of the DLC film showing a clear minimum around 100÷200 M⌦/⇤. At low surface resistivity the
charge dispersion increases, the distribution loses the typical Gaussian shape and consequently the
� becomes larger. At high surface resistivity the charge dispersion is so negligible (the strip cluster
size being close to 1 — in strip unit) that the charge centroid method becomes no more e�ective
and the � approaches the limit of pitch/

p
12 (strip pitch = 0.4 mm).

Figure 5. Space resolution and strip cluster size (0.4 mm strip pitch) as a function of the DLC resistivity.

2.3 Towards the large size

Modern HEP experiments, as well as some specific applications of gaseous detectors, require for
large area coverage. In particular the upgrade of the experiments at the HL-LHC at CERN needs
to cover large regions with high precision rad-hard tracking devices. The single-resistive layer µ-
RWELL is a mature technology to be proposed as tracking device for CMS-phase2 muon upgrade.
The upgrade for the end-cap region called GE2/1, foresees several ⇠2⇥1 m2 trapezoidal chambers to
cover a global area of about 140 m2. In this framework we have started an R&D for the engineering,
construction and test of large size single-resistive layer µ-RWELLs. The task has been accomplished
in strict collaboration with an Italian PCB Company (ELTOS SpA, http://www.eltos.com/).

As a first step we have designed, built and characterized in a beam test at the H8-SPS beam area
at CERN a ⇠1.2⇥0.5 m2 µ-RWELL (GE1/1-µ-RWELL prototype), smaller than the final GE2/1,

– 4 –

mm

Cluster size and resolution vs Resistivity
Also worth saying that:
• the camera stands rates up to 35 kHz/cm2 (simplest process)
• time resolutions at the few ns level have been measured
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Figure 6. Picture of the GE1/1-µ-RWELL prototype.

but ⇠40 times larger than every µ-RWELLs prototype previously built (figure 6). The results of the
test will be discussed in section 4.

3 The double-resistive layer detector

As discussed in [1], the µ-RWELL based on the single-resistive layout characterized by a 2-D
evacuation scheme (with grounding all around the edge of the detector surface) su�ers at high
particle fluxes of a non-uniform response over its surface. This is due to the resistance (⌦single)
seen by the current generated by the incident radiation that depends on the distance to ground (for
the definition of ⌦ see the appendix B of the cited reference).

In order to get rid of such a limitation a double-resistive layout (figure 7) has been proposed: the
first DLC film, in contact with the amplification stage of the detector, is connected to a second DLC
film by means of a matrix of through-vias and then grounded with a second matrix of through-vias
to the underlying readout electrodes.

In this way a sort of discrete 3D-current evacuation layout is obtained and the ⌦double seen
by the current is minimized with respect to the single-resistive layer scheme just for geometry and
Ohm’s law considerations.

Comparing a 50⇥50 cm2 single-resistive detector with a double-resistive detector of the same
size, but with a through-vias density of 1 cm�2, and assuming the same surface resistivity of the
DLC films for both devices, a⌦double/⌦single ratio (and correspondingly the ratio between the voltage
drop �Vdouble/�Vsingle) of the order of 1/10 is obtained. As a consequence an improving of a factor
of ten of the rate capability could be achieved with the double-resistive technology.

– 5 –

a 1.2 x 0.5 m2 prototype has been produced in 
collaboration with an industrial partner (ELTOS 
s.pa) 



Now that we got the pieces, we can try to assemble the detector & complete the exercise:
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Conclusions:

We know it is still a long way to go 
but:

 time is on our side

 and we hope to have a good team 
walking with us!


