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The ATLAS experiment at the Large Hadron Collider is curlepteparing for a major upgrade
of the Inner Tracking for the Phase-1l LHC operation (knovenHL-LHC), scheduled to start
in 2026. In order to achieve the integrated luminosity of @€ over 10 years of operation,
the instantaneous luminosity is expected to reach unpested values, resulting in about 200
proton-proton interactions in a typical bunch crossinge Tadiation damage at the full integrated
luminosity implies integrated hadron fluencies ove<r12)16neq’cn12, requiring a complete re-
placement of the existing Inner Detector. An all-siliconén Tracker (ITk) is under development
with a pixel detector surrounded by a strip detector, aintingrovide increased tracking coverage
up to | = 4. The current prototyping, targeting an ITk Strip Dete&ystem consisting of four
barrel layers in the centre and forward regions composeik afisks at each end, is described in
the ATLAS Inner Tracker Strip Detector Technical Design 8&gTDR). With the recent final
approval of the ITk strip TDR by the CERN Research Board, tleéglyping phase is coming to
an end and the pre-production readiness phase has statttedradtitutes involved. In this contri-
bution an overview of the ITk strip detector componentsyegj including measurements of parts
irradiated with a range of fluences reaching up to the predigii_-LHC doses, demonstrating the
excellent radiation hardness achieved.
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1. Introduction

In 2026 the upgraded High Luminosity Large Hadron Collidgt{LHC) will start operating
at an ultimate peak instantaneous luminosity &7 104 cm2s~1, which corresponds to a mean
of approximately 200 inelastic proton-proton collisiorer peam crossing (pile-up) [2]. Over the
more than ten years of operation the ATLAS detector aims fital data set of 4000 fi. Be-
cause of this increased luminosity and the resulting ergecidiation damage, the ATLAS Inner
Detector [1] has to withstand an integrated hadron fluenaef 1.3< 10" ne¢/cn? in the inner-
most pixel region and 1:610* negf/cn? in the strip system (see Figure 1). The current ATLAS
Inner Detector (ID) would not be able to cope with the expactata rates and radiation damage.
A new Inner Tracker (ITk), designed to operate in the HL-LH@ anaintain low occupancy, will
replace the current ATLAS ID.
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Figure 1: 1MeV neutron equivalent fluence per 40007kof integrated luminosity in the ATLAS Inner
Tracker. Here only one quadrant and only active detectonehs are shown. The horizontal axis is the axis
along the beam pipe with zero being the interaction point [3]

The ITk will be an all-silicon tracking system that consisfsa pixel detector at small radius
close to the beam line and a large area strip tracker suriogiid The pixel detector is built up
of five central layers and an array of 30 rings with four diéietr radii in the forward regions. For
the strip region, four central (barrel) layers and six diskeach forward region (end-cap) will be
built. The whole ITk will be approximately 6 m long, around Zmdiameter, and covers up to a
pseudo-rapidity ofn| = 4.

Figure 2 shows a schematic view of the ITk layout with the piagers indicated in red for
the barrel layers and in dark red for the end-cap rings. Tiielalyers are indicated in blue for the
barrel and dark blue for the end-cap. The final ITk strip systell comprise of approximately
18,000 modules with 60 million channels and cover an are®5i® with silicon.
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Figure 2: Schematic layout of the ITk for the HL-LHC phase of the ATLAS resented in the Strip
TDR [2]. The active elements of the strip barrel are shownlireland end-cap Strip Detector in dark blue.
For the Pixel Detector the sensors are shown in red for theelbayers and in dark red for the end-cap
rings. Here only one quadrant and only active detector aeisrere shown. The horizontal axis is the axis
along the beam line with zero being the interaction point Vértical axis is the radius measured from the
interaction region.

2. ThelTk Strip Detector

2.1 Local Support

Carbon fibre structures (cores) are used to support bardeéad-cap modules. The core is
built from titanium cooling pipes embedded in thermally doative foam and carbon fibre honey-
comb. This design allows cooling down to <&utilizing evaporative C@ The core is enclosed
in carbon fibre sheets (see Figure 3) and a polyimide bus tagkiéd to the top and bottom of
the stave, which contains the power and transmission lioethe silicon modules. An End-of-
Substructure card (EoS) on each local support side is ugethdoelectrical connection of the
structure to other parts of the detector (power suppliesg-iiptic cables for data transfer).
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Figure 3: Schematic view of the local support structure [2].

Two different shapes of local support structures are usetiénTk. For the barrel region
rectangular staves support 14 silicon modules on eachthigléyo innermost layers use short strip
modules and the two outer layers long strip modules (see&iu Within the whole barrel a total
of 392 staves will be used. The end-caps use wedge-shapeld pith six modules on each side
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(see Figure 5). Each disk consists of 32 petals and eachantauses six disks, which requires
384 petals to be built.

_ ) . Figure5: ITk end-cap petal, fully loaded
Figure4: 1Tk barrel stave with 14 long strip modules. Each stay®h modules. The petal is 0.6m high

is 1.4 m long and 0.12 m wide. and at the top 0.3 m wide.

2.2 Modules

Modules are the basic building blocks of the strip detectat eonsist of one (or two) sili-
con sensors, up to four hybrids and one powerboard. Figuhmwssa barrel short-strip module
consisting of two hybrids, each with 10 ABCStar [4] and 1 HG&Z<hips, one powerboard and
a short-strip sensor. The hybrids are electronic circuéirds, made out of polyimide, and house
the binary read-out chip ABCStar, each with 256 channeld,the hybrid controller chip (HCC-
Star). The hybrids utilize a star design topology, wheredtita from each front-end chip is directly
routed to the HCCStar, where they are merged and transnaittapl to 640 Mbit/s to the EoS card.
The hybrids receive their power from the powerboard (FigQreTo minimize power losses, the
bus-tape on the stave provides 10-11V for all modules inlighran addition to the high voltage
for the sensors, but the front-end chips only require 1.5\D@-DC buck converter bPOL12V,
developed at CERN [5], ensures a constant output voltageweipthe hybrids. The autonomous
monitor and control chip (AMAC), which is powered by a sepanaltage converter LinPOL12V,
is used for controlling the module and measuring among stteenperature and high voltage cur-
rent. Depending on the measurements, the AMAC can switcla offodule, or prevent it from
being switched on. On the local support structures, sewaoalules share a common high voltage
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supply line. The HVmux allows the switching of the high vgiaof individual modules from a
common bus on and off. Both, hybrids and powerboards aredghmo the silicon sensor with
Polaris PF-7006 [6].
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by Shieldbox
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Figure 7: Barrel powerboard, containing high-
Figure6: Picture of a barrel short strip module with voltage switch (HVmux), monitoring chip (AMAC)
two hybrids and one powerboard glued onto a senand DCDC power converter.
Ssor.

All sensors for the ITk strip detector will be produced by Hamatsu Photonics [7] on 6-in
wafers with p-type float zone bulk material and 320 thickness. Both barrel sensor types are
97.95 x 97.62 mn? with a strip pitch of 75.5um. For the two inner barrel layers, the sensor is
divided in four strip segments, each 24.12 mm long. The twerdayers have two segments with
a strip length of 48.305 mm. To achieve the required Z resmiuthe sensors are mounted at an
angle of 26 mrad on the stave with respect to the beam linehdrehd-caps six different sensor
layouts are used with strip pitches from 6@u® to 80.7um and strip lengths from 15.1 mm to
60.2mm. A stereo angle of 20 mrad is already built into thesgenlesign by having the strips

not directly pointing to the interaction point [8]. The marim bias voltage for all sensor types is
500 V.

2.3 Sensor Results

Full-sized sensors as well as mini-sensors have undergoegt@nsive test program to ensure
the devices fit the purpose and their behaviour at the expectd-of-life dose (2 10%° neq/crn2
and 70 Mrad) is within specification. Charge collection measents, performed at several insti-
tutes with mini-sensors irradiated with 24 GeV protons at®% at CERN, with 70 MeV protons
at CYRIC (Japan) and with thermal neutrons at Ljubljana hehv@vn good agreement with the
expectations. Figure 8 shows a comparison of the chargectedl from sensors irradiated with the
different particle types and fluences at the maximum serissryoltage of 500 V. Comparing the
production design sensors (A17) with similar sized prgietgensors (A12), produced by Hama-
matsu Photonics, shows good agreement. As previouslyaakethe collected charge of sensors
irradiated with neutrons is smaller than for sensors iatedi with protons to the same fluence
[2]. Using the collected charge after neutron irradiatisrbanchmark and the expected noise, the
sensors fulfil the requirement of a minimum signal-to-naesto of 10:1 at the end of life for all
regions of the ITk strip detector.
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Figure8: Collected charge of irradiated production sensors (A1T)astion of irradiation fluence at 500V,
with the irradiation type colour coded. For comparison Itssfilom prototype sensors (A12) are shown as
well. The maximum fluence expected at the end-of-lifetimadicated by the dashed red line [9].

To investigate the effects of using thinner sensors, someéygtion design sensors have been
produced in the standard thickness of 320, but with a thicker backside contact reducing the
active thickness from approximately 30én to 240um. These “thin” sensors have been irradiated
together with standard sensors to61D* ng¢fcn? and 2x 10" neg/cn?. The graphs in Figure 9
show that for unirradiated devices the collected charghefthin” sensor is clearly lower than for
the standard device when the sensors are fully depletecharmbliected charge becomes constant.
For the irradiated sensors the measurements show thatllbeted charge is similar for both active
thickness values, which indicates that in terms of col@aiearge there is no benefit for thinner
sensors in the ITk operation range.
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Figure 9: Comparison of irradiated sensors with standard activétigss (STD) of 30@xm and thin active
thickness (thin) of 24@im. Unirradiated sensors are shown in blue, sensors ireatiiat5.x 10 neq’cm2
in green and 2 10" neg/cn? in red and annealed for 80 min at&D[9].
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2.4 Hybrid Results

The hybrids are made out of polyimide cores with four coppgels to facilitate all the nec-
essary routing for the star read-out configuration of the@sSlusing micro-vias for robust and
reliable interconnection between the copper layers. THaaifinish is ENIG to IPC specification
4552 to facilitate aluminium wedge wire-bonding. Sevesdiiids of the same type are produced
on panels for maximum vyield in the fabrication process. Beeaof the harsh environment the
circuits have to be used in, test coupons have been designaydluation of the material and
build. These are produced on the same panels as the hybddadilitate via-chains for micro-via
reliability studies through thermal cycling, large bonkedreas for wire-pull tests to determine the
quality of the ENIG finish and capacitive plate structuresotak for delamination during thermal
cycling and irradiation.

Coupons are measured before and after passive comporeaitraént, which includes an in-
dustrial reflow process at higher than 2@01In Figure 10 the capacitance change is shown for 11
test coupons and it shows that the change is within the atldelerance of 10%. A decrease, that
was not observed, would indicate delamination. Some tegtaits have been irradiated with flu-
ences up to 1210 neq/cn12. The capacitance measurements, shown in Figure 11 showehan
below the accepted tolerance, indicating that the ciragtsoperate in the ITk detector.
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Figure 10: Capacitance change of test coupons afFigure 11: Capacitance change of irradiated test
4

ter passive component attachment (reflow). CO anf®UPONS Up to 1210t ne_qlcmz- CO, C1 and C2

C1 are two different capacitance test structures od’e three different capacitance test structures on the

the test coupons. test coupons.

2.5 Powerboard Results

The autonomous monitor and control chip (AMAC) of the poveartl is powered by the
LinPOL12V. Because the AMAC controls the ON/OFF state ofi@&DC converter bPOL12V for
the hybrids, it is important that the LinPOL12V is able toyid® enough power at the current peak
of the chip caused by the total ionizing dose (TID). AMACs édeen irradiated with X-rays at a
rate of 0.66 Mrad/hr up to 10 Mrad, whereas the TID peak wasrmvksd at approximately 1 Mrad
(see Figure 12). The maximum current at the peak was appabdeiyn70 mA for three different
irradiation campaigns, which is within the specified rangetiie LinPOL12V.

One major heat source on the modules is the DCDC converteL bP® with an efficiency
of at least 70% it converts the 10-11V from the bus tape to 1f&r\the hybrids. It is important
to ensure the efficiency does not decrease below the 70% aalie expected end-of-lifetime
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irradiation, otherwise it would result in increased hegtitue to power loss. Figure 13 shows the
efficiency as function of TID dose up to 90 Mrad dropping onpproximately 1% and staying
above 70%.
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Figure 12: AMAC current as function of TID dose,
measured at three different X-ray irradiation cam-
paigns [10].

Figure 13: DCDC power converter efficiency as
function of TID [10].

2.6 Module Results

To qualify modules for the use within the ITk a good underdiag of the noise is important
to fulfil the signal-to-noise requirement of at least 10:ingB ABCStar chips as well as mod-
ules have been tested before and after irradiation. Theureghsoise as function of the input
capacitance is shown in Figure 14. The single chip measursnsbow a good agreement before
and after 80 Mrad irradiation and the results follow the &tpe trend, highlighted by the fitted
lines. Measurements of ABCStar chips on prototype sengdreAS12-EC, ATLAS17-LS and
ATLAS12-SS) show in general higher noise values, but follbezsame trend. The increased noise
is expected and caused by the interstrip capacitance, whichrrently not included in Figure
14. Measurements of an irradiated long-strip module arbligigted in blue circles. It shows two
measurement points, which reflect the two strip segmentsendree is covered by the hybrid and
therefore has increased capacitance. Both points matthtiagt single chip measurements, not
the other module measurements, because for the irradiaiddlenthe measurements were done at
-20°C whereas all other measurements are at room temperatutheatmmperature dependency of
the gain results in an approximately 10% change of the medswise.

3. Conclusion

An extensive irradiation program for the silicon sensord amdules for the ATLAS ITk
silicon strip tracker has shown that the new devices fulfl tbquirements to reach a signal-to-
noise ratio of at least 10:1 at the end-of-lifetime. Hybrdse shown to be within specification
after having been irradiated and thermally stressed. Silpilrradiation studies of the powerboard,
which houses the AMAC and the DCDC converter bPOL12V, indidhe devices will function
correctly in the harsh environment of the ITk.
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Figure 14: Noise comparison of single ABCStar chips and modules agifumof input capacitance [10].

After testing all components and finalising the design, ipsnodule assembly groups will

start with the pre-production in 2020, in which 5% of the totamber of ITk modules will be built
to qualify the sites and testing the production methods. Sttip module production will start in
2021 and is expected to be finished towards the end of 202hasthe strip barrel and endcap will
be ready for integration in 2025.
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