CMOS strip Sensors for ATLAS HL-LHC upgrade
Content
The ATLAS ITK layout task force is considering which layout options to take forward to a detailed simulation phase. This document has been prepared to inform the group as to the benefits that will accrue should CMOS sensors be available for use in the strip region of the ITK upgrade.
A layout is proposed which is as similar as possible to the LoI layout which is the baseline for the strip region. It is argued that by design the geometry is so similar, that to a significant degree of detail the simulation is almost the same with only a change of some basic parameters required. These would be the individual strip pitch, length and orientation digitization (both pixelization of hits and charge sharing), and X0. It is advocated that the potential performance gains and the cost savings are sufficiently large that including the CMOS option at this stage is a responsible course of action.
Barrel Region
The layout in the barrel region uses the same mechanics as the LoI layout, the same services concept, with only relatively minor changes required. Parenthetically an option is suggested, which is to move the outer barrel cylinder to the radius of the stub cylinder. The improved point resolution with CMOS sensors means this shift does not degrade the momentum resolution for high pt tracks relative to the planar design, but obviates the need for the stub cylinder and reduces the total sensor area (in addition to the saving about half of the total area due to strip pixelization).
Layout
The baseline layout for the strip barrel region and the CMOS layout are shown below. These can be identical, but the option of reducing the outer cylinder radius is also shown.
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Standard (left) CMOS layout and (right) “planar-equivalent pt measurement”  strip CMOS layouts










The performance of these layouts can be expected to be at least as good as for the baseline planar design. The table of parameters given later shows reduced radiation lengths and improved resolutions. For high momentum tracks the factor of two improvement in r-φ hit resolution could naively translate into almost a factor of two improvement in momentum resolution in the LoI layout, assuming that the ≈1/√(4+N) effect is small when the pixel detectors are included. If the outer layer is instead moved to the stub layer radius the momentum resolution will still be (naively 20%) better than the planar sensors can provide. This would also help relieve mechanical difficulties with the services in the PP1 region.
Barrel stripCMOS module
The barrel stripCMOS module is shown in the figure below, it consists of four silicon sensor elements, bonded to a single hybrid, which has the ABC’ read-out chips, an HCC and a DC-DC convertor. The hybrid is a flex-rigid and acts both as the electrical hybrid and the mechanical stiffener for the module. Each of the four sensor modules consists of five independent reticules each with an independent CMOS sensor. Each ABCn’ services two such reticules, a total of ten ABCn’ per hybrid. The number of wirebonds is vastly reduced compared with the planar detectors as (synchronous) data sparsification happens in the periphery of the sensor reticules. The sensors are directly bonded to the staves, so the good heat transfer properties with the planar design are retained.
Each strip is 1.8cm long and the strips are on a 40m pitch. A strip is divided into 32 elements, providing z information for a hit.
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Four modules on a stave, three showing reticule layout above and below the stave (which is invisible) and one showing the hybrid with ABCn’ read-out ASICs







The performance of the LoI layout using CMOS sensors has not been simulated, but some estimates of the likely performance can be made from scaling arguments and earlier work on CMOS sensor response to tracks. Some simulation work has been done to understand occupancies.
The table below shows a comparison between planar and CMOS performance parameters, though it is acknowledged that these are measured compared with estimated values. Several assumptions are made regarding geometric efficiency, not enumerated here. An example is that it is easier to eliminate the gap at z = 0 for CMOS sensors in the barrel region, but there are more z gaps between sensors for the CMOS case. With a different geometry of CMOS module these could be reduced to zero, but the number of modules would double and this seems a high price.

Table of Parameters
	Parameter
	Planar Detectors
	stripCMOS

	r-φ  resolution
	20m – 23m*
	11m

	z-resolution
	850m
	162m**

	Two hit resolution in r-φ 
	160m-240m***
	80m

	z-element length
	2.5cm
	1.8cm

	Fraction of two hit clusters
	15% - 20%
	2%-3%

	Geometry inefficiency on stave
	~0.7%
	~1%

	Radiation Lengths per stave
	1.8%[footnoteRef:1] [1:  With thinned sensors – see https://indico.cern.ch/event/295996/contribution/0/material/slides/1.pdf] 

	1%

	Insensitive crossings after a hit
	1 BC
	0.1 (1/32 of strip is dead 3BC)


 
* 23m is for normal incidence tracks, use of two cluster hits improves this at other angles of incidence, (including the angle the detector is mounted at). The probability of a two hit cluster is very small for the CMOS sensor, even for non-normal tracks, so the resolution is simply the pitch/√12.
** This is the z-element size / √12 for CMOS and the reported measured value for 40mr stereo in the current detector.
*** The minimum is 2 × pitch, but this increases for two-hit clusters, which are common in planar.
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SCT mean cluster size, showing ~20% two hit clusters at a 10’ angle.









StripCMOS Barrel Stave
The modules are alternately tiled on opposite sides of the stave, with the module at z=0 protruding beyond the end of the stave. This arrangement is similar to the planar detector, but considerably simplified and allows actual overlap of sensitive regions at z=0. This also allows the contraction of the stave to be allowed for in the centre of the stave which could be exploited to simplify the end of stave region (but doesn’t need to be).
18 modules are attached to each stave, as shown in the figure. The total power consumption is comparable or less than the baseline planar stave, the total data rate is reduced as the z information does not require an two separate hits to be encoded, but only a few extra bits on a single hit. The DC-DC convertor in this model would be redesigned to provide power for just one module. The ongoing HCC design is being done with possible use with a CMOS data structure in mind.
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To be drawn up by greg











Geometric Inefficiency and Pattern Recognition
This issue applies equally to barrel and forward strip regions and is not repeated in the sections relating to the forward region.
The number of planes required to ensure high efficiency tracking and low ghosting is complex to evaluate as, in part, it depends strongly on the algorithmic methods employed. The CMOS option described replaces 10 planes of single sided detector with 5 of pixelated layers, which could adversely affect many algorithms. However the required number of planes depends not only on the number and efficiency of individual planes, but also on the quality of information the planes are providing. The stripCMOS option improves the r-φ  resolution by almost a factor of two, the z-resolution by a factor of five, and the two hit resolution by a factor of two to three in r-φ . This is close to being a pixel detector in terms of segmentation with a strip-like read-out: it is possible that with appropriate algorithms, and including the pixel layers, that the five planes of stripCMOS would provide better pattern recognition than 10 of planar. The planar area ambiguity in (r-φ) -z associated with a hit is reduced by a factor of ten and there is also a smaller but also large improvement in the two hit resolution. Whilst not currently planned, it would be possible with stripCMOS to provide two hit resolution in z of 1.2mm, ie multiple hits from within a single strip. 
The plot below (from R.Jansky, thesis) shows the mean number of tracks as a function of angular displacement from the centre of a hadronic jet. At the radius of the strip tracker the first bin in this plot represents a physical separation of about 3mm between tracks. This is a 75 CMOS strips wide distance, about 35 resolvable separate (r-φ) regions with a mean number of hits of 1.3 for a 1TeV jet. Magnetic bend will improve things further. With 20k background hits from the uninteresting events in a beam crossing this gives 0.4 background hits in the same 75 strip region. It is reasonable to anticipate that a detailed study will prove favourable in terms of pattern recognition even with a reduced number of planes when the two track resolution and improved resolution is fully exploited.[image: ]













Forward Regions
In the forward region the basic layout is completely unaltered from the planar design, as shown in the first figure. As with the barrel region the support mechanics, and services concept is also essentially unaltered. This is adopted as the plan as there is insufficient time available to redesign the system to fully optimise for CMOS sensors. The sensors are tiled onto the same petals as would be used for planar sensors.
There is one major change in the forward region compared with planar. Because it is not practical to design wedge shaped sensors in CMOS, a non-pointing geometry is adopted. The basics sensor is identical to that for the barrel region, but the wafers are cut into different sizes of reticule blocks. Effectively modules of different shapes are built based on 1.8cm x 1cm tiles. The use of non-pointing geometry is being considered even in the case of planar sensors, the pattern recognition uses space points, which are provided with better precision by CMOS sensors, so there is no fundamental problem with this approach.
Forward stripCMOS module
The forward modules are built from two strips of 1.8cm tall reticule blocks. The size of these is determined by their position on the petal. The barrel module is a particular case of the forward module design, unifying the forward and barrel efforts with concomitant efficiency gains expected. The figure below shows an example of a module construction, which is described in the barrel section. Also shown is how these modules build up a wedge shaped coverage. The stepped edges result in extra silicon being required compared with a wedge shaped tiling, but this is ameliorated to an extent because the overlaps between rear and front planar sensors are eliminated.[image: ]

Example of CMOS forward Module. 4-4 (two rows of four un-seperated reticules offset by half a reticule). Hybrid has 4 ABCn’.
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CMOS Petal (left)      Planar Petal (right)












In the forward region the HV switches and DC-DC convertors are moved to the gaps between sensors to help simplify the hybrid design.
StripCMOS Petal
There are eighteen rows of modules on each petal, which are alternately tiled on opposite sides of the stave to reduce geometric inefficiencies. Within each row there are up to three different module types, the difference between them being the number of sensor reticules and correspondingly the number of ABCn’ ASICs.
This arrangement is similar to the planar detector, but considerably simplified as there are large gaps between sensors on each side. These gaps can be used to mount the DC-DC and HV switches. It would also be possible to simplify the EoS region by exploiting available space between the last two rows of modules. The figure below shows the petal layout
Whist the gaps between modules can simplify mechanical aspects of the design, there is increased overlap between adjacent petals due to the edges of sensors being non-radial. This increase has not been estimated, but should be small.
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To be improved









Costs & Time Scales
Core costs would be reduced by approximately halving the area of silicon required. Depending on design outcomes the power and cooling requirements might also be significantly reduced. The estimate for an efficient use of 8” wafers is that 27MCHF [footnoteRef:2] might be saved, including the fact that only half as many ABCn’ ASICs are required and they are smaller. In addition in the altered layout the stub cylinder is removed and the outer layer is of smaller area, saving an additional ≈2.5m2 of silicon (compared with 95m2) or ≈850kCHF[footnoteRef:3]. [2:  https://indico.cern.ch/event/310295/contribution/1/material/slides/1.pdf]  [3:  https://cds.cern.ch/record/1747291/files/ATL-UPGRADE-PROC-2014-002.pdf] 

In addition the number of wire bonds required for module assembly would be reduced by a factor, potentially saving significant costs in the assembly and also shortening the time required to build the detector. On the other hand the modules would be more complex to assemble and there would be more of them, so the financial gains here might not be as significant. The largest attraction of CMOS module design for the construction is reduced build time due to fewer wirebonds.
A possible schedule for decision on the use of CMOS for the strip region is shown on the next page.
Summary
The use of CMOS sensors for the strip regions of the ATLAS detector offers close to pixel quality two track resolution. The benefits also include reduced radiation lengths, better momentum resolution, reduced costs and assembly times. There is uncertainty regarding pattern recognition ability as it is hard to understand the impact of a factor of ten improvement in the precision of information per plane versus the number of planes being reduced from 14 to 9 outside of a full, optimised, simulation
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