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The High-Luminosity LHC (HL-LHC)
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ATLAS and the HL-LHC

LHC: proton-proton collisions at
√
s = 7 TeV (2010-2011) and

√
s = 8 TeV (2012),

recorded integrated luminosity of
�
L ∼ 25 fb−1

Upgrade plans:

Phase 0 (2013-2014): LHC upgrade to design energy

(13-14 TeV) and nominal luminosity (L = 10
34cm−2s−1

)

Phase 1 (∼2018): Injector and LHC upgrades

Phase 2 (∼2022): High-luminosity (HL-)LHC: new focusing

magnets and Crab cavities

Goal for
�
L

100 fb−1

300 fb−1

3000 fb−1
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New ATLAS tracker

• Conditions at 5x1034 cm-2s-1:
‣ radiation damage

‣ channel occupancy

๏ particle multiplicity > 105 particles |η|<3.2

• New ATLAS Inner Detector
๏ silicon-based tracker (pixels + strips)

‣ maintain / improve current tracking capabilities

‣ better detector granularity, radiation hardness

• New Detectors: lowest price while rad-hard !
‣ possibility of existing industrialized processes ?

EPS Conference - 190713
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(a) Inner tracker region. The bin sizes are 2 cm in both Z and R.
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(b) Pixel region. The bin sizes are 2 cm in Z and 0.2 cm in R.

Figure 6: 1 MeV neutron equivalent fluences for 3000 fb−1.
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(a) Inner tracker region. The bin sizes are 2 cm in both Z and R.
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(b) Pixel region. The bin sizes are 2 cm in Z and 0.2 cm in R.

Figure 8: Total ionising dose for 3000 fb−1.

production vertices of all particles are smeared in order to recreate the expected beam spot dimensions

for the HL-LHC of σ
beamspot
x/y

= 12 µm in the x/y plane and σ
beamspot
z = 75 mm in the z direction.

2 The LoI Layout

The ITk layout that will be considered in this document is the so-called Letter of Intent (LoI) layout which

was developed in order to satisfy the performance and design requirements for an ATLAS Phase 2 tracker,

as defined in [15]. The LoI layout improves over the earlier so-called UTOPIA [13] layout, which had

previously been used for ITk studies. An initial layout (referred to at the Cartigny layout), optimised for

performance, was developed based on results from full Geant4 MC simulations and an analytical tracking

model. This was subsequently revised to account for engineering and hardware considerations, resulting

in the LoI layout. A short overview of this layout will be given here; detailed design considerations can

be found in [16].

2.1 Sensitive Layers

As discussed in Sec. 1 the ITk will be an all-silicon tracker, and will be composed of two subsystem;

one using pixel sensor technology and the other silicon microstrips (strips), Fig. 2. The position of all

sensitive layers in the LoI layout can be seen in Fig. 3. The basic parameters of the layout are listed in

Appendix A.

Figure 2: A 3D image of the LoI-ITk. The Pixel system is coloured in red and the Strip system is in blue.

2.1.1 Pixel System

The LoI Pixel system is composed of four barrel layers, with radii from 39 mm for the inner layer1 to

250 mm for the outer layer, and six endcap disks at z-positions from ±877 mm for the innermost disk to
±1675 mm for the outermost. The two innermost barrel layers have pixels of size 25 × 150 µm2 (φ × η),
while the remaining barrel layers and endcap disks use pixels of size 50 × 250 µm2. The positioning of
modules in the barrel layers, showing φ tilt and overlap, can be seen in Fig. 4(a).

1It should be noted that this inner radius is larger than the 37 mm radius of the Insertable B-Layer (IBL) [17], due to an

increase in the size of the beam pipe for the Phase-2 upgrade.

3

Pixels - 5 layers

Strips (short) 3 
layers

Strips (long) 
2 layers

helps to recover inefficiencies due to insufficient pixel hits. Sophisticated bookkeeping is used to remove

previously-used hits from subsequent track finding iterations, limiting the combinatorial overhead in

terms of CPU and memory.

Ambiguity processing is to select the good tracks from the full set of track candidates. At this stage, a

fully-fledged track fit with detailed material corrections is used to precisely estimate the track parameters

and reject bad track candidates. The material corrections in the fit rely on a precise modelling of the

detector material used in the simulation. To facilitate this, a dedicated tuning of the so-called Tracking

Geometry [13] was carried out to correctly model the ITk material effects in the fit.

In this note, the bremsstrahlung reconstruction feature of the ATLAS track reconstruction is used

to study the electron performance in the ITk. For electron tracks, a modified material model is used in

the combinatorial Kalman Filter to allow for bremsstrahlung effects. The track fitter then allows for a

change in curvature, via the addition of a bremsstrahlung point, due to forward photon radiation from

the electron in the detector material.

1.2 Pile-up Scenarios

To recreate the beam conditions provided by the HL-LHC, the simulated signal processes for which

we wish to study the performance will be overlaid with a large number of additional pile-up collisions.

These pile-up collisions are picked randomly from sets of minimum bias events; the minimum bias is

generated using Pythia 8, with inelastic, low-pT settings, and simulated in an identical way to the signal,

before being combined at the digitization step.

Figure 1: A simulated event within the LoI ITk layout, comprised of 40 signal muons overlaid with

minimum bias events consistent with an average pile-up of 140 collisions per bunch crossing, displayed

using the ATLAS Virtual Point One (VP1) Visualisation package [14]. Reconstructed tracks are shown

in green, with pixel and strip clusters in orange and yellow respectively.

Samples are produced with a level of pile-up matching the nominal average of 140, as shown in Fig.

1, and additionally with a level of 200, to provide an an extreme scenario for study. For the tracker only

samples mentioned above, only in-time pile-up (i.e. within the same bunch crossing as the signal) is

considered, since the effect of out-of-time pile-up (in neighbouring bunch crossings) is negligible. The

2

140 pile-up events

3
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High-Voltage CMOS

• High Voltage-CMOS (HV-CMOS) technology
‣  standard industrialized process (low-cost, large availability)

• HV-CMOS as monolithic pixel particle detector
‣ project initiated by I. Peric (U. Heidelberg)

‣ sensor based on multiple-well structure

๏ entire CMOS electronics inside the deep N-well ➡ “smart diode” ➡  “smart diode array”
❖ PMOS transistors directly in the deep N-well

❖ NMOS transistors within P-well embedded in deep N-well
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Signal (mip) ~ 2000 e
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Capacitively coupled detector

• Implementation of on-sensor CMOS electronics (e.g. charge sensitive 
amplifier, etc.) ➡ signal transmission by capacitive (AC) coupling
‣ signal transmitted to the charge sensitive amplifier in the the readout ASIC

‣ no need of costly bump-bonding process

• Gluing process:
‣ alignment precision: < 5 µm

‣ glue layer thickness: < 5 µm
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HV2FEI4 prototype chip

• Chip-size: 2.2x4.4 mm2

‣ pixel matrix: 60x24 sub-pixels (unit cell = 6 pixels, each 125 x 33 µm2)

• HV2FEI4 compatible with:
‣ ATLAS FEI4 (ATLAS pixel readout ASIC)

๏ bump-bonding or capactive coupling

‣ strip readout

• Charge sensitive amplifier, discriminator

• On-chip bias DAC, configuration via FPGA

6

4.4 
mm

Pixel matrix

Strip pads

IO pads for 
strip operation

IO pads for 
CCPD operation

2.2 mm

HV2FEI4 (v1) chip

HVCMOS2FEI4 Detector Description 
Ivan Peric 
 
Overall structure of the chip 
 
HVCMOS2FEI4 (shorter HV2FEI4) is an active pixel detector for ionizing particles; its pixel 
matrix is based on so-called “smart diodes”. Pixel electronics contains a CMOS charge-
sensitive amplifier, a comparator with the possibility of local threshold adjustment and an 
output stage. 
 
A pixel responds to a particle hit by generating an output signal (a current pulse) with defined 
and constant amplitude.    
  
HV2FEI4 can be readout in three ways: 

1) Stand-alone readout: Pixel signals can be multiplexed to an output pad (monitor pad), 
in this way the chip can be tested alone, without an additional readout ASIC. 

2) Hybrid-pixel readout: HV2FEI4 can be mounted on the FEI4 pixel-readout chip and 
readout as a smart pixel sensor. 

3) Strip-like readout: HV2FEI4 can be connected to a strip-readout chip.  
 
The hybrid-pixel readout is the main operation mode of the chip. The geometry and structure 
of the ASIC have been chosen to optimize such a readout. 
 
The pixel matrix on HV2FEI4 is based on the unit cells that contain six pixels each 125 µm x 
33 µm large. The unit cell has an area that corresponds to two FEI4 pixels - 250 µm x 100 µm. 
The structure of one unit cell is shown in figure 1.  

Fig. 1: Structure of the unit cell 
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Readout modes

• Capactively coupled readout chip
‣ unit cell corresponding to two ATLAS FEI4 readout-chip pixels

‣ combine sensor sub-pixels for AC readout

‣ different current amplitude per pixel ➡ hit position from pulse-height information

๏ improvement in resolution without changes in readout chip

• Readout as a strip-like detector
‣ sum all pixels in a row ➡ “virtual strip”

๏ multiple connections possible (crossed-strips)

‣ hit position along strip encoded as pulse-height  ➡ Z-resolution improved

EPS Conference - 190713

HV2FEI4: CCPD readout

2 2
Bias A

FEI4 Pixels

CCPD Pixels

Signal transmitted capacitively

RESMDD 2012, Firenze, Ivan Peric 39

2

3

1

2

3
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Bias B

Bias C

+

Strip readoutPixel readout (AC coupling)
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Pixel readout

• FEI4 ASIC glued to HV-CMOS sensor
‣ β+ signal detection from 22Na radiactive source

FEI4 readout chip 
- pixel size: 250 µm x 50 µm
- 80 columns x 336 rows
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Sub-pixel encoding

• FEI4 readout chip:
‣  Time-Over-Threshold (ToT) information (4 bits)

• sub-pixels within group of three could be 
distinguished

9
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Strip readout

• Analog readout chip: BEETLE (LHCb velo)

• Proof-of-principle of position-encoding along 
virtual strip

10

HV2FEI4 sensorsPitch-adaptors

Pitch-adaptor

BEETLE readout chips

Add-on PCB (bias & control)
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Irradiation results on HV2FEI4_v1 (1/2)

• Neutron irradiation (Ljubljana)
‣ 1015, 1016 neq/cm2

• measurements with 90Sr source

• Running conditions:
‣ room temperature

‣ bias voltage: ~ -20 V

‣ self-trigger & scintillator

11

Neutron irradiation: 1x1016 neq/cm2
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Irradiation results on HV2FEI4_v1 (2/2)

• Additional irradiations:
‣ protons (CERN SPS)

‣ X-rays (CERN) ➡ up to 50 MRad 

• First version of HV2FEI4 not fully rad-hard
‣ expected !!

๏ usage of standard cells

‣ rad-hard wrt bulk damage

IV characteristics
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HV2FEI4_v2

• Second version of the HV2FEI4 chip 
‣ more radiation tolerant

๏ circular devices, guard rings, etc.

• First irradiation results (X-rays)
‣ no significant degradation (50 MRad)
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Summary

• First prototypes of HV2FEI4 chip fully working
‣ Compatible with both pixel (AC & DC) readout, strip-readout

‣ Very promising results so far:

๏ demonstration of sub-pixel encoding (CCPD) and position encoding (virtual strip) 

๏ first prototype sensor (specifically non-radhard) alive after 1016 neq/cm2 !!

๏ second version (HV2FEI4_v2) with improved radiation hardness

• HV-CMOS appears as a very promising technology for future particle 
tracking detectors in the HL-LHC
‣ low-cost commercial technology, high-availability

๏ no bump-bonding needed !!

‣ low-mass (thin) sensors, low-power, high SNR (even at room temperature)

‣ rad-hard, improved spatial resolution

• Next steps:
‣ more radiation-hardness studies

‣ prototypes for ATLAS pixel and strip detector modules

14EPS Conference - 190713


