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A phased upgrade of the Large Hadron Collider (LHC) at CERNIasmned. The last upgrade
phase (HL-LHC) is currently foreseen in 2022-2023. It aim@ntrease the integrated luminos-
ity to about ten times the original LHC design luminosity. dope with the harsh conditions
in terms of particle rates and radiation dose expected, HeAS collaboration is developing
technologies for a complete tracker replacement. This refector will need to provide extreme
radiation hardness and a high granularity, within the tighistraints imposed by the existing
detectors and their services. An all-silicon high-grartyaracking detector is proposed. An
international R&D collaboration is working on the strip &g for this new tracker. A number
of large area prototype planar detectors produced on pvgbers have been designed and fab-
ricated. Several prototype modules using prototype reiagleatronics have been produced, as
well as multi-module assemblies. They have allowed testingany system aspects, including
different powering options. This presentation shows ttepsed new tracker and the design of
the strips layers. The module assembly for the strip traiskéescribed, and results from silicon
sensors before and after irradiation are shown. Statusegirbject and performance of module
assemblies are summarised.
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1. Introduction

The Large Hadron Collider (LHC) is providing proton-protoallisions to the different exper-
iments. Physics data are being recorded by the ATLAS expettiid], which is designed to fully
exploit the phyics potential of the LHC. A phased upgradehefltHC is planned with a continu-
ous increase in the delivered luminosity (Fig.1). The lasrade (Phase 2) requires an upgraded
machine called High Luminosity LHC (HL-LHC). With a target 3000 fo* total recorded in-
tegrated luminosity per experiment. The HL-LHC will allow improve the precision in different
measurements within the Standard Model, enlarge the disgaegion of particles predicted by
some supersymmetric theories and enhance the sensitivibyvtrate phenomena inaccessible at
the LHC [2].
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Figure 1: Forecast of the luminosity upgrade with indication of “tgtias September 20, 2012.

1.1 New ATLASInner Tracker

The expected luminosity at the HL-LHC will increase the nambf pile-up interactions per
crossing from~23 (as predicted in the current LHC at the design luminositfy}o ~140. The
current tracker will not be able to stand the cumulated tamiadamage and it will not provide
the required tracking performance due to the huge increabeichannel occupancy. Therefore, a
completely new inner tracker must be designed and builtfeHL-LHC operation. The two main
requirements are: on the one side much better granularioydar to be able to distinguish the
tracks of the different particles, on the other side it ndedsave much better radiation hardness.

Most probably, the future ATLAS tracker will be an all silitdbased system. Figure 2 shows
the current Letter-Of-Intent layout [3]. The central banegion consists of four pixel layers and
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five strip layers plus an additional stub. The stub is a layién @nly strip sensors in the last 10 cm
at each end. The three innermost strip layers have shqrs $&i4 cm long) and the outer two strip
layers and the stub have long strips (4.8 cm long). The fatwegion is covered by six pixel and
seven strip disks. This layout ensures 14-hit coverageeipseudo-rapidity range | < 2.5.
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Figure 2: Lol layout for the future ATLAS tracker.

Figure 3 shows the expected fluence map at a given radiahdesta the beamline and along
the beamline for the Lol layout and a total integrated lursityoof 3000 fot. The maximum ex-
pected fluence in the strip barrel area is1D'® neq/cn12, corresponding to the innermost short strip
layer. This number includes a safety factor of two. The fiestdél long-strip layer expects 4<20'*
Neg/C?. For the strip forward region, the maximum expected flueade2x 10™° neg/cn.
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2. Strip Tracker Design

Several R&D projects are well advanced in terms of designamsgmbly of strip modules
integrating sensors, hybrids with readout electronicslicg and services. Figure 4 shows the
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baseline and fallback integration concepts for the shog-barrel region. In the baselirgtave
concept [4], a common mechanical structure integratesehgsoss, the electrical lines (bus cable)
and cooling circuit. The stave has a central core composedsphcing material (carbon-foam or
honeycomb) and carbon fiber facings glued on both sidego8ilinicrostrip detectors are glued on
the bus cable and hybrids carrying the front-end electsoare then glued on top of the sensitive
side of the detectors. In the fallbaskiper-moduleoncept [5], individual double-sided silicon strip
modules are assembled into a light-weighted local supparttsire. Each module is composed of
a central base-board, two silicon sensors and four hybrittsreadout electronics.

Prototypes, in both options, of modules with prototype tetatics, sensors and assembly com-
ponents have been constructed and electronically testeskmblies of modules in short staves or
supermodules (40 cm instead of the final 120 cm) have beemupeddand tested.

STAVE (baseline design) SUPERMODULE (fallback design)
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Figure4: Stave (left) and super-module (right) barrel strip intéigraconcepts.

3. Silicon Sensors

Silicon sensors for the new tracker have been designed. Adieecof n" strips in p type sub-
strate was found to be most adequate. With n-strips, electce collected, thus, the signal is faster
and reduces the effect of trapping centres produced by tteléwvel of radiation. P-type substrate
permits to have a single sided process during manufactugimgajor advantage compared to hav-
ing a n-type substrate (in the fin-n option) which requires expensive manufacture prsiogson
both sides. In addition, the selectet-im-p option depletes always from the strip side, pernttin
to work underdepleted.

A large area f-in-p silicon strip sensor has been developed by the ATLARIgoration and
produced by Hamamatsu Photonics in a 6-inch (150 mm) wafef f&e mask layout of the sensor
is shown in Fig. 5. The detector area is 97%®¥.54 mnt and its thickness is 320m. The bulk
is p-type float zone silicon with a lattice orientati¢hO 0. The n" readout strips are AC-coupled
and have polysilicon bias resistors. The isolation stméctsi p-stop. The sensor has four 2.39 cm
strip segments, two with axial strips parallel to the semsltyyes and two with stereo strips tilted at
an angle of 40 mrad. The reason of this tilt is that when senar assembled back to back, an
axial strip hit on one side matches a stereo strip hit on theratide, giving not only information,
but also on the longitudinal coordinate, Z. The strip pitef74.5um and there are a total of 1280
strips per segment.
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Figure5: Mask layout of the barrel strip sensor prototypes.

In addition to the main sensor, 24 200 mn? miniature sensors are included in the wafer. The
miniature sensors have 104 strips of 8 mm length and implexti#arent surface strip isolation
structures (p-stop) and punch-through protection (PTiBy&tres.

4. Measurementson Full Size Sensors

The full size sensors have been extensively tested befadiation. Both the bulk and strip
characteristics have been thoroughly evaluated to checkahsors were effectively compliant with
the required technical specifications before irradiatith Figure 6 shows the comparison of the
different specifications and the measured parametersjthinvepecifications. As an example, the
depletion voltage measurement is shown.

Depletion voltage
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Figure 6: Values of the pre-radiation full size sensor specificatiand measurements (left). Depletion
voltage measurement for different sensors (right).

Modules for the two design concepts have been built witheltia size sensors. Assembled
with prototype electronics, calibration tests show goodiute performance with-600 electron
noise for both design concepts. One module was irradiatdtei® S facility at CERN, the 24 GeV



The upgrade of the ATLAS silicon strip tracker Jose Bernabeu

proton beam scanned the full module area. The module wasdyipswered and clocked during
the irradiation up to 1.910'° neq/cmz, well above the expected dose. After irradiation the module
was fully functional and the noise slightly increased by 1@%&ll in agreement with predicted
electronic simulations.

5. Measurements on Miniature Sensors

Miniature sensor have been mainly used for irradiationistidThey have been irradiated
with protons, pions and neutrons at different irradiatiewilities. The doses were all up to at
least 1x 10" neg/cn?, in a few irraditions the sensors were irradiated up d®'° neg/cn?. The
IV-characteristics, the depletion voltage, the intepstrdpacitance and resistance and the charge
collection efficiency have been measured [8].

The irradiated sensors were distributed among differestinige laboratories to check the charge
collection. Very good agreement was found in the measurtsmemong the different samples
(Fig. 7), which is a good indication for the measurementiglias each laboratory uses a complete
different data acquisition system. A signal to noise (S/t)orof ~15 was found after 10
neg/cn? irradiation with 500 V of sensor bias, well above the requispecification of 10. Collected
charge as function of the fluence show a good safety margin @i Also, it is worth to notice
the good agreement of results among the different partichelintions, which verifies the NIEL
equivalences.
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Figure 7: Collected charge of neutron irradiated miniature senses fanction of the bias voltage (left).
S/IN is above specification. Collected charge of irradiat@dature sensors in different facilities as function
of the fluence (right).

Miniature sensors have also been used to test the so-callezhythrough protection (PTP)
structure and for observation of charge multiplicationéavily irradiated sensors (>3.0*° neq/cmz) [9,
10, 11].

6. Barrel stave powering

As mentioned, the integration stave concept uses a muliiyhecstructure. One stave hosts
13 identical modules per side. There are two hybrids in ats$tdp module, hosting the readout
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and control electronics necessary for the readout of th® sh2annels. Each hybrid includes 20
prototype ASICs (ABCN-25 [12]), each with 128 channels aiméty readout.

This new silicon strip tracker occupies a bigger volume (&$3 and has much higher gran-
ularity (74 million strip channels) than the present oneug;tusing an individual power cable per
module is not possible in the very restricted space for theker services. In addition, the tracker
cables in ATLAS are~100 m long to the counting room. The power loss along the ciahiet
negligible.
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Figure8: Serial and DC-DC powering architectures.

Two power architectures have been considered for the stae&l powering and DC-DC
powering (Fig. 8). In serial powering, a constant currenirse provides power to all the modules
of a stave side with a shunt regulator circuit and a singleguavable. The current is constant
along the chain, and is equal to the current required by awmichehl hybrid or module. The lower
current in a single cable minimises the power losses in thiecdhere are as many voltage steps as
elements in the chain. Another approach is used in DC-DC pogiein which a constant voltage
source provides power to the modules after one or severagekonversion steps made by buck
DC-DC converters. It also requires a single power line. ¢ésug much higher voltage at the source
(60-80 V) with much lower current. A first voltage conversiainthe stave end reduces the voltage
to 10-12 V providing more current. A final voltage conversairthe module supplies the required
voltage and current to the electronics.

Strong R&D efforts have been dedicated by the collaboratiothe study and development
of both powering architectures, each with advantages amdlicks. The program included the
construction of stavelets, which are multi-module prgpety with four modules, instead of 13
modules like the final staves will have.

The edges of the stavelets have been widened to provide gpattach the power and protec-
tion components on one edge, for both powering architest(Fay. 9). Testing of these stavelets
showed very similar electrical behaviour for both staveléthe overall output noise in the multi-
module stavelet arrangement is increased by approxima@eslectrons with respect to the noise
values of the same modules in individual test frames bef@estavelet assembly [4].
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Figure9: Serial and DC-DC stavelets.

7. Endcap petals

The endcap disks will be composed of 32 petals. The petakisnhiti-module structure in
the endcap region and follows very closely the design of #rech staves. However, the design of
the petal is more complex in comparison to the barrel. Thengtxy is complicated as it needs six
rings with six different sensors (Fig. 10). Each petal h@stsodules and each one is different.
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Figure 10: Endcap disks and petal geometry.
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Due to this increased complexity, the prototyping stagéneftetals is not as mature as in the
barrel. A first prototype of a petal assembly is being caradat] the so-called petalet. The petalet
consists of three small modules in a specific endcap configarthat is not present in the barrel
stave (Fig. 11). It uses cheaper 4-inch wafer sensors ahdlmmeome possible endcap specificities,
such as truncated strips or embedded fanins.

The petal design has the strips pointing to the center ofitke @here should be a stereo angle
between the strips in the front and back sides of the petadrder to keep both sides the same,
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Figure11: Petalet and components. Petalet configuration (top left@gmdenter), the sensors (bottom left)
include embedded fanins (top right) and truncated strigheatdges (bottom right). First hybrid is tested
(bottom center).

the strips in each side are tilted half of the stereo anglaisTthe strips are not exactly pointing
to the center of the disk. In one of the design options, the@srhave truncated strips at the edge
(Fig. 11). This arrangement will be tested in the petalet.

The sensors have been fabricated, delivered and testedirSttngybrid type has been produced
and tested successfully. Work on the rest of the componeatbon fibre structure, bus tape,
powering, is also progressing well.

8. Conclusions

The present ATLAS tracker will be replaced by a new all-siticiracker. Sensors for this
tracker have been produced ifn-m-p technology. The performance is very good and finalgtesi
specifications are already fullfilled. Miniature sensorgenbeen produced and used to verify ra-
diation hardness. Modules and stavelets have been comstrwith these sensors, achieving very
good performance. Sensors and modules are fully functiafted irradiation at the expected dose
in HL-LHC. Two powering architectures have been verifiechwitulti-module assemblies. Signif-
icant progress has also been achieved on the endcap modtdéeypes, with a petalet expected to
be built and tested in the following months.
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