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eRD25 origins

« eRD25 grew out of eRD16 and eRD18 over the past 6 months

« The former eRD16 initially focused mostly on forward/backward
charged particle tracking with disks using MAPS

« The former eRD18 initially focused on central vertexing with MAPS
barrels, and sensor development (Depleted MAPS)

« eRD16 and eRD18 increasingly worked together over the years;
barrel and disks are closely related, mutual technical interests

« For example, Hakan Wennlof (eRD18) was first to study the optimal
positioning of the innermost disk w.r.t. the innermost barrel vertex

layers
* Leo Greiner (eRD16) initiated the group’s effort with ITS3 sensor R&D

« Both groups studied integrated tracking and vertexing concepts,
hybrid as well as the first all-silicon concepts for EIC



eRD25 origins

 In the January 2020 EIC generic detector R&D meeting, eRD16 and
eRD18 proposed to form a consortium to work toward an ITS3
based EIC silicon vertex and tracking detector

« The committee encouraged the plan to merge into a unified silicon
tracking R&D effort, open to new collaborators and take advantage
of emerging technological opportunities

« We have done so by forming the “eRD25: Silicon Tracking and
Vertexing Consortium” (this proposal), and starting the “EIC Silicon
Consortium” (discussed later in this presentation)

« The eRD25 proposal builds on the prior work of eRD16 and eRD18,
and presents a design path to an EIC silicon vertex and tracking
detector, starting with the development of the sensor technology



eRD25 proposal in a nutshell

Develop a well-integrated and large-acceptance EIC vertex and
tracking detector concept, based on Monolithic Active Pixel
Sensor (MAPS) at the 65 nm node

« The motivation for a high-resolution, low-mass, large-acceptance
charged-particle tracker remains as ever; EIC science requires it.

« The work will address the aspects of
« 65 nm technology investigation & development
« Detector geometry optimisation, including realistic services layout

* The aims are to
« Gain expertise on the 65 nm process
« Arrive at a completely developed and tested detector concept
« |dentify areas needing targeted services R&D
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EIC silicon vertex and tracking detector

« All the proposed EIC detector concepts are equipped with a central
Si vertex and tracking detector

« Vertex and tracking layers in the barrel, and disks in the
forward/backward regions

« Two configurations are considered and have been simulated in
previous work by eRD16 and eRD18
« A hybrid configuration with a gas TPC at larger radii
« A compact all-silicon configuration

* The requirements have been captured in the EIC Detector
Requirements and R&D Handbook
« Spatial resolution: ~5 pm (20 ym pixel pitch)
« Material budget: < 0.3% X/X0 per layer
« Integration time: down to 2 ps (50 - 500 kHz interaction frequency)

L. Gonella | eRD25 FY21 proposal | EIC Detector R&D meeting, 23 July 2020


http://www.eicug.org/web/content/detector-rd

Sensor technology choice

« Work carried out by eRD16 and eRD18, informed a technology
survey presented at the Temple EIC Yellow Report workshop

« The detector technology identified to satisfy the requirements of an
EIC vertex and tracking detector is Monolithic Active Pixel Sensors

« This outcome was met with consensus

« None of the existing MAPS sensor appears to meet all of the EIC
requirements at once

« eRD16 and eRD18 simulations are based on ALICE ITS parameters, but
with a smaller pixel size (20 pm pitch) than the ALPIDE sensor

- A dedicated EIC MAPS sensor needs to be developed!

We propose to do this by joining the ALICE ITS3 collaboration to
develop a new generation MAPS sensors in 65 nm CMOS imaging
technology

L. Gonella | eRD25 FY21 proposal | EIC Detector R&D meeting, 23 July 2020


https://indico.bnl.gov/event/7449/contributions/35954/attachments/27180/41558/20200319-EIC-YR-SiTech-v2.pdf

Benefits of 65 nm CMOS technology

« Our previous work had identified a recent development of a 180 nm
CMOS imaging process as a viable candidate for the design of an
EIC MAPS sensor, however...

« This is a mature process at higher risk of being discontinued by the
foundry on the timescale of the EIC process

« There are no short/medium term development of this technology that
would match the EIC requirements

« More recently, an effort is emerging to develop new generation
MAPS in a 65 nhm CMOS imaging technology

« Large interest in the HEP community to develop this process for future
experiments: ALICE ITS3 project + CERN EP R&D programme

« This path is more attractive for the development of an EIC MAPS
« Improved performance for precision measurements at the EIC
* Process availability on the EIC project timescale
« ... but higher cost and complexity than older technology nodes

L. Gonella | eRD25 FY21 proposal | EIC Detector R&D meeting, 23 July 2020



ITS3/EIC projects overlap

« The ALICE ITS3 project aims at developing a new generation MAPS

sensor at the 65 nm node with extremely low mass for the LHC
Run4 (HL-LHC)

* As discussed by Leo Greiner at the EIC Yellow Report Kick-Off
meeting, this effort is particularly interesting for the EIC

« The ITS3 sensor specifications and development timescale are
largely compatible with those of the EIC

Non-ALICE members are welcome to contribute to the R&D to develop
and use the technology for other applications

- By joining the ITS3 collaboration, the EIC can leverage on a
large effort at CERN, sharing development costs, to design an
innovative sensor solution at the 65 nm node, well suited for an
experiment starting in 10 years


https://www.jlab.org/indico/event/348/session/5/material/0/0.pdf

Additional benefits of joining the ITS3 project

« The ITS3 sensor specifications even exceed the EIC requirements

« Higher granularity and lower power consumption with respect to
current simulation baseline (ITS/ALPIDE-like)

« Shorter integration time, lower fake hit rate (and better time resolution)
than required at the EIC

Preliminary EIC MAPS sensor requirements
compiled by eRD18 in collaboration with
RAL CMOQOS Sensor Design group

S -f- t- Parameter EIC Vertex and Tracking MAPS
pecifications e
Technology (Backup: TJ CIS 180 nm)
Parameter ALPIDE (existing) Wafer-scale sensor (this proposal) Substrate Resistivity [kohm cm] 1 or higher
Technology node 180 nm 65 nm Collection Electrode Small
Silicon thickness 50 pm 20-40 pm Detector Capacitance [fF] <5
Pixel size 27x29 pm O(10 x 10 um) — - -
Chip dimensions 1.5x3.0cm scalable up to 28 x 10 cm Chip size [cm x cm] Full reticule or stitched
Front-end pulse duration ~5us ~ 200 ns Pixel size [um x um] 20x 20
Time resglution ~1ps , <100 ns (option: <10ns) Integration Time [ps] 2
Max particle fluence 100 MHz/cm 100 MHz/cm — - -
Max particle readout rate 10 MHz/cm® 100 MHz/cm? Timing Resolution [ns] <9 (optional)
Power Consumption 40 mW/cm? <20 mW/cm? (pixel matrix) Particle Rate [kHz/mm?] TBD
Detection efficiency > 99% : > 99% : Readout Architecture Asynchronous
Fake hit rate < 107 event/pixel < 10”7 event/pixel P
NIEL radiation tolerance ~3x 10" 1 MeV neg/cm’ 10" 1 MeV neg/em’ Power [mW/cm’] <20
TID radiation tolerance 3 MRad 10 MRad NIEL [IMeV neg/cm?] 10%° [1]
TID [Mrad] <10 (1]
M. Mager | ITS3 kickoff | 04.12.2019 | Noise [electrons] < 50
_ Fake Hit Rate [hits/s] <10%/evt/pix [2]
[1] From EIC white paper Interface Requirements TBD

[2] ALPIDE specification
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Additional benefits of joining the ITS3 project

« ITS3 uses design and post-processing techniques to reach an
extremely low material budget of 0.05% X/XO0 per layer

« Low power wafer-scale sensors, thinned to 20-40 um, bent around
the beam pipe = air-cooling, support and services outside active area

« Beyond the range considered in eRD16 and eRD18 simulations
« Very attractive for the EIC vertex layers

« Preliminary eRD25 simulations show improved vertexing performance
even with the large 6 cm diameter eRHIC beam pipe

 Potential also for the EIC inner disks - needs further simulations

ITS2 vertex layers
& old beam pipe:
20 um pixel pitch,
0.3% X/X0

ITS2 vertex layers
& new beam pipe:
20 pm pixel pitch,
0.3% X/X0

ITS3 vertex layers
& new beam pipe:

ALICE-PUBLIC-2018-013 10 pm pixel pitch,
https://cds.cern.ch/record/2644611  0.05% X/X0
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https://cds.cern.ch/record/2644611

Path to an EIC detector based on 65 nm MAPS

« Despite the large overlap, the EIC and ITS3 detector have some
significant differences, most notably the size: the ITS3 is a 0.12 m?,
three layers, vertex detector

« Cost and yield of stitched wafer-scale sensors not compatible with use
in the EIC detector outside the vertex layers

« Note: the design of a wafer-scale sensor is very different from the
design of a reticle-size sensor, for the same specifications = EIC
sensor development needs to fork-off

« Tracking layers and disks will need a more conventional support
structures (staves, disks) and sensor size

« The path to an EIC detector based on 65 nm MAPS thus requires to
develop an ITS3-derived EIC MAPS sensor with associated services,
support and readout infrastructure

—->This proposal aims at laying the groundwork for this effort



eRD25 aims

* Joining the emerging ALICE ITS3 R&D program on 65 nm technology
to gain the required expertise to design a (ITS3-derived) MAPS
sensor for the EIC

« Technology evaluation program planned over two MLR submissions

« Develop and investigate the performance of well-integrated and
large-acceptance tracking concepts with vertex barrel layers and
forward/backward disks

« Both hybrid and all-Si concepts to be evaluated with physics
performance simulations

« ldentifying areas requiring targeted services R&D

« Plan required engineering solutions to match material budget
requirements

« Start forming a collaboration (beyond eRD25) able to deliver the
proposed detector to the EIC
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Report of activities in the past six months

« The work of the past six months has concentrated on supporting
the development of this proposal and its execution

« We have been in contact with the ITS3 management to start working
on the sensor technology, as well as with other institutes interested
in developing the detector concept we propose

« We have prepared the required tools for the detector concept
development and physics performance studies

« The Fun4All framework is now being used at LBNL and Birmingham for
physics performance simulations

« A parametrization of the services and support structures has been
prepared for implementation in the simulations’ framework



Sensor development

« The ITS3 project has chosen the TJ 65 nm CMOS imaging process
(ISC) for the design of the sensor

« NDA and access to the PDK coordinated by CERN for the ITS3
collaboration and external collaborators

 The sensor development is planned over two Multiple Layers per
Reticule (MLR) submissions and three engineering runs

* Non-ITS3 collaborators will fork off their development after the
first engineering run

« We have now joined the ITS3 R&D effort

« RAL is already working on test structures for the first MLR
submission scheduled for September (MLR1)

« For this we are using re-purposed eRD18 funds

« LBNL is in the process of signing NDA and acquiring PDK



MLR1 submission

* The first MLR1 targets the submission of test structures to start
assessing the performance of this technology
« Analogue pixel test structures
« Digital pixel test structures
- Transistor test structures
« |P blocks

Possible IP B

RiY W —
= l Sl o Noise pixels 1
l ]
\ ‘
= iy

« RAL has proposed a list of S IAE
IP blocks and structures that K
was well received by
collaborators

------------
DECAL: Pre-amp, shaper,
comparator pixel

All 180nm, plan to
port to 65nm

« Work has started to port driver, receiver and PLL designs from the T)J
180 nm CIS to the 65 nm ISC node
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EIC Silicon Consortium

* In parallel to the discussions with ITS3, we have been in contact
with other groups interested in joining the ITS3 R&D effort as a path
to an EIC detector

« We have joined together with a group of institutions to form the EIC
Silicon Consortium

« This group currently consists of LBNL, BNL instrumentation
division, Birmingham, RAL CMOS Sensor Design group, Wuhan,
JLAB, Daresbury and Liverpool, with many other groups
expressing strong interest and expected to join soon

e The first effort of the consortium will be concentrated on
contributing to the silicon design and characterization, and more of
these institutes will be joining the ITS3 R&D effort formally in the
next few months

« Work already underway with CERN to access the technology



EIC Silicon Consortium

« As the silicon design progresses and the outlines of the EIC specific
sensor fork take shape, we will start organizing our own internal
work packages to address the parts of the detector implementation
needed for an EIC application

« These will include mass testing, module design, stave design, disc
design, EIC specific infrastructure, etc.

It is our intention to develop a full silicon detector
implementation and to grow the consortium into an EIC Silicon
Detector collaboration

If you want to join please contact Leo Greiner
lcgreiner@lbl.gov



mailto:lcgreiner@lbl.gov

Services parametrization

* In order to assess the effect of “dead material” on the detector
performance and physics of interest, we have been working on a
parameterization of the services and support structures

« Services (power, signal, configuration, cooling, etc.) and detector
support structures are expected to be a dominant part of the material
in the large acceptance of the EIC central detector region

« The detector simulations done to date have not systematically
addressed this material

« This parametrization should allow us to generate a range of
expected service/support loads and, based on the results of the full
simulations, identify areas where targeted R&D may be needed
to allow us to meet the detector resolution/physics needs

» The details of the parameterizations can be found in two
presentations by Leo Greiner at the Temple EIC Yellow Report
workshop and the Pavia EIC Yellow Report workshop
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https://indico.bnl.gov/event/7449/contributions/36038/attachments/27241/41529/2020_03_20_EIC_Si_services_parametrization_for_sim.pptx
https://indico.bnl.gov/event/8231/contributions/37955/attachments/28329/43586/2020_05_15_EIC_Si_material_projections.pptx

Services parametrization

« This parameterization addresses both the physical volumes of the
required cables/cooling/support structures and what volumes are
needed at the end of staves/discs, all expressed as a volume and
an averaged material radiation length required as a function of
the silicon surface area

» The initial starting point is based on the ALICE ITS2 services and
support structures but we have extrapolated to lower mass options
and scaled what is needed to get an estimate for what would be
needed for staves/discs based on the ITS3 sensor parameters

« This approach has been adopted by
the broader EIC Yellow Report effort
and its integration working group
in particular

Figure courtesy
Alexander Kiselev

L. Gonella | eRD25 FY21 proposal | EIC Detector R&D meeting, 23 July 2020



Example: Services for existing technology

(ALPIDE sensor) in ALICE ITS upgrade services for outer half-barrel layers
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Material at end of each stave

Power, signal, cooling
Patch panel
(usually required for all detectors)
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Services parametrization for staves and discs

Staves and disc services are decomposed into four

stave

components

“——— 1. The stave itself. This is based on the known stave
structure.

Stave
transi
tion

«—— 2. The stave transition. Space for bypass capacitors,

connectors, cooling transition pieces, PCBs for support
and support structures.

3. The services load. This consists of readout cables,

nw N ——< < MmWn

cooling, power supply and return cables, control and
clock as necessary.

Patch
panel

4. The patch panel. This will likely be located out of
the tracking acceptance but will contain significant

material and must be accounted for.



Example for staves/discs services parameterization ITS2

ITS2 like vertexing

ITS2 like barrel (up to 1.5m

length)

ITS2 like disc (up to 60 cm

diameter)

ITS2 like disc (up to 80 cm

diameter)

ITS2 like disc (up to 100

cm diameter)

This example is for ITS2 like staves/services.

0.3%

1.0 %

0.3%

0.4%

0.5%

7.4 cmA3 of
material with X/X0
of 0.0389 per
traversed cm

4.762 cmA3 of
material with X/X0
of 0.0383 per
traversed cm

7.4 cmA3 of
material with X/X0
of 0.0389 per
traversed cm

As above

As above

2.47 cmA2 cross
section with X/X0

of 0.00786 per
traversed cm

1.587 cmA2 cross
section with X/X0
of 0.00786 per
traversed cm

2.47 cmA2 cross
section with X/X0
of 0.00786 per
traversed cm

As above

As above

4.94 cmA3 with
0.03423 X/X0 per
traversed cm

3.175 cmA3 with
0.03423 X/XO0 per
traversed cm

4.94 cmA3 with
0.03423 X/X0 per
traversed cm

As above

As above



Example for staves/discs services parameterization ITS3

This example is for ITS3 like staves/services.

ITS3 like vertexing

ITS3 like barrel (up to 1.5m
length)

ITS3 like disc (up to 60 cm
diameter)

~0.05-
0.1%

0.55 %

0.24%

6.66 cmA3 of
material with X/X0
of 0.031 per
traversed cm

4.286 cmA3 of
material with X/X0
of 0.0306 per
traversed cm

6.66 cmA3 of
material with X/X0
of 0.031 per
traversed cm

2.96 cmA2 cross
section with X/X0
of 0.002 per
traversed cm

1.905 cmA2 cross
section with X/X0
of 0.002 per
traversed cm

2.96 cmA2 cross
section with X/X0
of 0.002 per
traversed cm

432cmx 1cm x 1
cm with 0.03423
X/X0 per traversed
cm

2.778cm x 1cm x 1
cm with 0.03423
X/X0 per traversed
cm

4.321 cm x 1cm X
1 cm with 0.03423
X/X0 per traversed
cm



Support parameterizations

« Modern Si tracking detectors are highly integrated objects and are
installed as packages, with the services already installed and
brought out to patch panels and the sensors already tested and
characterized. These packages are self-supported mechanical
objects.

* As such, the integration into the overall detector can be described
as an exercise in supporting and locating internally calibrated
packages into the overall detector envelopes.

« This is an engineering problem that has generally been solved for
cylindrical detector volumes in similar ways at STAR, ALICE, ATLAS,
etc.



Support parameterizations

« The carbon fiber shell support cylinders, services cones, rails, stave
end half-hoop supports, etc. are represented as a simple set of
geometric shapes with appropriate X/X0

« This allows for a reasonable spatial distribution of mass

« One can then simulate varying the X/X0 and looking for effects that
may require targeted R&D.

L. Gonella | eRD25 FY21 proposal | EIC Detector R&D meeting, 23 July 2020



Simulations

* In the January 2020 meeting, the eRD16 and eRD18 indicated the
desire and need to transition from EICroot towards one or both of
the frameworks with longer-term support and future; G4E/Escalate
or Fun4All

* Need to enable physics performance simulations

« eRD16 and eRD18 summarized their EICroot results most recently
in the EIC Yellow Report tracking working group meeting (Apr. 30):

« Hakan Wennlof for eRD18, and Ernst Sichtermann for eRD16

« eRD25 initially pursued a parallel path for G4E/Escalate and Fun4All
with support from the respective core developers - thank you!

« Following the results of benchmark studies against EICroot, eRD25
simulations are currently focused on the Fun4All framework

e GA4E results were reported Hakan Wennlof in a May 2020 EIC Yellow
Report tracking working group meeting

L. Gonella | eRD25 FY21 proposal | EIC Detector R&D meeting, 23 July 2020


https://indico.bnl.gov/event/7892/contributions/36937/attachments/27848/42721/UoB_TrackingWG_200430.pdf
https://indico.bnl.gov/event/7892/contributions/36938/attachments/27856/42740/20200430-EICUG_Tracking_WG_-_eRD16.pdf
https://indico.bnl.gov/event/7893/contributions/37285/attachments/27990/42950/UoB_TrackingWG_200507.pdf

Benchmark studies

« Comparison of Fun4All-based and prior EICroot-based momentum
and impact parameter resolutions for an all-silicon detector
concepts with different outer-radii

« Using a previous study in EICroot; export GDML geometry, and import

into Fun4All; generate particles in same parameter space; same
analysis code on output
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Work by Hakan Wennlof
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Benchmark studies

 Likewise, consistency between
scans in pseudo-rapidity, and
expected B-field dependence

* Generally very good agreement

between the frameworks gives

confidence that both old and
new studies are relevant.
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« We have started also new
studies with Fun4All; e.g.
polar angular resolutions at
the PID detector outside of
the (430 mm) all-silicon
tracker including an initial
implementation of services

Work by Rey Cruz-Torres
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https://indico.bnl.gov/event/7894/contributions/37609/attachments/28098/43125/200514_AllSi_in_Fun4All_2.pdf

Preliminary physics simulations

Physics performance simulations are starting
Pythia events have been generated for e-p collisions
Events are propagated and reconstructed in Fun4All

First full-simulation studies of D% invariant mass reconstruction, and
the charged component of jets
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https://indico.bnl.gov/event/7902/contributions/39540/attachments/29273/45404/UoB_TrackingWG_200709.pdf
https://indico.bnl.gov/event/7900/contributions/39135/attachments/29016/44928/200625_JetsAllSi_4.pdf
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FY21 proposal - Plan of work: sensor development

e Characterization of the MLR1 submission

« Study of the charge collection properties of the pixel analogue test
structures

« Evaluation of the performance of the submitted the IP blocks

« Tests to be carried out in clean rooms with radioactive sources and TCT
measurements

« Performance of the structures will be characterised with respect to bulk
damage, TID effects, and Single Event Effects at the MC40 Cyclotron in
Birmingham and at the 88-Inch Cyclotron in Berkeley

« MLR2 submission (September 2021)

« Develop more complete readout architectures and pixel matrices,
targeting EIC requirements

*« FY21 funding is requested in support of this activity
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FY21 proposal - Plan of work: physics simulations

* Physics performance simulations using the Fun4All framework will
be used to develop and investigate hybrid and all-Silicon detector
concepts with barrel layers and forward/backward disks and
realistically modelled services and supports

« ITS3 sensor development will potentially enable new possibilities at
EIC that go beyond the space so far considered in eRD16/eRD18
and eRD25 simulations

« The need for new simulations is to explore these new possibilities
as well as the trade-offs
« Assess the advantages of thin, curved, large area sensors vs cost, and
yield
« Define detector layers and disk configurations based on conventional
sensor size and thickness, and support structures

« Address the demands that surrounding sub-systems impose on the
tracking, specifically the constraints coming from the requirements on
angular pointing distribution for PID



FY21 proposal - Plan of work: physics simulations

 Full simulation of open-charm produced
in deep-inelastic scattering at the EIC

* This channel
« is sensitive to processes with gluons, in particular photon-gluon fusion,
i.e. core EIC science
« is well-aligned with the broader groups’ physics interests
« combines measurement of the scattered electron with that of the
displaced vertices

« well-matched to an integrated tracking system with barrels and
disks

* No funds requested for this simulation plan in this proposal round

« LBNL proposes to use remaining eRD16 funds; Birmingham continues
with University funded PhD students
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FY21 proposal - Request for resources: optimal

« Optimal budget scenario:

« 6 months of designer time to develop 2-3 complex IP blocks, or a
matrix of test pixels with a simple readout;

« Purchase of the readout system from the collaboration and fabrication
of daughter boards to test our test structures;

« Personnel for the development of hardware, firmware, software needed
for full characterization of our IP blocks and analogue pixel test
structures submitted by the collaboration.

kS Chip Silicon Consumables Engineer Total
design submission
RAL 115 40 155
LBNL 18 16 34
Birmingham 12 12 24
TOTAL | 213

This funding scenario is optimal as it allows to gain a
good expertise and knowledge of the technology to
develop the EIC sensor
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FY21 proposal - Request for resources: suboptimal

« Suboptimal budget scenario:
* 4 months of designer time to develop 1 complex IP block;
« Purchase of the readout system from the collaboration and fabrication
of daughter boards to test our test structures;

« Personnel for the development of hardware, firmware, software needed
for full characterization of our IP blocks only.

kS Chip Silicon Consumables Engineer Total
design submission
RAL 70 40 110
LBNL 18 8 26
Birmingham 12 6 18
TOTAL | 154
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FY21 proposal - Request for resources: sub-suboptimal

« Sub-suboptimal budget scenario:

* 4 months of designer time to develop 1 complex IP block, lower
contribution to shared run costs;

« Purchase of the readout system from the collaboration and fabrication
of daughter boards to test our test structures;

« Personnel for the development of hardware, firmware, software needed
for full characterization of our IP blocks only.

kS Chip Silicon Consumables Engineer Total
design submission
RAL /70 25 95
LBNL 18 8 26
Birmingham 12 6 18
TOTAL | 139

In this funding scenario, the lower contribution to shared run
costs might lead to lower area/influence on design, hindering
further the gain of expertise and development.
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Conclusion

« The eRD25 proposal presents a design path to an EIC silicon vertex
and tracking detector based on 65 nm MAPS, and aims at laying the
groundwork for this effort

« At the end of FY21 we expect to

« Have formed a consortium of institutes to work on the development
and delivery of the proposed detector concept

« Be able to design an EIC MAPS in TJ ISC 65 nm technology
« Have identified areas that need dedicated engineering solutions

« Have developed and evaluated the physics performance of well-
integrated tracking concepts

« FY21 funding is requested to support the sensor development
aspect of the proposal at an optimal level of $213k

Thank you!

L. Gonella | eRD25 FY21 proposal | EIC Detector R&D meeting, 23 July 2020



