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High Luminosity - LHC
High Luminosity (HL)-LHC will bring major changes to the detector’s 
environment: 
• Luminosity increase up to   
• Integrated Luminosity up to   
• Up to 200 inelastic  collisions per beam crossing (pileup) 
• Increased luminosity  ~10 times higher radiation  

➡ Harsh environment for the tracker

ℒ = 5 − 7.5 × 1034 cm−1s−1
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Upgrade of the ATLAS Inner Detector

ATLAS DRAFT
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Figure 2: Material distribution within the ITk volume in radiation lengths (-0) as a function of the pseudo-rapidity
|[ | for the ITk Layout 03-00-00. The material is broken down by category and subsystem. The contributions of the
moderator, PP1, and enclosure material are located beyond the outermost sensitive tracking elements.
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Figure 3: Material distribution within the ITk volume in nuclear interaction lengths (⇤0) as a function of the
pseudo-rapidity |[ | for the ITk Layout 03-00-00. The material is broken down by category and subsystem. The
contributions of the moderator, PP1, and enclosure material are located beyond the outermost sensitive tracking
elements.
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3.4 Radiation Environment Expectations for the ITk Detector

B-Layer, IBL), which was installed in ATLAS during Long Shutdown 1, is shown. In com-
parison to the current ID, the ITk material budget is around 30% lower in the region |h| <

4.0. At the highest |h|, an even larger reduction is achieved.
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Figure 3.8: Radiation length X0 versus the rapidity h for the current ATLAS Inner Detector (Pixel,
SCT, TRT).

3.4 Radiation Environment Expectations for the ITk Detector

Due to the increased luminosity and the associated increase in the number of particles,
the expected radiation levels in the ITk will increase by roughly an order of magnitude
compared to the present ATLAS Inner Detector. The radiation background simulations
are performed for the ATLAS ITk using the FLUKA particle transport code [14] and the
PYTHIA8 event generator [15]. The predictions of particle fluences and ionising doses for
the ITk layout assume an integrated luminosity of 3000 fb�1, a proton-proton inelastic cross-
section of 79.3 mb at a centre-of-mass

p
s = 14 TeV [16]. In Figure 3.9 the fluence and

dose distributions for the ITk layout are shown. It is important to emphasise that accurate
fluence and dose predictions require accurate modelling of the entire ATLAS geometry in
FLUKA [14]. In the ITk strip regions the fluences are dominated by particles coming from
interactions in the calorimeter, beam-line and ITk service material. The ITk services are
routed out radially away from the beam-line as soon as feasible, as this is beneficial in
reducing radiation backgrounds, including the activation of detector components.

In summary, the maximum 1 MeV neutron equivalent fluences for the pixel, short-strip,
long-strip barrel and strip end-cap detectors are predicted to be 1.5 ⇥ 1016 cm�2, 5.4 ⇥ 1014

cm�2, 2.8 ⇥ 1014 cm�2 and 8.2 ⇥ 1014 cm�2, respectively. The corresponding values for the
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3.3MaterialDescriptionwithintheSimulation

Figure3.6:AvisualisationoftheITkasimplementedinthesimulationframework

inactiveelementsofthedetectorwereimplementedinthesimulationframework,which
describestheirsize,position,andmaterialcomposition.Avisualisationofthesimulated
detector,includingallmaterialelements,isshowninFigure3.6.Thematerialdescription
isbasedonthetechnicaldesignofthedetectorasdiscussedinthefollowingchapters.

Foreachpixellayoutcandidatesimulationmodel,therelevantphysicaldesignwasde-
tailedbytheITkpixelmechanicsgroups.Allpixelsensorsaremodelledas100µmthick
siliconfortheinnermosttwolayersandas150µmelsewhere,andfront-endchipsaremod-
elledassiliconwithextraelementsaddedasappropriate,correspondingtoadditionalchip
componentssuchasmetallayers.Thisapproachprovidesaconservativeestimateofthe
material.Forpixelbarrelservices,thecablematerialincludedvariesasafunctionofzto
accuratelyreflectthenumberofcablesthatwillberequiredforthemodulesatthatposition.
Forpixelend-caps,themassesandmaterialsofboththesupportstructureandservicesare
modelledaccordingtomechanicaldescriptions.FortheInclineddesign,theindividual
inclined-sensorsupportsareindividuallymodelledascarbonfoamwedges.

Thestripbarreldetectormodelseachmaterialcontributionseparately,withmassesandma-
terialcompositionsreflectingthemechanicaldesigns.Forthestripend-capssomematerials
aremerged:materials/objectsthatsitnexttoeachotherarenotindividuallymodelled,but
insteadonehomogeneousblockofmaterialisincluded,adjustedtohavethecorrectradi-
ationlengthascalculatedbasedontheengineeringdesigns.

FortheStripDetectorglobalsupports,thebarrelandend-capsaremodelledindetail,in-
cludingthestavecoolingpipes,carbon-foam,face-sheets,cablebus,hybrids,andfront-
endASICs.Intheend-caps,thesiliconsensorsaredescribedindividually,buttheremain-
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Inner Detector 
• All silicon - Pixels and 

Strips 
• Higher radiation tolerance 
• Finer granularity (# of 

channels) larger coverage 
• Faster response 
• Reduced material budget

ATL-PHYS-PUB-2021-024ITk

Current Inner Detector

ATL-SOFT-SLIDE-2023-553

same 

envelope

ATLAS-TDR-025

4− 3− 2− 1− 0 1 2 3 4
ηtrack 

0

5

10

15

20

25

30

35

40

N
um

be
r o

f S
ilic

on
 H

its

0

500

1000

1500

2000

2500

N
um

be
r o

f T
ra

ck
s

9 hits

ATLAS Simulation Preliminary
ITk Layout: 23-00-03 =1 GeV

T
, pµsingle 

Figure 2: Number of strip plus pixel measurements on a track as a function of ⌘. A sample of single muon events
with pT = 1 GeV is used. The muons are produced with a flat distribution between 0 to 2 mm in transverse distance
to the beam line and at fixed values z = �15 cm, 0 cm, 15 cm, in equal amounts.

the radius of the barrel section o↵ered the opportunity to reduce the number of staves from 16 down to 12,
while the number of end-cap rings and their position in the innermost pixel layers have been re-optimized,
all of that with a hit coverage equivalent to the previous layout. In addition, a change in the design of
the end-caps of the outermost pixel layers has been implemented to increase the clearance between the
two split half-rings from 10 mm to 11 mm, to allow for an easier detector integration. The nominal ring
positions for this layer have been left unchanged, except for the lower-z ring, moving its nominal position
0.5 mm up in z. The new layout of the pixel barrel and end-caps is summarized in Table 1 and 2. The pixel
sensor pitch to be used in the barrel in the innermost pixel layer has also been updated to be 25 ⇥ 100 µm2,
while the rest of the pixel detector will still be based on the original 50 ⇥ 50 µm2 pixel pitch.

Recently, the ATLAS Collaboration also endorsed the decision to drop the possibility of Level-0/1 trigger
configuration, assumed in previous iterations of the layout, in which part of the Pixel detector contributes to
Level-1 track trigger (L1Track) being readout at the full Level-0 trigger rate. This configuration described
in more detail in [5] was used as baseline for the results presented in [4] and required the Pixel service
layout to be able to sustain a 4 MHz readout in the outermost pixel layer in the barrel, as well as some
of the end-cap rings in the three outer layers. Following this decision, the maximal readout rate to be
supported by the Pixel service layout has been reduced from 4 MHz down to 1 MHz for the whole pixel
detector and the simulation of the Pixel services has been updated accordingly.

Figure 2 shows the total number of expected pixel and strip measurements on track as a function of
pseudorapidity, obtained using simulated single muons with pT = 1 GeV. A minimum number of nine
measurements is assured in the full detector acceptance, except for rare cases of tracks passing in the gaps
between pixel or strip barrel modules. Compared to the previous ITk layout design, the new layout has a
slightly reduced coverage in the very forward region close to |⌘| = 4 due to particles generated at the edge
of the beamspot region range of z = ±15 cm.
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Coverage up to  with at least 9 
space points per track

η = ± 4

Strips Pixels

https://cds.cern.ch/record/2776651
https://cds.cern.ch/record/2875395?ln=en
https://cds.cern.ch/record/2257755?ln=en


3.2 The ITk Layout

Figure 3.5: Schematic layout of the ITk for the HL-LHC phase of ATLAS. Here only one quadrant
and only active detector elements are shown. The horizontal axis is the axis along the beam line
with zero being the interaction point. The vertical axis is the radius measured from the IP. The outer
radius is set by the bore of the solenoid.

depending on the ring layer and h position. The pixel layout will be presented in detail in
Section 3.2.2.

The tracking detector is surrounded by a polyethylene moderator to moderate neutrons.
This decreases the 1 MeV neutron equivalent silicon damage fluence arising from the flux
of neutrons entering from the calorimeters. Gaps will be preserved between sub-detector
parts to allow for supports, services, and insertion clearances.

3.2.1 Layout of the ITk Strip Detector

The ITk Strip Detector consists of a four-layer barrel section and one end-cap on each side
with six disks each to provide good coverage to within 10� of the beam axis. The strip sys-
tem covers ± 2.7 units of rapidity (see Figure 3.5). The strip barrel extends from -1400 mm
to +1400 mm along the z-axis. The radii at which the barrel layers are located and the z-
positions of the end-cap disks are chosen to optimise the number of hits on a track and the
pT-resolution. An overview of the geometry with the location of the sensing elements in
the strip barrel section is given in Table 3.1. The two inner layers of the barrel are equipped
with short strips of 24.1 mm length. The two outer layers have longer strips with 48.2 mm.
All strips in the barrel section have a pitch of 75.5 µm.

The strips in the end-cap are radially distributed and pointing to the centre of the beam-
axis. The strip lengths in the end-caps are optimised to keep the strip occupancy below
1%, resulting in varying strip lengths increasing from 19.0 mm in the region closest to the
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BarrelEndcap Endcap

Pixels

Strips

Strips

The ITk Strips Layout
Strips

Barrel : 4 layers (double sided) 
• L3/L2 (outer layers) with long strip (LS) staves 
• L1/L0 (inner layers) with short strip (SS) staves 
• Up to  dose and  ∼ 33 MRad 7.2 × 1014 neq/cm2

Pixel Detector

Pixel Detector

Talk by Stefano

Endcap(s) : 6 disks (double sided) per endcap 
• Disk0-Disk5: 32 identical petals on each disk 
• Variable pitch and length due to geometry 
• Up to  dose and ∼ 50 MRad 1.2 × 1015 neq/cm2

Strips # of Layers # of Detectors Surface [m2] Channels [M] Strip Pitch [µm] Strip Length [mm]

Barrel 4 392 Staves 104.86 37.85 75.5 24.1 - 48.2
Endcap 6 384 Petals 60.4 22.02 69 - 85 19 - 60

Total 776 165.25 59.87M

Quadrant view of the (ITk) 

ATLAS-TDR-025

https://indico.cern.ch/event/1184921/contributions/5574639/
https://cds.cern.ch/record/2257755?ln=en
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Fraction of bad strips per segment. The distributions of the fraction of the bad strips per segment
are compiled in figure 14. The bad strips are those identified in the section of “Strips” in table 6.
The fraction of the bad strips is specified to be < 1% per row of strip segments. The bin width is
chosen to be 0.08%, representing one bad strip out of 1282 strips in a single barrel sensor segment.
The first bin is scaled down to 1/20 of the entries. Most of the sensors have no bad strips. Only a few
sensors have 6 to 8 bad strips. The overall fraction of bad strips per sensor is 0.007% on average.

Out of the tests carried out by the vendor, the quality of the sensors “as produced” is judged to
be excellent.

Figure 9. Leakage currents as a function of bias voltage for all ATLAS18 sensors. The breakdown voltage is
specified to be higher than 500 V. The leakage current at 500 V is to be below around 10 �A per sensor (see
table 5). Copyright CERN CC-BY-4.0 license, re-used with permission [14].

6 Conclusion

The final design of the strip sensors for the Inner Tracker of the ATLAS upgrade, ATLAS18, is
presented after a series of prototype iterations through many years of R&D. Eight di�erent sensor
layouts are defined, two for the barrel part, Short Strips (SS) and Long Strips (LS), and six for the
endcap rings (R0 to R5).

The barrel sensors have rectangular shape with 4 or 2 rows of strip segments, utilizing the area
of 6-inch wafer maximally. The endcap sensors have additional features of skewed-trapezoidal shape,
strips in fan-out geometry with a built-in rotation angle, circular edges, as well as the requirement of
six sensor layouts to fit in the petal geometry and in the area of 6-inch wafer maximally. New design

– 20 –
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The ITk Strip Sensors
• Silicon: n-type implants in a p-type float-zone silicon bulk ( ) with 

aluminum AC-coupled strips 
• Produced  by Hamamatsu Photonics K.K. (HPK) in 6-inch, µm thick wafers 

• 2 variants for barrel, 6 variants for endcap(s) 
• Miniature sensors, test structures, monitor diodes, and other structures are laid out in 

the “halfmoons” 
➡Validating the characteristics/performance of the sensors 

• Operating bias voltage is set to backplane at  (  on ) at   

n+ − in − p

320

−500 V 0 V n+ ∼ − 30∘C

2023 JINST 18 T03008

3 Wafer layouts

3.1 Wafer layouts of ATLAS18 sensors

We have fitted one large-format main sensor in the center of the wafer. In the remaining space
outside of the main sensor, referred to as “halfmoons”, we have laid out miniature sensors and test
structures. The final layouts of the two barrel wafers (SS and LS) are shown in figure 4 and the
layouts of the six endcap wafers (R0 to R5) in figure 5. In the main sensors, the dotted lines indicate
the boundaries of the strip rows. The identification label and scratch pads as described in appendix C
are implemented to identify the wafer number and the individual pieces such as the main sensor,
halfmoons, miniature sensors, test structures, etc.

The “wafer coordinate” is defined such that the Y axis is along the primary wafer orientation
flat and the X axis orthogonal to the flat. The strip direction of the main sensors is set along the Y
axis, except in the ATLAS18R2 wafer. The strip direction of the ATLAS18R2 sensor is rotated by
90� to fit the shape in the wafer maximally.11
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Figure 4. The final wafer layouts of the ATLAS18 barrel sensors, SS and LS, in 6-inch wafers. Miniature
sensors and test structures are laid out in the halfmoons. The orientations of minis and other pieces in the
halfmoons are shown by the orientation of the numbers. MD8s in red are those with p-stop separation ring (cf.
figure 6). Two QA pieces (“Mini&MD8” and “Testchip&MD8”) enclosed in blue are diced out through the
dicing lines in orange, under the “production-style” dicing. Copyright CERN CC-BY-4.0 license, re-used
with permission [14].

3.2 Miniature sensors and test structures

Miniature sensors, test structures, monitor diodes, and other structures are laid out in the halfmoons.
The miniature sensors are Mini (1 ⇥ 1 cm2), SSmini (1 ⇥ 2.6 cm2), and LSmini (1 ⇥ 5 cm2) sensors.
The test structures are the ATLAS test chips (TC, A1 to A4) and the vendor’s test structures (T1 to
T4). The monitor diodes are the 1⇥ 1 mm2 (MD1), 2⇥ 2 mm2 (MD2), 4⇥ 4 mm2 (MD4), 8⇥ 8 mm2

11The wafer coordinates coincide with the global coordinates (cf. section 2.2) in general, but they are rotated by 90� in
the ATLAS18R2 sensor.
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Figure 5. The final wafer layouts of ATLAS18 endcap sensors, R0, R1, R2, R3, R4, and R5, in 6-inch wafers.
Miniature sensors and test structures are laid out in the halfmoons, following the patterns in the barrel wafers
(cf. figure 4). Two QA pieces (“Mini&MD8” and “Testchip&MD8”) enclosed in blue are diced out through
the dicing lines in orange, under the “production-style” dicing. Copyright CERN CC-BY-4.0 license, re-used
with permission [14].
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HPK performs initial tests against the 
specifications  
• Visual inspection edge chipping and 

scratches  
• Electrical tests such as Overall capacitance 

(C-V) and the leakage current (I-V)  
• Pre-production (1041 sensors - 5%) showed 

that quality of the sensors “as produced” is 
excellent. 

Table I. Overview of past and present sensor submissions for the ITk Strip Detector.

Order type Sensor type Contractor Sensors Area Status

Pr
ot

ot
yp

e

ATLAS07 barrel SS HPK 143 1.4 m2 completed [3]
ATLAS12 barrel SS HPK 120 1.1 m2 completed [4]
ATLAS12EC end-cap R0 HPK 135 1.2 m2 completed [5]
ATLAS17LS barrel LS, final size HPK 70 0.7 m2 completed [6]
ATLAS17LS barrel LS, final size HPK 60 0.6 m2 completed
ATLAS17LS barrel LS, final size IFX ⇢⇢40 ⇠⇠⇠⇠0.4 m2 cancelled
ATLAS18SS barrel SS, final layout HPK 60 1.4 m2 completed

Pre-Production all 8 types HPK 1,041 9.2 m2 completed

Production all 8 types HPK 20,800 190.3 m2 ongoing

2. ITk Strip Sensor part flow and QC procedure

The sensors for the ITk Strip Detector are all produced by HPK and then separated depending
on their sensor type and final destination for module assembly, as shown in Fig. 1. All sensors have
to undergo Quality Control (QC) so as to make sure only sensors which adhere to specifications are
used in the module production process. Basic mechanical and electrical tests are carried out for every
sensor, while more detailed measurements are done on a sample basis.

Fig. 1. Sketch the main sensor part flow for QC (sites shown in yellow) and module assembly (green).

Half of the barrel sensors first stay in Japan, where a subset of QC measurements are carried out
at HPK on a fully automated machine operated remotely by KEK and Tsukuba. Those sensors are
subsequently sent to Santa Cruz (SCIPP) for the outstanding QC tests and then distributed to the US

3

Poster on Sensor 
Charachteristics by Javier

Talk by Luise on Curing early 
breakdown in silicon strip sensors 

with radiation

https://www.sciencedirect.com/science/article/pii/S0168900220313255
https://iopscience.iop.org/article/10.1088/1748-0221/18/03/T03008
https://indico.cern.ch/event/1184921/contributions/5688514/
https://indico.cern.ch/event/1184921/contributions/5688514/
https://indico.cern.ch/event/1184921/contributions/5582407/
https://indico.cern.ch/event/1184921/contributions/5582407/
https://indico.cern.ch/event/1184921/contributions/5582407/
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The ITk Strip Sensors - QA/QC
Extensive QA/QC is carried out in several institutes for either 
all sensors or sample of them: 

• All Sensors  
• Visual inspection, planarity (<1% failures) 
• IV ( ) under dry 

conditions (3.5% failing) 
• Subset of sensors:  

• Thickness measurement on test sensors with calipers 
( µm)  

• Long-term stability (40h at 400-500 V, 2-5% of sensors)  
• Full Strip Test, probing each strip, measure currents and 

, 

Vbias = 500 V & I < 0.1 μA/cm2

320 ± 15

Rbias = 1 − 2 MΩ Ccoupling > 20 pF/cm
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Fig. 3. (a): Example IV curves of a Pre-Production batch; some of the sensors with breakdown have visibly
decreasing current during hold steps suggesting possible improvements after voltage training. (b): Histogram
of breakdown voltage of Pre-Production sensors measured in the most recent IV scan, not including sensors
without breakdown up to 700 V. The dashed lines in both plots illustrate the specification of Vbreakdown > 500 V.

It has to be noted that many of the sensors initially failing the IV scans were re-tested at a
later date, some even multiple times. This was done due to observed improvements of the sensor
performance during either their long-term stability test or IV scan (see Fig.3(a)). As a result of
this, many of the sensors have a breakdown voltage close to the specification limit as their most
recent test result, explaining the larger peak in the histogram for those values. All in all, despite
the overall larger number in comparison to other QC tests, only a small fraction of 3.5% actually
failed the IV test, with a much larger fraction of tested sensors showing an onset of breakdown with
500 V < Vbreakdown < 700 V.
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Fig. 4. (a): Example CV curves of a Pre-Production batch. (b): Histogram of depletion voltage of all Pre-
Production sensors measured in CV scans. The dashed line illustrates the acceptable limit of Vdepletion < 350 V.
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segment or no more than 8 consecutive strips are allowed to have parameters outside of the quoted
specifications. Where applicable, e.g. on barrel sensors, this test is conducted using a multi-channel
probe card.

3. QC test results

3.1 Mechanical test results
Of all 1041 Pre-Production sensors, only 10 sensors showed major irregularities during their

visual inspection. 4 of those sensors had a mismatch between the listed serial number and their scratch
marks, a redundant form of sensor identification. No further mechanical or electrical defects were
seen on those sensors and after resolving this issue with HPK, those sensors were cleared. The number
of sensors that outright failed the visual inspection due to noticeable mechanical defects were limited
to 6. Half of those had deep scratches that also a↵ected their electrical test results. One sensor had a
chipped corner, as shown in Fig. 2(a), while a second sensor broke into pieces during handling. The
last sensor has a built-in short between its bias rail and guard ring, leading to high currents. Other
common, but minor, issues observed during visual inspection were limited to superficial scratches on
the surface or debris that could be removed.

(a)

m]µMax. sensor bow [
0 20 40 60 80 100 120

m
µ

N
o.

 o
f s

en
so

rs
 / 

5

0

20

40

60

80

100

120

140 ATLAS18 Pre-Production
R0 R1
R2 R3
R4 R5
SS LS

(b)

m]µPhysical thickness [

300 305 310 315 320 325 330 335

m
µ

N
o.

 o
f s

en
so

rs
 / 

1

0

20

40

60

80

100

120
ATLAS18 Pre-Production

R0 R1
R2 R3
R4 R5
SS LS

(c)

Fig. 2. (a): Sensor with chipped corner found during visual inspection. (b): Maximum sensor bow of Pre-
Production sensors. The allowed limit of 200 µm exceeds the upper limit of the displayed axis as all sensors
were well below that value. (c): Histogram of measured physical thickness with upper and lower limits of
specification range shown as dashed lines.

The metrology measurement was passed by every sensor, as can be seen in Fig. 2(b). For the ma-
jority of sensors the maximum bow was below even 50 µm and therefore well within the limit defined
by the specifications. Only two sensor failed the thickness measurement, with results of 302 µm and
304 µm, respectively (see Fig. 2(c)).

3.2 Electrical test results
Of all the QC measurements performed on Pre-Production sensors, the IV scan has been the test

which the largest fraction of sensors failed by a large margin. Additionally, the mode of failure was
exclusively from early onsets of breakdown below 500 V, rather than exceeding the current limit. A
summary of all observed sensor breakdowns based on the most recent IV scans is shown in Fig. 3(b).
In total, 36 sensors failed the QC test criteria for IV measurements.
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Chipping
out-of-specification strips observed in striptests, the visual capture images serve as a look-up tool to
check for visible irregularities in the a↵ected area that might have been overlooked during the initial
inspection.

Moreover, in order to get an accurate picture of the electrical performance of sensors, su�cient
storage time in a dry environment seems to be necessary, despite all e↵orts to ship sensors in dry
conditions while being vacuum sealed in moisture barrier bags. Complementary to this, during Pre-
Production and the early stages of Production, it has been seen on multiple occasions that performing
additional IV scans can be needed to either make use of beneficial training e↵ects ( [10]) or confirm
behaviour seen in a prior stability measurement. This sensor training and dry storage has been part
of a larger e↵ort to provide means of sensor recovery for those that initially fail to meet some QC
criteria. The di�culty with such repeated tests and treatments, however, is that they can be di�cult
to fit into the already time-constraint Production schedule.

5. Conclusion of Pre-Production QC

Throughout 2020, a total of 1041 Pre-Production sensors, distributed between 7 sites, underwent
the full ITk Strip Sensor Quality Control. Using the mechanical and electrical tests detailed in the
previous sections, the quality of the final layouts for all 8 types of sensors manufactured by HPK has
been verified. Test yields for all QC tests are summarised in Tab. II.

Table II. Summary of Pre-Production QC yield based on sensor samples for each test and accounting for
multiple test failures of individual sensors.

QC Test Vis. Insp. Metrology Thickness IV CV LTS Striptest

Yield (Fails) 99.6% (4) 100% 99.7% (2) 96.5% (36) 100% 99.3% (4) 99% (4)
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segment or no more than 8 consecutive strips are allowed to have parameters outside of the quoted
specifications. Where applicable, e.g. on barrel sensors, this test is conducted using a multi-channel
probe card.

3. QC test results

3.1 Mechanical test results
Of all 1041 Pre-Production sensors, only 10 sensors showed major irregularities during their

visual inspection. 4 of those sensors had a mismatch between the listed serial number and their scratch
marks, a redundant form of sensor identification. No further mechanical or electrical defects were
seen on those sensors and after resolving this issue with HPK, those sensors were cleared. The number
of sensors that outright failed the visual inspection due to noticeable mechanical defects were limited
to 6. Half of those had deep scratches that also a↵ected their electrical test results. One sensor had a
chipped corner, as shown in Fig. 2(a), while a second sensor broke into pieces during handling. The
last sensor has a built-in short between its bias rail and guard ring, leading to high currents. Other
common, but minor, issues observed during visual inspection were limited to superficial scratches on
the surface or debris that could be removed.
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Fig. 2. (a): Sensor with chipped corner found during visual inspection. (b): Maximum sensor bow of Pre-
Production sensors. The allowed limit of 200 µm exceeds the upper limit of the displayed axis as all sensors
were well below that value. (c): Histogram of measured physical thickness with upper and lower limits of
specification range shown as dashed lines.

The metrology measurement was passed by every sensor, as can be seen in Fig. 2(b). For the ma-
jority of sensors the maximum bow was below even 50 µm and therefore well within the limit defined
by the specifications. Only two sensor failed the thickness measurement, with results of 302 µm and
304 µm, respectively (see Fig. 2(c)).

3.2 Electrical test results
Of all the QC measurements performed on Pre-Production sensors, the IV scan has been the test

which the largest fraction of sensors failed by a large margin. Additionally, the mode of failure was
exclusively from early onsets of breakdown below 500 V, rather than exceeding the current limit. A
summary of all observed sensor breakdowns based on the most recent IV scans is shown in Fig. 3(b).
In total, 36 sensors failed the QC test criteria for IV measurements.
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Posters on QA/QC by Andrew & by Paul
Talk on Sensor recovery by Ezekiel

Talks on QA/QC: by Eric & by Christoph

Poster on Humidity 
exposure by Vitaliy

https://cds.cern.ch/record/2846511
https://indico.cern.ch/event/1184921/contributions/5688525/
https://indico.cern.ch/event/1184921/contributions/5688527/
https://indico.cern.ch/event/1184921/contributions/5585260/
https://indico.cern.ch/event/1184921/contributions/5585261/
https://indico.cern.ch/event/1184921/contributions/5574844/
https://indico.cern.ch/event/1184921/contributions/5688526/
https://indico.cern.ch/event/1184921/contributions/5688526/
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The ITk main element: Module

The main detector element in ITk is the module 
which consists from: 
• Diced Sensors  
• Hybrid board (glued on the Sensor) consists of 

ABCStar custom frontends and HCCStar custom 
readout ASICs  

✴ wire-bonded to the sensor 
• Power-board (glued) which has AMACStar 

ASIC for controls, HV multiplexer, DCDC 
(linPOL12V, bPOL12V - CERN development)  

✴ wire-bonded to Hybrids

ATLAS-TDR-025

Short strip module 
exploited view

https://cds.cern.ch/record/2257755?ln=en
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Core supports 
• Carbon-fibre structures form the support for the modules and the EoS 
• Copper on Polyimide (kapton) bus-tapes are used to route electrical 

connections (inc. power) 
• Titanium pipes used for evaporative  cooling in highly thermal-

conductive carbon-fibre honeycomb - operation at  
• Modules are glued on either side of the core and wire-bonded to bus-tapes 

CO2
∼ − 35∘C

Stave core 

1.4 m

12 cm Petal core 
60 cm

25 cm

Petal exploded view 

Stave Cross section 

Mandić, ITk Strips, Vertex 2023 14

Low mass support structures

Stave Cross section

Modules
Bus Tape

Carbon Fibre 
Honeycomb

Cooling 
Pipes

Bus Tape
Modules

Cores:
• copper on Polyimide (kapton) bus tapes is routing

electrical connections for power and signals 
• pipes for evaporative CO2 cooling in highly thermal-conductive 

carbon-fibre structure

modules are glued to both sides of cores
wire-bonds from modules to bus-tapes (tab bonds for HV)

Petal core exploded view

1.4 m

~ 
25

 cm

12
 cm

~ 60 cm

Petal core

Stave core

Petal core

co
-c

ur
ed

Mandić, ITk Strips, Vertex 2023 12

Modules

• High Voltage for sensor bias is 
connected to sensor back plane  by  
Tape Automated Bonding (TAB) bonding 

• maximum bias voltage -500 V

HV tab

Sensor back side

HV tab

HV on sensor back 
plane by Tape 

Automated Bonding 
(TAB) bonding 

Poster on local support 
structures by Sergio

https://indico.cern.ch/event/1184921/contributions/5688491/
https://indico.cern.ch/event/1184921/contributions/5688491/
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Barrel detectors: Staves
• Modules are loaded in structure to form Staves 
• Staves consist of 28 modules in total, 14 on either side of the stave core 
• Modules are rotated by  to the stave axis to provide stereo 

information  
• The End of Substructure (EoS) facilitates the communication through the 

CERN developed ASICs: 
• lpGBT (Low Power GigaBit Transceiver, 65 nm CMOS ASIC)  
• VTRx+: fibre transmitter - receiver (  - )

26 mrad

10 Gb/s 2.5 Gb/s

Short Strip Module

Long Strip Module

Short Strip Stave

1.4 m

EoS

2023 JINST 18 T03008

26 milli-radian (mrad) to the stave axis for stereo hit reconstruction2 (figure 1(a)). A petal is made of
9 modules per side, with unique shapes of sensors in each radial extent from '0 to '5 (figure 1(b)),
with a rotation angle of 20 mrad to the radial axis of the sensor built in the strips.3 An expanded view
of endcap sensor (R0) is shown in figure 1(c) with the legends being defined in sections 2.2 and 2.3.

Type 3

14 modules

(a) A “Stave” with 14 barrel modules on either the front or back side in the barrel cylinder. Modules are
rotated by 26 mrad to the stave axis. Those triplet of fiducial markers, Type 3, are the stereo fiducial markers
(cf. figure 2(a)).

(b) A “Petal” with 9 endcap modules per
Petal side in the endcap disks. The rotation
angle of 20 mrad to the radial axis of the
sensor is built in the strips.

Type 1 

Type 3 

R0	

A	

B	C	

D	

a	

b	c	

d	
r_i	

r1	

r2	

r3	

R_i	

R_occ	

Row0	

Row1	

Row2	

Row3	

r_o	

(c) An expanded view of the inner-most R0 endcap
sensor. Sections 2.2 and 2.3 explain the features such
as Type 1 to Type 3 fiducial markers, corners (A-D,
a-d), radii (R_i, R_occ, r_i, r_o, etc.) and Rows (0-4).

Figure 1. Schematic views of (a) Stave, (b) Petal, and (c) R0 sensor. Copyright CERN CC-BY-4.0 license,
re-used with permission [14].

2It is 3D hit reconstruction together with the radial coordinate of the stave. The stereo angle made by the front and the
“180� flipped” back sides is twice the rotation angle. The total number of modules, per “stave” or “petal”, is twice the
number of modules per side.

3The sensors are not rotated in the petal, unlike the stave case.

– 2 –

module orientation

Hybrid

Powerboard
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Endcap detectors: Petals

R4 Module(s) 

Hybrid

Powerboard

0.
6

m

EoS

• In a similar way Modules loaded in trapezoidal structures form Petals 
• Petals consist of 6 module variants - in total 18 modules, 9 on either 

side of the petal core 
• Contrary to staves, petals feature strips which are rotated by an angle

  around the center of the sensor to provide stereo 
information  

• Petals have more variations of hybrids due to the nature of their shape 
but all the ASICs and the EoS have identical to staves functionality

ϕs = 20 mrad

R3 Module(s)

2023 JINST 18 T03008

O

R

Ow

a

bc

d

A

BC

D

F

F'

R_i

R_o

φs

The arcs AD and BC are centered at O.
Strips have F as focus.
Outer edges, AB and DC, have F' as focus.
Sensor center Ow at radius R.

abcd: "Virtual corners" of active region
ABCD: Outer corners (after dicing)

R_occ

R_occ : circumscribed circle of the 
vertexes of "flats approximation" which 
inscribed circle is R_o .

r_i

r1

r2

r3

r_o

X

Y

(a) Strips are rotated by angle qB around the center of the sensor (Ow), while the circles of the inner and the
outer edges are kept centered at the origin (O).

DC pads
(50x60)

AC pads
(56x200)

(b) Schematic circular placement of rows of AC and DC pads along their circles at the ends opposite
to the polysilicon resistors. The pads are oriented along the directions of their strips.

Figure 3. (a) Definition of dimensions of the endcap sensor and (b) the circular placement of rows of the
probing pads. Copyright CERN CC-BY-4.0 license, re-used with permission [14].

of the strip area. The lateral outer edges of the “sensor” are set parallel to the boundaries a-b and
c-d, 550 �m outward. Thus, the focal point of the lateral outer edges, F0, has an o�set from the focal
point of the strips, F.

The longitudinal edges of the sensor are designed to be circular. To realize this in practice, the
circular dicing is approximated by 16 consecutive short straight lines (“16 flats”). In order to keep
the required space of the edge region, the circle of the inner edge is made with the circle '8 being the

– 8 –

Petal
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Electronics and Readout
• All three ASICs (ABCstar, HCCstar, AMACstar) are produced by Global 

Foundry (GF) in the  technology  
• ASICs are pre-irradiated to  with  since their current 

consumption becomes more uniform afterwards 
• Performance evaluated in test beam campaigns and extensive simulations, 
• Readout performance (1MHz with link occupancy <90%, 6µs latency) and 

developments studied at dedicated System test setups

130 nm
5 Mrad 60Co

Dominique Trischuk EPS-HEP2023: Detector R&D and Data Handling — Aug 21 2023

ITk Strip — Readout Software

12

• Challenges of ITk software design: 
‣Processing data at an increased rate 
‣Detect missing/broken packets at high rates 
‣Increase radiation (bit-flips): chips must be reconfigured at high rates 
‣Efficient calibration: 1 hour between runs for maintenance and calibration of entire ITk

Hybrid Controller 
Chip (HCC*)

Digital Interface

Front-end: ATLAS 
binary readout chip 

(ABC*)
Autonomous 

monitoring and control 
(AMAC)

Front-end readout 
connected by 25 μm 

wire bonds

FELIX

Off detector On detector

Not pre-irradiated

Pre-irradiated

Barrel System test at CERN Endcap System test at DESY

Poster on SEU by 
Shaogang

Talk on System 
tests by Jan

https://indico.cern.ch/event/1184921/contributions/5688474/
https://indico.cern.ch/event/1184921/contributions/5688474/
https://indico.cern.ch/event/1184921/contributions/5574848/
https://indico.cern.ch/event/1184921/contributions/5574848/
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Structure 
Highlights

Cylinder 3 (L3) - Dressing

Global Structure :Outer Cylinder (OC) 
Hosts the ITk

Bulkheads: 
Close the volume on either end of OC

G
lo

ba
l

B
ar

re
l

En
dc

ap
(s

)

Cylinder 2 (L2) - Ready

Insertion tool at 
mockup

Petal Insertion tool

Superframe to hold & 
transport endcap

Endcap structure
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Integration

384 Petals

2x Endcap(s) - Integration at DESY, Nikhef

End-cap Service Modules

Services
• Endcap stiffening disc 
• 6 Wheels

Barrel Integration at CERN

48x Service Modules

392 Staves (Long Strip / Short Strip)

• Outer Cylinder (not visible) 
• 4 support cylinders 

• pre-dressed with stave        
locking brackets

13
Clean room preparation at CERN

Complete endcaps 

to CERN

Complete ITk 
Strips detector
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Current status - Towards production
• Sensor (>50% delivered) and ASIC production 

(>90% manufactured) running smoothly  
• Unfortunately on May 2022 before modules 

enter production, a technical issue was 
discovered”  
• Excessive noise once at “Cold” temperatures 

below  a.k.a “Cold Noise” 
• Dedicated studies tracked down to capacitors 

in the DCDC domain of the powerboard 
vibrating at 2 MHz and those vibrations 
traveling across the sensor and coupling back 
into the sensors  

• By May 2023 a mitigation technique was put 
in place: changing the glue which minimises 
the noise

−20∘C

Dominique Trischuk EPS-HEP2023: Detector R&D and Data Handling — Aug 21 2023

The Path Toward Production

15

• Sensor (>50% delivered) and ASIC 
production (>90% manufactured) running 
very well 

•Module cold noise → First observed on 
short-strip modules when thermal cycling to 
detector operating temperatures (-35 °C) 
‣Vibrations of 11V capacitors on module 
power boards found as source of cold 
noise 
‣Using an alternative glue for module 
assembly (Eccobond F112) removes 
cold noise for long-strip modules 
‣ For short-strip modules work continues 
to look into mitigation strategies 
‣End-cap modules does not see this 
problem

Prototyping Pre-Production Production

Staves / Petal
Loading

Sensors

ASICsModules

Under  
power board

Away from  
power board

M. Kurth, ITk Plenary, 11.05.2023

Power 
board

Ian Dyckes and Matthew Kurth, TWEPP 2023 

Power Board 

1cm

Hybrid

Glue  
Pattern 

(approx.)

Glue  
Pattern 

(approx.)

Hybrid

Height

Si Strip 
Sensor

AA-Bond F112         Eccobond F112           Polaris

Talk on ASIC 
Production by 

Jaya John

https://indico.cern.ch/event/1255624/contributions/5445245/attachments/2663117/4742456/TWEPP_Dyckes_Kurth.pptx
https://indico.cern.ch/event/1184921/contributions/5582376/
https://indico.cern.ch/event/1184921/contributions/5582376/
https://indico.cern.ch/event/1184921/contributions/5582376/
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Current status - Sensor cracks
• Although a mitigation action has minimised the 

issue of “Cold Noise” another technical 
challenge was discovered  

• In June 2023 we started to observe that we had 
higher levels of high voltage breakdown during 
stave tests than expected 

• Investigations led to the discovery of cracking 
sensors  

• Studies are ongoing, FEA simulations indicate the 
issue is the CTE mismatch between hybrids/
powerboards and sensors 
• Issue of different stiffness of the glue below and 

above the sensor 
• Mitigation actions are explored and studies are 

ongoing

23

➢ One thing that the schedule never predicted were the two 
technical issues that we discovered during preproduction 
which only became evident as we made larger numbers of 
parts

➢ Mercifully neither issue appears to manifest itself in the 
endcap to the level seen in the barrel

➢ The appearance of these technical issues massively derailed 
our preproduction
• We have far less data from preproduction about peak rates and bottle 

necks than we would like

➢ We have been hit very hard by two specific technical 
challenges
2. In June 2023 we started to observe that we had higher levels of high 

voltage breakdown during stave tests than expected, investigations 
into which led to the discovery of cracking sensors
▪ Investigations are ongoing with module production put on hold
▪ FEA simulations indicate the issue is the CTE mismatch between 

hybrids/powerboards and sensors
▪ Active investigation ongoing into a solution
▪ Biggest single barrier to production right now
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➢ One thing that the schedule never predicted were the two 
technical issues that we discovered during preproduction 
which only became evident as we made larger numbers of 
parts

➢ Mercifully neither issue appears to manifest itself in the 
endcap to the level seen in the barrel

➢ The appearance of these technical issues massively derailed 
our preproduction
• We have far less data from preproduction about peak rates and bottle 

necks than we would like

➢ We have been hit very hard by two specific technical 
challenges
2. In June 2023 we started to observe that we had higher levels of high 

voltage breakdown during stave tests than expected, investigations 
into which led to the discovery of cracking sensors
▪ Investigations are ongoing with module production put on hold
▪ FEA simulations indicate the issue is the CTE mismatch between 

hybrids/powerboards and sensors
▪ Active investigation ongoing into a solution
▪ Biggest single barrier to production right now

Technical Challenges
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Summary
• In view of HL-LHC, the ATLAS experiment will upgrade its complete Inner 

Detector with an all silicon Inner Tracker (ITk) 
• ITk is expected to improve the ATLAS performance operating under a harsh 

environment 
• The Strips detector has been through many years of design and R&D with the 

pre-production smoothly ongoing in several areas 
• Major advancements on the construction of structures, services and 

preparation for integration 
• Two major technical issues have derailed the production schedule though: 

• The community is working hard to address and mitigate those issues such that 
production of Modules can be launched  

• Initial results from mitigation techniques are encouraging
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Thanks !
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LHC Long term schedule
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Numbers

5.4 Overall Electronics Architecture

Table 5.1: Number of components for the ITk Strip Detector in barrel (top half) and end-cap (bottom
half). The numbers for the barrel are for the full barrel with 2.8 m length. The numbers for the
end-caps (EC) are given both for one and both end-caps.

Barrel Radius # of # of # of # of # of Area
Layer: [mm] staves modules hybrids of ABCStar channels [m2]

L0 405 28 784 1568 15680 4.01M 7.49
L1 562 40 1120 2240 22400 5.73M 10.7
L2 762 56 1568 1568 15680 4.01M 14.98
L3 1000 72 2016 2016 20160 5.16M 19.26
Total half barrel 196 5488 7392 73920 18.92M 52.43
Total barrel 392 10976 14784 147840 37.85M 104.86

End-cap z-pos. # of # of # of # of # of Area
Disk: [mm] petals modules hybrids of ABCStar channels [m2]

D0 1512 32 576 832 6336 1.62M 5.03
D1 1702 32 576 832 6336 1.62M 5.03
D2 1952 32 576 832 6336 1.62M 5.03
D3 2252 32 576 832 6336 1.62M 5.03
D4 2602 32 576 832 6336 1.62M 5.03
D5 3000 32 576 832 6336 1.62M 5.03
Total one EC 192 3456 4992 43008 11.01M 30.2
Total ECs 384 6912 9984 86016 22.02M 60.4

Total 776 17888 24768 233856 59.87M 165.25

stage, all R&D studies presented in this TDR are based on the prototype chips ABC130 and
HCC130.

5.4 Overall Electronics Architecture

Charged particles passing through the sensor create a signal charge within the silicon sensor
diode. This signal is transmitted through a wire to the front-end chip, the ATLAS Binary
Chip (ABCStar) containing 256 pre-amplifiers and discriminators together with the L0 buf-
fer, event builder and cluster finder. With the front-end chip ABCStar the signal on each
channel is amplified, shaped and then discriminated to provide a binary output. Details
of the design of the ABCStar can be found in Chapter 6. Depending on the sensor type
(short barrel strips, long barrel strips or one of the six shapes for the end-cap region) up
to 12 ABCStar ASICs are grouped on to one hybrid. Each hybrid has a Hybrid Controller
Chip (HCCStar) that interfaces the stave/petal service bus and the front-end ASICs on the

95
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Electrical properties common to all types of sensors 2023 JINST 18 T03008

those which have failed the properties in the strip block. In the vendor tests, they are identified from
dedicated measurements (cf. the strip block in table 6).

The values of the properties are specified before and after irradiation (cf. section 2). They are
listed in the columns of “Initial condition” and “Post-irradiation”. In the Post-irradiation column, the
properties are shown with an “arrow” if they are to be maintained the same as in the initial condition.
They are shown with a new value and/or condition if they have a di�erent specification.

We use a formula of temperature dependence of the current generated in silicon bulk [10], with
an activation energy of 1.21 eV, for normalizing temperature variation.

Table 5. Electrical properties common to all types of sensors. Copyright CERN CC-BY-4.0 license, re-used
with permission [14].

Parameters Initial condition (*1) Post-irradiation (*2)
Wafer:

Material p-type Silicon, float-zone (FZ) --
Crystal orientation <100> --
Resistivity >3.5 kΩcm --
Oxygen concentration 1.5x10^16 to 6.5x10^17 (atoms/cm^3) --
Active thickness (tolerance) >270 µm --

Sensor:
Full depletion voltage (V_fd) <350 V --
Breakdown voltage (V_bd) >500 V >500 V or V_fd+50 V
Maximum operating voltage 500 V (at sensor) ←
Leakage current <0.1 µA/cm^2

at 500 V, RH<10%
<0.1 mA/cm^2

←
Leakage current stability <15%

at 500 V, RH<10%, 24 hours,
after temperature correction (*3)

←

Bad strips ≤8 consecutive, <1% per segment ←
Collected charge (MPV(*4)) >6350 electrons, at 500 V ←

Strip:
Resistance of n-implant strip <50 kΩ/cm ←
Resistance of AC-metal strip <30 Ω/cm ←
AC coupling capacitance (C_AC) >20 pF/cm, at 1 kHz ←
Polysilicon bias resistor (R_b) 1.5 ± 0.5 MΩ 1.8 ± 0.5 MΩ
Inter-strip resistance (R_int) >10×R_b, at 300 V ← at 400 V
Inter-strip capacitance (C_int) <1 pF/cm (*5), at 300 V

to its nearest neighbors on both sides,
at 100 kHz or 1 MHz (main sensor or

mini sensor, respectively)

← at 400 V

Notes:
(*1)
(*2)

(*3)

(*4)
(*5) Interstrip capacitance of the endcap sensors (fan geometry) can be compared with the barrel sensor by

using a scaling formula, C_2 = f • ( ln(d_1/a)) / (ln(d_2/a) ) • C_1, where d_1 is the average pitch and C_1
the measured capacitance of an endcap sensor, d_2=75.5 µm the pitch of the barrel sensor, f=1.07 a factor
to account for the fan geometry and a=20 µm an effective strip width.

Initial condition: measured at room temperature (RT), normalized(*3) to +20°C
Post-Irradiation condition: irradiation to a fluence of 1.6x10^15 neq/cm^2 and an ionizing dose of 66 MRad,
measured at (or normalized(*3) to) -20°C, after annealing of 7 days at +25°C (or 80 min. at +60°C)
I=T^2*exp(-E_k/2k_B*T), where I, T, E_k, k_B are current, temperature (in Kelvin), activation energy (1.21
eV), and Boltzmann constant
MPV: most probable value

4.2 Tests carried out by vendor

Before the delivery of the sensors, the vendor performs tests against the specifications in table 1
and 5 to ensure the initial condition product quality. The test items are summarized in table 6. The
test items are in two blocks: Overall and Strips. In Overall, Visual inspection is to verify improper
mechanical features such as edge chippings and scratches; electrical tests is to verify properties such
as full depletion voltage (+fd) and breakdown voltage (+bd), through the measurements of the overall

– 16 –
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Radiation Safety Factors 

3.4 Radiation Environment Expectations for the ITk Detector

ionising dose are 1140 MRad, 23.8 MRad, 7.1 MRad and 33.6 MRad. Hadron fluences for
energies down to 20 MeV are also calculated to allow estimates of Single Event Upsets
(SEU) as well as charged particle fluences for occupancy estimates.

3.4.1 Radiation Safety Factors

Table 3.6: Overview on maximal fluences and doses. The values including a safety factor of 1.5.
Layer Radius Maximal Fluence Maximal Dose

[mm] [neq/cm2 ] [MRad]

Strips

Long Strips 762 3.8⇥1014 9.8
Short Strips 405 7.2⇥1014 32.5
End-cap 385 1.2⇥1015 50.4

Pixels

Layer 0 39 1.87 ⇥ 1016 1268
Layer 1 75 0.59 ⇥ 1016 549
Layer 2 155 0.22 ⇥ 1016 129
Layer 3 213 0.15 ⇥ 1016 87
Layer 4 271 0.11 ⇥ 1016 53
End-cap 80 0.62 ⇥ 1016 477

Comparisons between fluence and dose predictions and measurements have been made
during Run-1 at

p
s = 7 TeV and 8 TeV [17]. The typical agreement was better than 30% and

a safety factor 1.5 has been used for the simulation component in the predictions. Although
a safety factor of 1.5 is assumed, irradiation tests routinely evaluate components up to twice
the expected fluences to check there is no sudden degradation just beyond the specified
dose limit. All radiation tests presented in this document take the values in Table 3.6 as
baseline (safety factor 1.5).

35

3 Overview of ITk Layout

Figure 3.9: The fluence and dose distributions for the ITk layout. Top: The 1 MeV neutron equivalent
flux. Middle: The total ionising dose. Bottom: The charged particle fluence.

34

TDR of ITk Strips

https://cds.cern.ch/record/2257755?ln=en
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The ITk expected performance
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Figure 9: Tracking e�ciency for single particles with pT = 10 GeV without pileup with the updated ITk layout.
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Figure 10: Tracking e�ciency for tt̄ events at hµi = 200 with the updated ITk layout compared with the Run 2
detector at hµi = 38.

software in preparation of the Run 3 data-taking [17] has already significantly reduced the fake rate with
respect to what is presented here as the Run 2 configuration.

4.2 Track parameter resolution

Figures 12-14 present the expected track parameter resolutions for the transverse (d0) and longitudinal (z0)
impact parameters and the transverse momentum for simulated muons with pT =2 and 100 GeV, compared
for the updated ITk layout and the Run 2 ATLAS detector.

Thanks to the comparable radius of the innermost pixel layers, a similar d0 resolution is achieved for 2
GeV muons between the ITk and the Run 2 detector while the z0 resolution is improved by up to a factor 2
thanks to the smaller pixel pitch used in the ITk pixel detector (25 ⇥ 100 or 50 ⇥ 50µm2 for ITk, 50 ⇥ 250
for the IBL [18]). The benefit from the smaller ITk pixel pitch is even larger for 100 GeV muons, which

13

• Tracking efficiency for  events at mean pile-up of 200 
• Performance maintain although pile-up 5x more 
• Extended performance up to 4 pseudo-rapidity with efficiency >85%

tt̄



Table I. Overview of past and present sensor submissions for the ITk Strip Detector.

Order type Sensor type Contractor Sensors Area Status

Pr
ot

ot
yp

e

ATLAS07 barrel SS HPK 143 1.4 m2 completed [3]
ATLAS12 barrel SS HPK 120 1.1 m2 completed [4]
ATLAS12EC end-cap R0 HPK 135 1.2 m2 completed [5]
ATLAS17LS barrel LS, final size HPK 70 0.7 m2 completed [6]
ATLAS17LS barrel LS, final size HPK 60 0.6 m2 completed
ATLAS17LS barrel LS, final size IFX ⇢⇢40 ⇠⇠⇠⇠0.4 m2 cancelled
ATLAS18SS barrel SS, final layout HPK 60 1.4 m2 completed

Pre-Production all 8 types HPK 1,041 9.2 m2 completed

Production all 8 types HPK 20,800 190.3 m2 ongoing

2. ITk Strip Sensor part flow and QC procedure

The sensors for the ITk Strip Detector are all produced by HPK and then separated depending
on their sensor type and final destination for module assembly, as shown in Fig. 1. All sensors have
to undergo Quality Control (QC) so as to make sure only sensors which adhere to specifications are
used in the module production process. Basic mechanical and electrical tests are carried out for every
sensor, while more detailed measurements are done on a sample basis.

Fig. 1. Sketch the main sensor part flow for QC (sites shown in yellow) and module assembly (green).

Half of the barrel sensors first stay in Japan, where a subset of QC measurements are carried out
at HPK on a fully automated machine operated remotely by KEK and Tsukuba. Those sensors are
subsequently sent to Santa Cruz (SCIPP) for the outstanding QC tests and then distributed to the US

3
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ITk Strip Sensor part flow and QC procedure 

QC sites (yellow) 
Module assembly sites (green)
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ITk Strip Sensor QC procedures
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2.3 IV, CV and Current Stability Tests 

To verify the sensor basic electrical behavior before its further processing the IV and CV 
characteristics are tested on every sensor. 

The measurements are carried out in controlled environmental conditions with relative 
humidity RH < 10% and temperature T = 21+/-2°C. Firstly, the IV is performed up to -700 V 
bias voltage at 10V/10 s increments. The maximum voltage is kept for at least 30 seconds, 
during which multiple measurements are taken to ensure the sensor is stable. If the leakage 
current appears to be reducing during this step, this provides an indication that the sensor may 
be trainable and hence attain better electrical performance (reduced leakage current, higher 
breakdown voltage). The upper limit of the leakage current is set to 10 μA on the Source 
Measure Unit used for the IV measurement. Secondly, the CV measurement is performed, at 
intervals of at least 3x the R-C time of the series resistor and DC blocking capacitor. A 
frequency between 1 and 5 kHz is used, with the setup having a proven flatness in the frequency 
response. An AC amplitude of 100 mV is recommended, ensuring the LCR meter achieves the 
desired resolution. 

The measurement is performed either in a probe station on one sensor at a time or in 
dedicated setups taking automated measurements on up to 20 sensors concurrently, that requires 

Figure 2. Metrology and Visual Capture setup installed in the clean laboratory of HPK and used by the 
KEK/Tsukuba QC testing site (left). Evidence of the resolution achieved with this setup (right). 

Figure 3. BATY Venture 3030 measurement system installed at University of Cambridge (left) and OGP 
SmartScope CNC 500 machine used for metrology and Visual Capture tests in Prague (right).  
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switching equipment with an automatic changeover between IV and CV measurements. In the 
probe station the sensor contacts are direct, the high voltage is applied on the sensor backplane 
via chuck through a protection resistor (1MΩ) and current or capacitance is measured by 
contacting the bias pad by the probe needle installed on the micro-manipulator. In the latter 
case, sensors are positioned in special jigs where the electrical contacts via wire-bonds are used. 
For tests in probe station the wire-bonder specialist is not needed and the time for the sensor 
positioning into the jig is saved, while in case of the automated measurements of multiple wire-
bonded sensors the operator interaction time is saved. 

The current stability test is performed to check the sensor leakage current variation over 
tens of hours. Simultaneous measurements of multiple sensors mounted and wire-bonded on 
sensor jigs or module frames are carried out inside an ESD safe dry cabinet with an active 
control to ensure stable and dry environmental conditions. The constant bias voltage of 450 – 
500 V is ramped up and kept steady and the sensor currents are measured with time interval of 
30 s or less. Between 10% and 20% of all main sensors are required to be tested for the leakage 
current stability. The selection for this test is semi-random. Typically, sensors having a non-
ideal IV behavior, like sensors with a breakdown voltage between 500-700V or sensor that 
appear to be trainable or sensors with visual features are selected for this test. The rest of the 
sensors is selected randomly from a batch. 

The R0 endcap sensor sitting on the jig designed for the leakage current stability 
measurement, as well as the individual examples of the ESD safe dry cabinets and the 
experimental setups used for this test are shown in Figure 4. 

 

Infrastructure necessary for testing electrical properties of ITk strip sensors contains 
precise High Voltage Source Measure Units (SMUs) able to provide voltage between 0 and  -
 700 V and to measure electrical current with a resolution better than 10 nA, a LCR meter 
capable of measuring in 0.5 – 5 kHz interval with at least 0.1 nF resolution, a switch matrix with 
a multiplexer with leakage less than 5 nA at 500 V and >10 GΩ isolation, with a multiplexing 
factor to match the number of sensors used, a light-tight ESD safe dry cabinet equipped with 
necessary patch panels, racks or shelves designed for the used sensor jigs, and T/RH monitoring 
and control system ensuring stable environment conditions inside the cabinet. For both IV and 
CV tests, the SMU needs to include a series resistance of at least 1 MΩ to limit inrush currents 
and prevent sparking in case of contact issues. 

Figure 4. The R4 endcap sensor installed on the jig designed for leakage current stability tests (left). Dry 
storage cabinets with slots for sensor jigs or module test frames used for the leakage current stability 
tests in Prague (middle) and SCIPP (right). 
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Common automated LabVIEW scripts control was developed to be used in all 
collaborating institutes for all the test procedures including control measuring devices and 
switching equipment, as well as of the system monitoring the environmental conditions inside 
the dry cabinet. Data are cashed during the measurement to enable recovery in case of power 
cuts and are saved automatically afterward. 

2.4 Full Strip Tests 

The goal of the full strip test is to verify the manufacturing process quality and uniformity of 
electrical characteristics throughout the wafer surface. Each individual strip of a sensor is 
contacted and it's impedance to ground is measured to identify potential presence of metal 
shorts, broken implants, faulty bias resistors or low inter-strip isolation, and pinholes or punch-
throughs in the dielectrics. Between 2 and 5% of sensors from each individual batch are selected 
to be measured at the full strip test. Sensors that pass IV/CV tests but whose visual inspection 
shows defects and where it is not possible to say with certainty whether defects affect the sensor 
performance or not are primarily tested. The number of identified defective channels is 
compared with information provided by HPK.  

 

To access all strips, a computer controlled semi-automatic probe station is required, see 
Figure 5, with the precise control of the chuck movements in all axes. The switch matrix with 
the multiplexer, which is compatible with the voltages > 100 V and has a leakage < 1 nA and an 
inter-channel insulation > 1 GΩ, is required to enable DC current measurements, as well as 
measurements with the LCR meter. The DC current meter needs to have a resolution better than 
10 nA. The LCR meter must be capable of the measuring at frequencies between 10 and 
100 kHz, while the resolution of 5 pF or better in the 20-100 pF range is required. While the 
endcap sensors with contact pads positioned on an arch can be tested only by a single needle, 
the multichannel probe card is used to speed up the testing of barrel sensors from approximately 
14 hours to less than 2.5 hours. The LabVIEW scripts, which provide the automatic control of 
the measurement, including the alignment of the sensor in the probe station, configuration of the 
individual measuring instruments, as well as a data acquisition, were developed and used by all 

Figure 5. Semi-automatic Probe station Tesla 200mm installed in Prague. 
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Common automated LabVIEW scripts control was developed to be used in all 
collaborating institutes for all the test procedures including control measuring devices and 
switching equipment, as well as of the system monitoring the environmental conditions inside 
the dry cabinet. Data are cashed during the measurement to enable recovery in case of power 
cuts and are saved automatically afterward. 

2.4 Full Strip Tests 

The goal of the full strip test is to verify the manufacturing process quality and uniformity of 
electrical characteristics throughout the wafer surface. Each individual strip of a sensor is 
contacted and it's impedance to ground is measured to identify potential presence of metal 
shorts, broken implants, faulty bias resistors or low inter-strip isolation, and pinholes or punch-
throughs in the dielectrics. Between 2 and 5% of sensors from each individual batch are selected 
to be measured at the full strip test. Sensors that pass IV/CV tests but whose visual inspection 
shows defects and where it is not possible to say with certainty whether defects affect the sensor 
performance or not are primarily tested. The number of identified defective channels is 
compared with information provided by HPK.  

 

To access all strips, a computer controlled semi-automatic probe station is required, see 
Figure 5, with the precise control of the chuck movements in all axes. The switch matrix with 
the multiplexer, which is compatible with the voltages > 100 V and has a leakage < 1 nA and an 
inter-channel insulation > 1 GΩ, is required to enable DC current measurements, as well as 
measurements with the LCR meter. The DC current meter needs to have a resolution better than 
10 nA. The LCR meter must be capable of the measuring at frequencies between 10 and 
100 kHz, while the resolution of 5 pF or better in the 20-100 pF range is required. While the 
endcap sensors with contact pads positioned on an arch can be tested only by a single needle, 
the multichannel probe card is used to speed up the testing of barrel sensors from approximately 
14 hours to less than 2.5 hours. The LabVIEW scripts, which provide the automatic control of 
the measurement, including the alignment of the sensor in the probe station, configuration of the 
individual measuring instruments, as well as a data acquisition, were developed and used by all 

Figure 5. Semi-automatic Probe station Tesla 200mm installed in Prague. 
ATL-ITK-PROC-2022-015

https://cds.cern.ch/record/2835012/files/ATL-ITK-PROC-2022-015.pdf
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Services

ITk Strips Services – PP3 - Status

• The reason of the not so advanced status is the lack of 
person-power and funding
• Both things solved now

• Design is finished for both flavors and for PP3 and PP3*
• Looking at possible manufacturers
• Plan to do a fast prototype phase
• Then, FDR and then the preproduction (PP3*)
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PP3 SS PP3 LS/EC
PP3* SSPP3* LS/EC

~1.5m ~15m ~30m ~90m

Service	module
Cable	Type II

New

Cable	Type III

New

Cable	Type IV

Reused

Stave/petal

PP1 PP2 PP3

Power Supply

Cooling pipes

Optical	fibres DAQ

ITK

PP4

USA15/US15
48‐11	DCDC

PP0

3

ITk Strip Module-Powerboard

7IPRD2023@Siena, ItalySept. 25, 2023

• The powerboard is a circuit board located on each Strip module 
providing three functions: 
✦ DC-DC converter for FE(bPOL12V), AMAC(linPOL12V) and 

HV Switch(HVmux), 
✦ HV switch for sensor bias(HVmux), 
✦ Monitor and Control at Module Level through AMAC.

bPOL12V
Powerboard

linPOL12V

AMAC HV Switch

Powerboard

•

•

•
•

•
•

•
•

•
•

•
•

•
•
•

Felix
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Hybrids

ITk Strip Module-Hybrid

6

ABCstar

HCCstar

ABCstar HCCstar

• A flexible PCB retaining the required circuitry/ASICs to read-out 
signal, 

• Two types of custom ASICs: 
✦ ATLAS Binary Chip and Hybrid Controller Chip, 
✦ Star readout architecture: ABC communicates with HCC directly.

13 types of Endcap Hybrid

IPRD2023@Siena, ItalySept. 25, 2023

• ABCStar: ATLAS Binary Chip  
• HCCStar: Hybrid Controller Chip


