
UK R&D on silicon tracking and 
vertexing for the EIC 
P. Allport, L. Gonella, P. Jones, P. Newman 
University of Birmingham 



Introduction 

o  Birmingham proposal submitted to the EIC Detector Advisory 
Committee in June 2016 for the EIC generic detector R&D 
program 
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Abstract

We propose to develop a detailed concept for a central silicon pixel detector for an Electron-Ion Col-
lider at BNL or JLab, exploring the advantages of using HV-CMOS or HR-CMOS MAPS technolo-
gies. The sensor development will exploit the newly created Birmingham Instrumentation Laboratory
for Particle Physics and its Applications and will be closely coupled with simulations to optimise the
basic layout, location and sensor/pixel dimensions. The design will be tested in full detector simu-
lations to evaluate its performance with respect to the identification and precision measurement of
heavy flavour processes and scattered electrons at high Q

2. A detailed evaluation of expected EIC
performance for these processes will therefore be a key deliverable.

Introduction

Lepton-hadron interactions in general and Deep Inelastic Scattering in particular have had a long her-
itage of discovery in the US and Europe. The HERA electron-proton facility at DESY, Hamburg, Ger-
many is the only realisation to date in colliding beam mode. As well as giving a transformational change
in centre-of-mass energy, it also showed the vital importance of central tracking, both for the identifi-
cation and measurement of the scattered beam electron at large Q

2 and for a wide range of hadronic
final state studies [1]. Notable among these was the power of central tracking to unlock heavy flavour
signatures, either through direct reconstruction of charmed or beauty hadrons, notably D

⇤(2010)± [2],
or through the study of variables sensitive to the presence of secondary vertices [3]. Through the pro-
cesses ‚

⇤
g ! cc̄ and ‚

⇤
g ! bb̄, heavy flavour production is directly sensitive to the gluon density at

lowest order as well as probing a wide range of issues in perturbative QCD. By combining two (H1)
or three (ZEUS) inner barrel layers of silicon detectors with drift chambers at larger radii, the HERA
collaborations were able to make high quality measurements of the charm and beauty contributions to
the proton structure function and a wide range of other observables.

Among the aims of future DIS facilities [4], possibly the most compelling are the extensions to colliding
beam kinematics for the first time in the cases of nuclear (e+A) and polarised proton targets. These
topics are very well addressed by the Electron Ion Collider [5]. The focus of the physics programme
on the role of gluons within the structure of hadrons places an enhanced importance on heavy flavour
observables. The successful use of heavy flavours as hard probes in relativistic heavy ion (A+A) colli-
sions adds further motivation to the study of such processes in the e+A case, where they may provide

⇤Contact: p.g.jones@bham.ac.uk

1



Introduction 

o  Birmingham proposal submitted to the EIC Detector Advisory 
Committee in June 2016 for the EIC generic detector R&D 
program 

 

3 

Precision Central Silicon Tracking & Vertexing for the EIC

P.P. Allport, L. Gonella, P.G. Jones⇤, P.R. Newman
School of Physics & Astronomy, University of Birmingham, B15 2TT, UK

June 15, 2016

Abstract

We propose to develop a detailed concept for a central silicon pixel detector for an Electron-Ion Col-
lider at BNL or JLab, exploring the advantages of using HV-CMOS or HR-CMOS MAPS technolo-
gies. The sensor development will exploit the newly created Birmingham Instrumentation Laboratory
for Particle Physics and its Applications and will be closely coupled with simulations to optimise the
basic layout, location and sensor/pixel dimensions. The design will be tested in full detector simu-
lations to evaluate its performance with respect to the identification and precision measurement of
heavy flavour processes and scattered electrons at high Q

2. A detailed evaluation of expected EIC
performance for these processes will therefore be a key deliverable.

Introduction

Lepton-hadron interactions in general and Deep Inelastic Scattering in particular have had a long her-
itage of discovery in the US and Europe. The HERA electron-proton facility at DESY, Hamburg, Ger-
many is the only realisation to date in colliding beam mode. As well as giving a transformational change
in centre-of-mass energy, it also showed the vital importance of central tracking, both for the identifi-
cation and measurement of the scattered beam electron at large Q

2 and for a wide range of hadronic
final state studies [1]. Notable among these was the power of central tracking to unlock heavy flavour
signatures, either through direct reconstruction of charmed or beauty hadrons, notably D

⇤(2010)± [2],
or through the study of variables sensitive to the presence of secondary vertices [3]. Through the pro-
cesses ‚

⇤
g ! cc̄ and ‚

⇤
g ! bb̄, heavy flavour production is directly sensitive to the gluon density at

lowest order as well as probing a wide range of issues in perturbative QCD. By combining two (H1)
or three (ZEUS) inner barrel layers of silicon detectors with drift chambers at larger radii, the HERA
collaborations were able to make high quality measurements of the charm and beauty contributions to
the proton structure function and a wide range of other observables.

Among the aims of future DIS facilities [4], possibly the most compelling are the extensions to colliding
beam kinematics for the first time in the cases of nuclear (e+A) and polarised proton targets. These
topics are very well addressed by the Electron Ion Collider [5]. The focus of the physics programme
on the role of gluons within the structure of hadrons places an enhanced importance on heavy flavour
observables. The successful use of heavy flavours as hard probes in relativistic heavy ion (A+A) colli-
sions adds further motivation to the study of such processes in the e+A case, where they may provide

⇤Contact: p.g.jones@bham.ac.uk

1



Proposal overview 

To develop a detailed concept for a central silicon vertex detector 
for a future EIC experiment, exploring the potential advantages of  

HV/HR-CMOS MAPS technologies. 
 

WP1: Sensor Development (this talk) 
 

WP2: Silicon Detector Layout Investigations 
Performance characterisation in terms of eg track momentum 

resolution and impact parameter resolution with different assumptions 
on numbers of layers, layout and spatial resolution of the pixel hits. 

 
WP3: Physics Performance Evaluation 

Propagation of performance into physics observables, particularly for 
heavy flavour physics. 
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P.Jones, L. Gonella, Precision Central Silicon Tracking & Vertexing for 
the EIC, EIC Generic Detector R&D Advisory Committee, June 2016 



Alexander Kiselev Pawel Nadel-Turonski 

EIC Detector Concepts 

o  Precision tracking and vertexing 
o  Si vertex and tracker detectors in central and forward regions  
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Based on ALICE ITS upgrade Several technology options, e.g. 
Belle II DEPFET-based pixel SVD 



State-of-the art MAPS 
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ALICE Inner Tracking System 
(ITS) Upgrade at LHC STAR Heavy Flavour Tracker (HFT) at RHIC 

 

 

TIPP 2014 - P. Riedler, 3.6.2014 19 

 
•  Detector installed end 2013, started data taking in Au-Au run 2014 
•  Spare detector will be ready in about one month – will be used in the next run (1 day 

installation time) 
•  First operation experience shows resolution performance as expected  

L. Greiner, FEE 2014 

STAR Heavy Flavour 
Tracker (HFT) at RHIC 

Belle II Pixel Detector at SuperKEKB 

Pixel detector based on DEPFET sensors to be 

installed in 2015 (physics in 2016) 

 

•  2 barrel layers (r=1.4 cm and 2.2 cm) 

•  Pixel size 50 µm x 75 µm 

•  Row-wise read-out (rolling shutter), 20 µs/frame 

•  Special thinning of the matrix area to reduce 

material budget (75 µm thick) 

 

TIPP 2014 - P. Riedler, 3.6.2014 20 

Material budget: 
0.21 % X0 per layer 

C. Lacasta, VERTEX 2013 

S. Tanaka, HSTD9, 2013 

Radiation environment: 
~ 1.9 Mrad / year 
~ 1.2 1013 1MeV neq/cm2 per year 

Presentation at TIPP: K.Kishishita  

Belle II Pixel Detector  
at SuperKEKB 

o  Based on Monolithic Active Pixel Sensors (MAPS) 
o  Small pixel size (down to 20µm x 20µm) 
o  Low power (few hundred mW/cm2) 
o  Low material budget (<0.3% X0) 
o  Moderate radiation hardness (~Mrad, 1013 1MeV neq/cm2) 



Current MAPS developments 
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No depletion 
NMOS only 

No depletion 
full CMOS 

Depletion  
full CMOS 

Deep implants/
nested well 

High Resistivity (HR) substrates 
High Voltage (HV) transistors 

(+ smaller technology nodes & backside processing)   

Depleted MAPS (or HV/HR-MAPS) 
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J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 

CMOS Process Transition : STAR-PXL !→ ALICE-ITS

16

CMOS Process Transition : STAR-PXL !→ ALICE-ITS

16

M. Winter, Terascale Workshop, Berlin, March 2015 



Depleted MAPS 

o  Large number of R&D activities on depleted MAPS using HV/HR-
CMOS technologies for particle tracking 
–  Workshop on CMOS Active Pixel Sensors for Particle Tracking 

CPIX14, Bonn (Germany) 2014 

o  Charge collection by drift  
–  Radiation hardness 
–  Fast charge collection 
–  Large collected charge 
–  Small cluster multiplicity 

o  Full CMOS in small feature size process 
–  Larger choice of readout architecture 
–  More integrated functionality 
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Interesting for high precision ion, 
lepton and lepton-hadron colliders 

Interesting for high luminosity proton 
colliders and fixed target 



WP1: sensor development 

Aim of the proposal:  
Investigation of HV/HR-CMOS technologies to design high 

granularity, thin MAPS detectors for the EIC 

R&D strategy:  
o  Exploit charge collection by drift to improve spatial resolution 
o  Explore configurations of collection electrode, and pixel size 
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Maximize Q/C à  
small pixels with high signal-to-noise & low power 



Starting point: ALICE ITS 

o  TJ 180nm process 
o  Small collection electrode with 

separated electronics in deep p-
well à small detector 
capacitance (= low power, low 
noise) 

o  Possibility to apply a moderate 
Vbias à charge collection by 
drift in depleted volume 

o  Thicker epitaxial layers yield 
larger Q, but the cluster size is 
larger due to diffusion. 

o  Larger depletion volume 
desirable to maximize seed 
signal while keeping low cluster 
multiplicity 
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WP1 - Developments with Tower Jazz technology 

Junction on the backside 
o  RAL-TJ development 
o  1) larger depletion volume, 2) small 

collection electrode and 3) potentially 
very low capacitance 

o  Two options: invert a) substrate or b) 
epitaxial layer wrt to TJ standard 
process 

o  Option a) prototyped in the context of 
the ATLAS ITK strips MAPS R&D 

o  Option b) proposed by us to exploit 
the benefit of using an n-type 
collection electrode 

o  RAL-TJ work ongoing to improve 
backside junction 
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WP1 - Developments with Tower Jazz technology 

Modified process  
o  Recent CERN-TJ development 
o  See L. Musa, ATLAS ITS, ECFA HL-LHC Experiments Workshop 

2016 
o  Planar deep junction n-well/p-epi  
o  Investigator chip tested by ATLAS & CLIC groups at CERN 
o  Preliminary results demonstrate very fast and full charge 

collection à improvements from enhanced (possibly full) 
depletion wrt. standard TJ process 

o  Birmingham/RAL in discussion with CERN to understand possible 
access to this technology option for various MAPS R&D activities, 
including EIC test structures 
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WP1 - Developments with LFoundry technology 

o  LFoundry 150nm process 
o  1) Possibility to design large electrodes with isolated electronics 

–  Larger capacitance means higher noise and higher power 
–  Still possible to achieve high signal-to-noise? Can novel powering 

schemes mitigate power increase? (see next slide) 

o  2) Investigate small collection electrode configuration (à la 
ALICE) 
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Larger electrode = larger 
drift volume à larger signal 

 
Being explored for HL-LHC 
for its radiation hardness 

wermes@uni-bonn.de AIDA-2020 - Ann-Mtg-Desy  - 15.06.2016

CCPD-LF/LF_B01

Process: LFoundry 150nm, 4-6 Aluminum Metal layers, 1.8 V
Substrate: CZ, p-type bulk, >2kOhm-cm
Post processing: Thinning 100/300um, p-type implant, annealing, metallization
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Low mass power distribution 

o  Cables to bring in power and cooling to extract it dominate the 
material budget of trackers in HEP 

o  Counter-measures: low power FE + power distribution at low 
current and high voltage (DC-DC conversion, serial power) 

o  Serial power distribution could be considered to lower cable 
material in active area, following the baseline design for the 
ATLAS and CMS pixel detectors at the HL-LHC 
–  See L. Gonella, Developments for serial power applications, ACES 

Workshop 2016 
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J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 



WP1 status 

o  Drafting specifications for test structures with TJ and LF with focus 
on testability of sensor properties (charge collection, signal-to-
noise, sensor capacitance, …) 
–  Passive diodes 
–  Active pixel matrices with siple readout structure 

o  Evaluating layout and technology options 
–  TJ process for enhanced depletion 
–  Resistivity of substrate 

o  Setting up for TCAD simulations 
–  License purchase ongoing 

15 



Instrumentation at University of Birmingham 

o  Track record: ATLAS SCT (current) and ITK strips (phase 2 
upgrade) 

o  New Instrumentation Laboratory: Birmingham Instrumentation 
Laboratory for Particle physics and its Applications (BILPA) 
–  Investment in new ~180 m2 laboratory; available from July 2016 
–  New academic appointments: Phil Allport, Laura Gonella, Steve Worm 
–  Expanding manufacturing capability and growing new R&D in MAPS 
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BILPA – ISO5 
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Manual probe station 

Wire bonder Wire-pull and shear 
strength tester  

SmartScope Measuring Machine 

Glue dispenser 

Pick & Place 

Semiautomatic table 
top wire bonder 

Coming soon: 
Semi-automatic probe station 
TCT Laser system 



MC40 irradiation line 

o  Birmingham MC40 Cyclotron 
o  Primarily used for medical radioisotope production  
o  Irradiation facility for particle physics was commissioned in 2013 
o  AIDA2020 transnational access facility 
o  27MeV protons (max 40 MeV), 1cm2 beam spot with 1uA beam current 
o  Scanning and low temperature irradiation capability 
o  Delivers HL-LHC doses within a single day of operation 
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On-going BILPA activities: ATLAS ITK strip detector 

o  Hybrid and module assembly for barrel 
production 

o  Irradiation campaigns of on-detector 
ASICs 

o  Testing of ASICs, hybrids, modules 

19 



On-going BILPA activities: MAPS R&D 

! !

1!
!

Development towards a Reconfigurable Monolithic Active Pixel Sensor in Radiation-hard 
Technology for Outer Tracking and Digital Electromagnetic Calorimetry 

P.P. Allport1, D. Das2, L. Gonella1*, S.J. Head1, K. Nikolopoulos1, S. McMahon2, P.R. Newman1,  

P. Phillips2, F. Salvatore3, R. Turchetta2, G. Villani2, N.K. Watson1, F. Wilson2, Z. Zhang2 

1) The University of Birmingham  

2) Rutherford Appleton Laboratory, STFC 

3) The University of Sussex 

Abstract 

Monolithic Active Pixel Sensor (MAPS) technologies have been deployed as a vertexing detector in particle 
physics at RHIC [1] and have been proposed for a number of projects including ALICE and, in particular, for 
use at the ILC [2]. Their thin sensing region allows applications providing very low multiple scattering, vital for 
the tracking layers closest to the interaction if secondary vertices are to be identified with high efficiency. 
Because they employ standard CMOS technologies used for high volume manufacturing, their production costs 
can be much lower than standard planar silicon. Such affordability and large production capability has led to 
concepts based on several thousand m2 of such technology being considered for the sampling layers in 
calorimeters at future colliders. Furthermore, the digital read-out technology proposed for the calorimeter could 
also be employed for outer tracking and pre-shower detectors, giving unprecedented particle flow capabilities 

Originally, the use of conventional CMOS sensors for particle physics was limited, both in terms of signal speed 
and radiation hardness, due to the charge collection being through diffusion. However, this proposal exploits 
new, much faster and radiation-hard technologies for which RAL has been in the vanguard of developments, 
together with digital calorimeter detector designs for the ILC where first prototypes already exist [3]. This 
proposal is to build a demonstrator sensor targeting HL-LHC and FCC-hh radiation levels that has the potential 
to also meet the extreme data rate requirements at such facilities. 

The proposal builds on established areas of UK expertise in digital calorimetry, outer tracking, MAPS 
development and radiation-hard sensor R&D to position the UK to take a leading role in the development of 
detectors for future high rate, high radiation experimental environments such as those at proposed future hadron 
colliders.  

  

1. Introduction 

The European Strategy for Particle Physics [4] adopted in May 2013 by the CERN Council includes in its 
recommendations:  

c) The discovery of the Higgs boson is the start of a major programme of work to measure this 
particle’s properties with the highest possible precision for testing the validity of the Standard Model 
and to search for further new physics at the energy frontier. The LHC is in a unique position to pursue 
this programme. Europe’s top priority should be the exploitation of the full potential of the LHC, 
including the high-luminosity upgrade of the machine and detectors with a view to collecting ten times 
more data than in the initial design, by around 2030.  
d) To stay at the forefront of particle physics, Europe needs to be in a position to propose an ambitious 
post-LHC accelerator project at CERN by the time of the next Strategy update, when physics results 
from the LHC running at 14 TeV will be available. CERN should undertake design studies for 
accelerator projects in a global context, with emphasis on proton-proton and electron-positron high-
energy frontier machines.  
i) The success of particle physics experiments, such as those required for the high-luminosity LHC, 
relies on innovative instrumentation, state-of-the-art infrastructures and large-scale data-intensive 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
* Currently at Physikalisches Institut, Universität Bonn; planned start as lecturer at Birmingham on 1/11/15 

STFC funded PRD for future colliders 

RD50 collaboration 
RD50 funding request 

- April 2014- 
 

Title of project: Design and production of RD50 test structures and devices in L-
Foundry 150 nm HV-CMOS technology. 

Contact person: G. Casse 
  University of Liverpool 
 (+44) 0151 7943399 
 gcasse@hep.ph.liv.ac.uk 
RD50 Institutes: 

1. Liverpool University, Gianluigi Casse, gcasse@hep.ph.liv.ac.uk  
2. Instituto de Fisica de Cantabria, Ivan Vila, vila@ifca.unican.es 
3. CERN, Michael Moll, Michael.Moll@cern.ch 
4. University of Freiburg, Ulrich Parzefall, Ulrich.Parzefall@cern.ch 
5. Joseph Stefan Institute of Ljubljana, Marko Mikuz, Marko.Mikuz@cern.ch 
6. NIMP Bucharest, Ioana Pintilie, ioana@infim.ro (4500 €) 
7. IEAP-CTU Prague, Stanislav.Pospisil@utef.cvut.cz 
8. University of Barcelona, Angel Dieguez, adieguez@el.ub.edu 
9. University of Birmingham, Laura Gonella, laura.gonella@cern.ch 
10. IFAE, Barcelona, Sebastian Grinstein, sgrinstein@ifae.es 
11. University of Oxford, Daniela Bortoletto, daniela.bortoletto@physics.ox.ac.uk. 
12. FBK, Maurizio Boscardin, boscardi@fbk.eu. 
 

Request to RD50: 42,000 € 
Total project cost: 85,000  € 

 
Project description: 
 
The HV-CMOS is assuredly emerging as the prime candidate technology for future 
tracking sensors for ionising radiation for particle physics and numerous other application. 
The feature of integrating the sensing diode into the CMOS wafer hosting the front-end 
electronics, allows for reduced noise and therefore higher signal sensitivity. The possibility 
of applying high voltage and the availability of relatively high resistivity substrates makes 
these devices also suitable for application where high radiation damage is expected. It is 
therefore a priority for RD50 to study these type of devices in view of future high 
luminosity collider applications (HL-LHC and beyond, e.g. FCC). In this emerging 
technology, a few foundries have emerged as particularly suitable for the needs of tracking 
sensors. In particular, LFoundry [ref] has several attractive feature in their processing 
technology, qualifying them as a very strong contender for the production of tracking 
sensors. The strong points of LFoundry are the small feature size imaging (150 nm), the use 
of high resistivity wafers, the use of multi-metal stacks (6 metal layers), the 4 well nesting 
structures and the possibility of reticule stitching. 
This project aims to design dedicated test structures for typical RD50 studies and for 
functional studies that will probe the HV-CMOS sensors performance after a wide range of 
irradiation fluences with hadrons and compare them with the well-known high resistivity 
FZ passive sensors. The production of a radiation model for HV-CMOS devices will be 
pursued, as well as the study of their functional performance like the signal over noise 

In addition to longstanding 
Birmingham MAPS activities for 
lepton colliders and medical 
applications (PRAVDA project, new: 
SPECTRE) 



Opportunities for collaborations 

o  Plenty of opportunities for collaboration with ongoing and new 
EIC detector R&D activities 
–  Also encouraged by the EIC Detector Advisory Committee feedback to 

the proposal 

o  Significant potential for collaboration in the UK 
–  Excellent UK track record in production of large area silicon 

detector arrays for Particle and Nuclear Physics experiments 
–  Broad programme of R&D in HV/HR-CMOS developments across 

many institutes (see next slide) 
–  Strong team of CMOS Imaging Sensor designers in RAL Technology 

Department in support of STFC’s science programme including Nuclear 
and Particle Physics 

–  UK leadership in major international experimental programmes such 
as LHeC, ATLAS tracker upgrade (ITK), RD50, and with 2 out of 4 LHC 
experiments currently having UK spokespersons 
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Conclusion 

o  Birmingham has joined the EIC generic detector R&D 
programme to start working on the concept for a central silicon 
tracker and vertex detector 

o  Funding available for a one year project to start layout and 
physics simulations, and technology investigations 

o  Expertise in the UK could make a significant contribution to the 
design and production of silicon tracking and vertexing detectors 
for the EIC 
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Back-up 
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Track record 

o  Prof Peter Jones – Head of the Birmingham Nuclear Physics research 
group. Background in relativistic heavy ion collisions. Past member of the 
STAR collaboration (Strangeness Working Group Convenor 1996-2001). 
Member of the ALICE collaboration (Editorial Board member since 2015). 

o  Dr Laura Gonella – Lecturer in Particle Physics Instrumentation. Particular 
expertise in CMOS pixel sensors. Joined the University of Birmingham in 
2015 from the University of Bonn. Currently co-leads the ATLAS ITK Strip 
Tracker Upgrade ASICs group. 

o  Prof Paul Newman – Head of the Birmingham Particle Physics research 
group. Background in deep inelastic scattering. Member of the H1 
collaboration (Physics Coordinator 2001-4) and the LHeC Study Group 
(Coordination Group and Low-x Working Group Convenor). 

o  Prof Phil Allport – Joined the University of Birmingham in 2014. Director 
of the Birmingham Instrumentation Laboratory for Particle Physics and its 
Applications. ATLAS Upgrade Coordinator 2011-15. Leads the Birmingham 
RD50 group and AIDA-2020 Transnational Access contact for the MC40 
cyclotron. 
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BILPA equipment 

o  Equipment: 
–  Hesse & Knipps BondJet 820 

automatic wire bonder 
–  Delvotec 5430 semiautomatic 

table top wire bonder 
–  Dage 4000 wire-pull and 

shear strength tester  
–  Dima Dotmaster with the 

DD-5097 upgrade  
–  Cascade Microtech REL 4800 

manual probe station 
–  Cammax Precima DB600 die 

bonder pick and placer 
 

o  Purchasing: 
–  Semi-automatic probe station 
–  TCT Laser system 
–  X-ray flourescence tube and 

targets 
–  Keithley 2410 
–  Keithley 6517B 
–  4285A Precision LCR Meter 
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