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The guiding principle of the Fermilab KA15 detector R&D research plan is to leverage Fermilab resources and infrastructure to develop transformative technologies to advance the experimental state-of-the-art within the mission of Fermilab and the DOE Office of High Energy Physics.  This introduction describes how the future plan for detector R&D takes shape, and gives a few examples of where reviews of the program have resulted in changes in the future plan.

Guidance and oversight of the Fermilab KA15 portfolio is realized with the “Detector Advisory Group,” which has been established to oversee detector R&D at Fermilab.   This group is composed of Fermilab line management and senior researchers  with expertise in various aspects of detector technology (The CV of each member of the Detector Advisory Group is included in this package of review materials).

The Detector Advisory Group advises Fermilab’s Detector Technical Point of Contact (TPOC) on the status of detector R&D at the lab, recommends new approaches, gives feedback on new proposals, discusses budget priorities, and helps with reviews and reports.   The group also organizes critical reviews (including expert reviewers from universities and other laboratories) of major detector R&D activities.  The TPOC advises the Division Heads on detector issues arising from this panel, and reports to the Research Associate Director.

Each project within the detector R&D program has a life-cycle and usually begins with modest funding and goals.  If initial results are promising and a decision is made to continue the line of R&D, the project is funded as a line-item and can reach a level where periodic reviews are needed.  The goal of detector R&D is to develop enabling and transformative technologies for experiments, although successful R&D programs often result in techniques or technologies that have applications beyond those initially imagined.  Once an R&D program advances to the point that further development is experiment specific, the R&D proceeds only if it is funded by B&R categories other than KA15.   

Several examples of this progression have occurred in the last 3 years.  For instance, the “ArgoNeuT” prototype liquid argon detector initially received KA15 funding contributions for construction and operation in the MINOS neutrino beam.  The consequent rich data set of neutrino interactions in liquid argon stimulated KA11-supported development of a powerful simulation and analysis suite known as “LArSoft”.  LArSoft is now core computing technology in MicroBooNE and LBNE. Recent LArSoft studies have motivated a systematic program of measurements using ArgoNeuT in the Fermilab MCenter test beam.  This test beam effort will be supported under KA15. 

Another example is KA15 research funding for the development of low noise CCD readout.  This research will culminate in an experiment mounted at SNOLAB, and is likely to be used in at least two future experiments. The latest review of this program highly recommended that this activity transition to project money and so the budget reserved for this activity is ramping down in 2012. At the same time, the researchers involved with CCD readout have identified Microwave Kinetic Induction Detectors (MKIDs) as a potential solution to the spectrophotometry requirements of the next generation of sky surveys, for which Fermilab is heavily involved.  A collaboration including UCSB, Argonne, and Fermilab has been formed with the goal of developing an MKID imager suitable for use in a telescope focal plane camera. A proposal to seed development of this technology through the detector R&D program was recently favorably reviewed.

Fermilab strives to maintain a balanced R&D portfolio with an appropriate mix of short term and long term projects as well as high risk and low risk projects.  The established program of R&D reviews is an important tool in maintaining this balance.  The portfolio scope and plans will now be discussed for each thrust. 
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During FY13-FY15, Fermilab engineers and scientists will continue to pursue the application of 3D IC technology to detectors and ASICs for HEP. The advantages of these techniques are that they enable multiple potential pathways in detector R&D, ranging from vertex detectors through tracking triggers to photo-detection planes that are developed both at Fermilab and with participation of collaborating institutions. 

A major new initiative to develop an advanced pixel readout ASIC will begin in FY13.  The integration of 3D technologies outlined in this section into a tracking trigger are discussed in the detector systems section.

[bookmark: _Toc202313314][bookmark: _Toc202371456] 3D ASIC Design

 Fermilab engineers and physicists now have a good understanding of the technologies underlying 3D circuit integration and also an appreciation of the options available.  While repeated wafer bonding failures by Tezzaron have caused significant delay, much progress has been made.  In particular, Ziptronix has demonstrated the ability to thin Tezzaron/Global Foundries (GF) wafers with the required ~100nm uniformity, and to make good contact to the Tezzaron through silicon vias.  A decision on how to proceed with 3D designs will depend on the outcome of tests made on bonded Tezzaron 3D wafers and on a consideration of all options, including Tezzaron/Global Foundries (GF), TSMC, GF, LETI, IZM, and Ziptronix.

While waiting for a demonstration that Tezzaron has regained the ability to reliably bond wafers using the copper thermal compression bonding technique developed by the Institute of Microelectronics in Shanghai, Fermilab engineers have continued to develop two of the three circuits that Fermilab designed for the Tezzaron/GF 3D submission.  These are VIPIC and VICTR.

The Vertically Integrated Photon Imaging Chip (VIPIC) is a chip designed to measure x-ray position and arrival time in an adjustable energy band, and is intended for use at advanced photon sources for x-ray photon coherent spectroscopy.  VIPIC1, which was included in the Tezzaron/GF 3D run, contained most, but not all, of the VIPIC functionality.  A 2D prototype (miniVIPIC) was submitted (as part of a MOSIS MPW submission using Global Foundries 130nm CMOS) in the Spring of 2012.  This circuit includes logic to allow clustering and a charge sharing correction to photon counting as well as a timing circuit allowing each photon to be time stamped with 10ns precision.  MiniVIPIC will be tested in the summer and fall of 2012.  Further development of VIPIC will depend on a decision by the NSLSII detector development group at Brookhaven to fund the project.

The Vertically Integrated CMS Tracker (VICTR) chip is designed to demonstrate the possibility of integrating a silicon detector with short silicon strips together with the readout and logic required to identify high transverse momentum tracks for use in the lowest trigger level of an upgraded CMS detector.  VICTR1, which was included in the Tezzaron/GF 3D run, contains a modified version of the ATLAS pixel FEI4 front end (provided by LBL) and a multiplexer with serial readout.  The final chip will have a new fast front end amplifier and will also include digital logic to identify hits associated with high momentum tracks using information from two strip sensors separated by a silicon interposer.  The design of these circuit elements is underway.   In order to minimize power consumption and avoid injecting noise into the analog sections of VICTR, the digital logic is being implemented in a fast collapsing asynchronous pipeline using the “mousetrap” architecture recently developed at Columbia University.  The design is expected to be ready for submission for fabrication using GF 130nm CMOS in October 2012.

The design of a fully functional 3D VICTR chip will start after the digital logic is verified by tests of VICTR2D and a decision has been made on a 3D process.  Design work will continue through the first half of 2013.   If functional 3D parts are received in 2013 or early 2014, they will be bonded to active edge sensors and tested.  The CMS R&D schedule currently calls for a technical design report on the tracker upgrade to be written in 2014.  If the VICTR approach is chosen for the CMS upgrade, further development will presumably be funded by CMS.

[bookmark: _Toc202313315][bookmark: _Toc202371457]VIPRAM

A new 3D ASIC project has recently gotten underway.  This is a project to develop a very high performance content addressable memory for use in tracking triggers of the type pioneered by the CDF silicon vertex trigger.  The target circuit is called VIPRAM, for Vertically Integrated Pattern Recognition Associative Memory.  If many tiers (4-8) of content addressable memory circuits can be vertically integrated, a large advance in speed and capacity is achievable.

The integration of more than two tiers requires “face-to-back” wafer bonding (as in the MIT SOI 3D process).  The 3D Consortium submission to Tezzaron/Global Foundries included only face-to-face bonding.  Fermilab and Tezzaron have recently fabricated a set of test wafers that will be used to test face-to-back bonding.  A set of measurements will be made during FY13 on bonded wafers, including TSV (Through Silicon Via) resistance, TSV capacitance to substrate, TSV thermal conductivity, and the effect of laser annealing on exposed TSVs.

A more complete discussion of VIPRAM itself is included in the “DAQ and Computing” section of this document.

[bookmark: _Toc202313316][bookmark: _Toc202371458]Application of 3D IC Techniques to Silicon Sensors

The silicon sensors used in today’s high energy physics experiments have a border of “dead” silicon surrounding the active region.  This dead region often contains “guard rings” that insure that no electric field exists at the cut edge of the detector, which would otherwise conduct a large DC current.  Space is also needed at the edges of readout chips for data and power connections.  For these reasons detector layouts include sensor overlaps and edge connections that greatly complicate the mechanical support and cooling structures and limit the size of pixelated modules.  The 3D/active edge work aims at combining the elimination of the dead region with 3D integration of the readout ICs to provide all connections on the back rather than at the edges of combined sensor/readout die. This would allow the use of simpler support structures, contribute greatly to the reduction in the amount of material in a silicon detector and enable the fabrication of high yield, large area modules utilizing pre-tested integrated sensor/readout tiles.

Early in 2012, Fermilab contracted with VTT (Finland) and Ziptronix (North Carolina) to produce active edge sensors suitable for bonding to VICTR readout/trigger chips in a package that can be tiled together to produce a tracker with negligible dead area.  The sensors use a technique pioneered by S. Parker and collaborators in the context of their 3D sensors with vertical diode junctions.  Two varieties of strip detectors will be produced, corresponding to the 1 cm “long strip” and 1.25 mm “short strip” sensors envisioned in the CMS upgrade tracker design.

Sensors will be fabricated by VTT using an SOI wafer with a 380 micron thick handle wafer and 200 micron thick p-type high resistivity wafer.  Ten micron wide trenches will be etched around the sensors and filled with doped polysilicon to provide a p+ edge.  VTT has fabricated detectors with a trench edge before, but has not filled the trench.  The polysilicon fill will leave a more planar edge suitable for wafer bonding.  For initial testing, the sensors will be wafer bonded to a silicon interposer wafer produced by Cornell.  The wafer bonding will be performed by Ziptronix using their Direct Bond Interconnect (DBI) technology. The sensors will be singulated by etching away the 200 micron thick polysilicon filling the trenches.  Finally, the original SOI handle wafer will be ground way, leaving singulated assemblies of sensor and interposer.  If successful, this procedure will later be used to bond VICTR ASICs to active edge sensors.

[bookmark: _Toc202313317][bookmark: _Toc202371459]SOI

Fermilab has participated in the SOIPIX collaboration led by KEK since 2006.  In this context, Fermilab engineers have developed the MAMBO (Monolithic Active Matrix with Binary Counters) x-ray counting chip.  A version of the MAMBO5 chip fabricated by Lapis Semiconductor using a high resistivity (sensor quality) “handle” wafer will be delivered to Fermilab early in FY13.  Fermilab engineers will fully characterize this device and publish the test results.  Further development will depend on a source of support other than generic detector funds, as well as on the availability of engineering resources.

[bookmark: _Toc202313318][bookmark: _Toc202371460]Advanced Pixel Detector Readout

Hybrid pixel detectors are key elements of both the CMS and ATLAS detectors.  Not only do they function as vertex detectors (crucial to the identification of jets containing b quarks, for instance), but they provide the “seeds” for most of the charged tracks found by both detectors.  Both the CMS and the ATLAS pixel detectors are performing well, but both will need to be replaced as the LHC luminosity increases to its ultimate intensity.  Replacement will be necessary both because the frontend chips will not be able to process data fast enough to read out efficiently and because the sensors themselves are not sufficiently radiation tolerant.

The need to replace the detectors provides an opportunity to increase their capability as well as maintain the current performance in a more challenging environment.  In particular, it may be especially important to be able to combine information from the pixel detector with calorimeter information before any events are rejected by a “level 1” trigger.  Two-track separation may also become more important in the HL-LHC era.  The goals of a high luminosity program will involve exploring the largest mass region accessible.  Heavy states will likely decay into known lighter states, and the resulting jets will be highly boosted with a very high density of charged tracks.  In the present CMS detector, cluster merging reduces b-tagging efficiency for transverse momentum greater than a few hundred GeV.  If the pixel size can be reduced significantly, the two-track separation can be greatly improved.

A collaboration is forming to develop a new pixel readout ASIC suitable for use by CMS in the HL-LHC era.  In addition to radiation tolerance, the most important features of the new ASIC will be:
· Rate capability
· Smaller pixel size
· Support for “region of interest” readout for use in L1 triggers
· System stability at low threshold (1000-1500 e-)
This last feature is especially important since all candidate radiation hard sensors will provide much smaller signals than the current ~300 micron thick planar silicon sensors.  With consultation from the larger CMS collaboration, ASIC designers and scientists from Fermilab, together with engineers and scientists from Torino, and Perugia, have formulated a five year R&D plan.  CERN and a number of other European institutions have expressed interest in participating in this effort.  The first steps in this plan focus on developing specifications, choosing a readout architecture, and choosing an IC technology.

It is expected that Fermilab participation in this effort will be supported as generic R&D initially, and will transition to project funding at an appropriate time.

Two technology nodes are being considered for this effort, 130nm CMOS and 65nm CMOS.  Both of these nodes have advantages and disadvantages.  Many HEP analog designs have been realized in 130nm CMOS and perform well.   Test results have established that reliable device models are available from a number of vendors.  Fermilab engineers already have experience with Global Foundries 130nm CMOS in the context of the Tezzaron/GF 3D R&D.  On the other hand, digital circuits realized in a 65nm process may be at least four times as compact as in 130nm.  Initial tests done at CERN on transistors and simple circuits in a 65nm process indicate that device models at this node are also robust and that high performance low power analog circuits are possible.  Both technology nodes are extremely radiation tolerant.  Initial tests done at CERN indicate that 65nm digital circuits will not require enclosed geometry transistors in order to function at the HL-LHC.  This means that digital logic realized in 65 nm CMOS will be approximately 30 times more compact than the same logic realized in 250 nm CMOS used in the current generation of silicon pixel detectors.  65 nm circuits are slightly less susceptible to single event effects than are 130 nm circuits, but the same mitigation steps will be taken in either technology.  The cost of prototyping 65nm circuits is not very different than the cost of prototyping 130 nm circuits, although the minimum size circuit may be larger.  The only significant disadvantage of 65nm CMOS appears to be the higher cost (about a factor of two) associated with fabrication.  Smaller (than 65nm) feature size CMOS processes are even more expensive and are probably not as appropriate for analog design.

During FY13, sample devices and prototype circuit elements (such as amplifiers, discriminators, peak sensing circuits, and ADCs) will be designed, fabricated in at least two different CMOS processes, and tested.  A collaborative design environment (such as ClioSoft) will be deployed at the collaborating institutes so that circuits and standard cells can be easily shared.   Simulation efforts will concentrate on developing options to facilitate triggering and overall chip architecture.  One of the options that will be explored is the use of a cross-column clustering circuit, such as the one included in VIPIC.  On chip clustering could significantly reduce the amount of data that needs to be output for use in a “level 0.5” trigger, increasing the time available for trigger computation.  It would also simplify next step in the trigger; that of finding stiff tracks.

In FY14, some of the subcircuits designed during FY13 will be combined into a limited function pixel array that can be coupled to prototype sensors.  This device will probably not include functions such as clustering or support for a trigger, but it will allow an early test of front end noise performance and threshold uniformity.  This prototype will probably allow non zero-suppressed readout and will also be crucial for the development of extremely radiation tolerant sensors, since all candidate sensors provide signals much smaller than the current generation of pixel detectors.

In FY15, a technology choice will be made and design of a full sized readout chip will begin.  This will require a choice of readout architecture and a complete, if tentative, device specification.

[bookmark: _Toc202313319][bookmark: _Toc202371461]Radiation Hard Sensor R&D

Fermilab will continue with studies on various pixel sensor candidates. The plan is to perform another round of irradiation tests. The target is to irradiate some devices up to 1e16 or above at LANL in the summer/fall of 2012. On the material front, it is expected that an industrial partner will produce a new batch of 3D sensor wafers with different configurations, a larger size (all the 3d sensors that have been tested are single-chip sized, about 9mmx10mm)  and an "edgeless” design.  The first batch of these new 3D sensors will be available sometime in the fall. At the same time, Fermilab is still pursuing other technologies such as diamond, MCZ, p-type silicon and epi-silicon. For diamond, the plan is to get a few samples from a new US vendor. Work will continue with the bump-bonding companies to understand some of the assembly issues (after bump-bonding, the diamond module could not go to the normal high voltage due to the metallization of the pixels). Another area that Fermilab will study is to test the polycrystal diamond in a magnetic field. Fermilab has quite a number of magnets that could be used for this study. Fermilab has just received some new MCZ planar silicon wafers from SINTEF. The plan is to test them (IV, CV measurements) using the new TESLA probe station acquired in late winter, 2011.
[bookmark: _Toc202371462]Plastic Scintillator R&D

The FNAL/NICADD Extrusion Line has produced plastic scintillator for experiments such as MINERvA (FNAL), T2K (USA, Japan and UK groups), Maya Pyramid Tomography (Sandia Laboratories) and Double Chooz (University of Chicago).  For the past several years, the facility has been completely occupied by the production of scintillator for the NOvA experiment.  As the NOvA effort is completed, the focus will again shift to R&D on new extrusion capabilities to improve detector performance and realize greater efficiencies in the mass production of detector material.  Planning for this R&D will be informed by the needs of future Intensity Frontier experiments.  For instance, the range stack proposed for the ORKA rare K+ decay experiment would benefit greatly from increased granularity if that can be achieved in a cost effective manner and without introducing significant dead regions.  It is expected that events such as the recent Project X Physics Study (held at Fermilab June 14 – 23) will produce recommendations for high priority detector R&D.

A number of scintillator R&D projects were proposed before R&D was suspended during NOvA construction.  These projects (listed below) will be considered along with new proposals for R&D in support of Intensity frontier experiments.
1. Co-extrusion of scintillator and optical fiber:  The challenges discovered in making an extrusion line to simultaneously co-extrude scintillator and optical fiber are that the fiber needs protection from heat from the melt, and that a separate fiber delivery system is necessary to control the fiber size and avoid stretching the fiber with the extrudate.  The next steps in the R&D are to investigate protective coatings for the fiber and to construct a fiber delivery system with a new die which will allow the fiber to be inserted into the extrusion system.
2. Engineering separate dies for applying coatings:  Efficiencies in the production of detectors can be realized by co-extruding scintillator coatings along with the bulk scintillator.  Initial studies have been performed on applying wavelength shifting coatings such as bis-MSB and TPBD mixed in polystyrene.  Also, reflective coatings made of low density or high density polyethylene have been tested, with the finding that a small amount of titanium dioxide needs to be added to improve the reflectivity.  The planned R&D is to create a new tandem die to allow better control of the coating thickness.  The coating die would be placed after the scintillator core die in the extrusion line.  Once operational, this new R&D extruder will allow tests of different types of coating materials and dopants.
3. Extrusion of scintillator with high-Z and neutron sensitive dopants:  Scintillators with neutron detection capability are potentially of use to dark matter experiments, to the nuclear physics community, and for homeland security applications.  The doping of scintillator material used in the extrusion lines could lead in a significant reduction in cost and enable the production of large quantities of neutron sensitive detector material.  Initial work has begun on preparing scintillator pellets containing high-Z dopants, using an R&D extruder.  Pellets have been cast in a vacuum oven and with samples cut for testing with radioactive sources.  The research plan is to continue testing new dopants such as lithium salt with particle sizes sufficiently small to avoid significant optical scattering.

[bookmark: _Toc202371463]R&D for the Project-X era Research Program

The recent Project X Physics Study explored both the scope of the Project X research program and the challenging detector requirements of these future high intensity experiments.    The Fermilab detector R&D strategy for the next three years is well poised to address the following challenges: 

Ultra-low mass tracking:
Next generation rare muon decay and rare kaon decay experiments require high rate tracking detectors with mass per space point of <<1% X0 and rate capability of > 1 MHz/cm2.  High rate performance with current technologies is fundamentally in conflict with low mass, and this tyranny could possibly be broken with emerging sensors such as 3D pixel technologies.  Next generation power pulsing, mechanical support concepts and innovative optical readout schemes have great potential in dramatically lowering the mass of next generation technologies critical to the next generation tracking systems of the Project X research program.  

High resolution, high speed calorimetry: 
Next generation kaon experiments in the Project X era define the frontier of electromagnetic calorimetry.   The energy, direction, and timing of medium energy photons (50MeV – 500MeV) must be measured accurately-all physical properties other than the polarization!  This performance essentially approaches a “perfect calorimeter”.   In addition, low-energy photons (1-50 MeV) must be detected will low inefficiency.   System concepts such as the successful Fermi Large Area Tracker (LAT), and sensor studies of ultra-fast and bright crystals and fast readout technologies such as  Geiger-mode avalanche devices (SiPMs) must be developed and studied to make this approach toward the perfect photon calorimeter.   

Ultra-fast timing:
High rate experiments in the Project X era will all require high performance timing, with system timing requirements approaching 10 picoseconds in some cases.   The frontier of timing requirements is driven once again by the demands of the “perfect calorimeter” described previously where a high speed sensor in the form of a bright or Cerenkov crystal is instrumented with ultra-fast readout technologies.  Fermilab’s Time-of-Flight (TOF) research in SiPMs and collaboration on large area fast timing systems based on fast Micro-Channel-Plates (MCPs) will be very important to the design and testing of these high performance timing systems.  

Large area cost effective sensor technologies: 
Next generation neutrino and nucleon decays experiments beyond current designs could benefit from large area and cost effective technologies such as the large area MCP systems previously described.   The Project-X research program could also include neutron-antineutron free-space oscillation experiments which require affordable tracking and calorimeter technology instrumented over the ~1000 m2  surrounding the neutron-antineutron transition volume.  


[bookmark: _Toc202313320][bookmark: _Toc202371464][bookmark: _Toc199168929][bookmark: _Toc199169179]Research Plan – Detector Systems

[bookmark: _Toc202313321][bookmark: _Toc202371465]Introduction

The R&D effort within the systems thrust is focused on liquid argon detector technology which will enable future neutrino and dark matter experiments.  This R&D takes advantage of the extensive liquid argon infrastructure that has been developed at Fermilab over the past several years.  The available facilities include the assembly and testing area of the cryogenics and vacuum group, the liquid argon materials test stand, the cryogenic distillation column, and the recently completed large, clean chamber of the liquid argon purity demonstrator.  This section details the several ongoing efforts in liquid argon detector R&D, and a new push coordinated with university groups to provide a liquid argon beam test facility as part of the Fermilab MCenter test beam upgrade.

The R&D plan also continues the development of system aspects of a fast track trigger concept, as well as a low level of effort on bubble chamber techniques, and more speculative research on solid xenon detectors and single photon detection with continuous wave laser beams.

[bookmark: _Toc202313322][bookmark: _Toc202371466]Continuing Studies with LAPD

During its first phase of operation, the Liquid Argon Purity Demonstrator (LAPD) demonstrated that electron lifetimes of over 3 ms can be achieved without requiring the evacuation of the vessel of ambient atmosphere.  The achieved purity level satisfies the requirements of LBNE for an electron drift lifetime of 1.4 ms or greater.  Instead of vacuum pumping, an argon purge is used remove oxygen and water contamination from the vessel.  While no oxygen remains in the liquid after this purge, water vapor will still desorb from surfaces that are not covered by liquid argon.  However, the first phase of LAPD operation also showed that the oxygen and water filters could be regenerated after saturation and reused in situ.  After regeneration, the filters removed water that accumulated from outgassing of the vessel walls during a 5 week period without filtration.  These results were achieved with a vessel that was only one third full, and therefore had a much larger wall surface not covered by the liquid argon than would be the case for a full vessel.

The next phase of LAPD operation will occur during FY13.  In this phase, the vessel will be filled to capacity with liquid argon.  Several tests will be performed during this phase.  A TPC with a drift distance of 2m will be added to show that ionization electrons from cosmic ray muons traversing the TPC can be drifted long distances.  The load of outgassing water vapor will be increased due to the cables in the ullage and the tests will demonstrate that the purge and recirculation technique is still viable in the presence of materials in the vessel that could contribute electronegative contamination to the system.

The LAPD tank is instrumented with a system of movable temperature monitors to allow sensitive measurements of the temperature gradients in the liquid and the gas.  The data taken with these instruments during 2012 will be used in FY13 by ANSYS modelers to verify the heat flow model of the vessel.  During the second phase of operation, these instruments will provide continuous temperature information at different depths in the bulk liquid.  This information will be used to understand temperature gradients and convection in the liquid.  The analysis will reveal whether or not “dead” areas of liquid form that do not get recycled through the filter system.
 
The second phase of operation will also include tests to understand the optimal operation of the cryogenic and filtration plant.   During the first phase of running, the filters were observed to saturate and were then successfully regenerated.  The second phase will characterize the filter loading during operation with a full tank including a TPC.  The rate of argon recirculation will be varied to determine how that impacts the ability to maintain high electron lifetimes.  Filter performance will also be characterized by intentionally adding water vapor into the ullage above the liquid to determine the maximum concentration that can be removed from that area while still maintaining the electron lifetime.  Filter materials from different vendors will be tested and characterized to determine the best performing ones.  The results of these tests will provide important information for the design of filtration systems for experiments designed to hold several kilotons of liquid argon.
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Fermilab has recently initiated the SCENE project to precisely measure the scintillation light yield and ionization yield of nuclear recoils in liquid argon TPCs.  Measurements will be performed for a wide range of recoil energies and TPC electric field strengths.  These studies will improve the energy scale calibration for dark matter searches and more generally improve understanding of the characteristics of nuclear recoil events in liquid argon.  A mono-energetic pulsed neutron beam at the University of Notre Dame will be scattered from a liquid argon TPC as the target, and neutron detectors placed at various angles will be used to determine the nuclear recoil energy (using conservation of energy and momentum).  Measurements of scintillation photons and drifted ionization electrons will then be compared with the known event energy.  Time-of-flight to the argon target and to the neutron detectors will help control backgrounds and multiple scattering.

A beam test at Notre Dame with liquid scintillator and NaI detectors in January 2012 confirmed that neutron rates and background conditions are suitable for the desired sensitivity, and provided some operational experience.  Collaborators from Fermilab, Naples (Italy), Princeton, Temple, and UCLA are currently building a two-phase liquid argon TPC with a radius of 3.8 cm and a height of 7.6 cm.  This detector will initially be operated in summer 2012 at the Proton Assembly Building (PAB).  Radioactive sources will be used to verify the performance of the detector.  A one week run at Notre Dame is planned in FY13.

[bookmark: h.4eaqr2o1086y][bookmark: _Toc198629149][bookmark: _Toc198629155]In subsequent years, similar experiments could characterize the response of liquid Xenon and liquid Neon detectors.  These bread-and-butter measurements of basic properties of noble liquids would be generically useful for any nuclear recoil detection application.

[bookmark: _Toc202313324][bookmark: _Toc202371468]Liquid Argon Test Beam Facility

A major goal of the future liquid argon R&D program at Fermilab is the establishment of a test beam facility to calibrate and characterize liquid argon detectors.  The ICARUS T600 detector was exposed to cosmic rays on the surface and collected a sample of neutral pions to determine electromagnetic shower energy resolution. However, this sample had limited statistics, especially for energies above about 3 GeV.  In addition, the hadronic energy resolution has not been tested in a beam of known composition.  The T32 test beam experiment at JPARC collected data with beams of charged particles in the 200-800 MeV/c momentum range.  T32 used a small (roughly ArgoNeuT-sized) LArTPC intended to benchmark LArTPC detector performance; however its coarse 1-cm readout strips did not permit full characterization and calibration.  Fermilab, in cooperation with more than ten other institutions, is working towards establishing a test beam facility for liquid argon TPCs.  The test beam experiment will be located in the Fermilab Test Beam Facility and make use of a tertiary beam similar to the one used to calibrate the MINERvA detector.  The ultimate goal is to provide a place where liquid argon TPCs can be calibrated and new ideas for detector development tested over a span of several years.

MCenter has been chosen as the location for the test beam experiment as it will be available for several years and is large enough to house a cryostat up to several meters long and a meter or more in diameter.  It also has convenient access to the experimental areas through large roll-up doors, making installation of the cryostats straightforward.

The group working toward this goal has decided on a phased approach.  The first phase consists of a proposal to the NSF by Yale and Syracuse to retrofit the ArgoNeuT detector to reduce the amount of material between the beam and the active volume of liquid argon.  Data taken with the modified ArgoNeuT will be used to characterize the energy deposited in the first centimeters of electromagnetic showers in order to separate electrons from photons.  These data will also be used to calibrate the collected charge to energy conversion for single tracks and to understand how the ionization on these tracks can be used for particle identification.  The currently available data are not sufficient to constrain all known effects such as angle of the track with respect to the drift direction, temperature and density dependence and the effect of delta rays.  Additionally, this proposal provides for the installation of a PMT in the cryostat to observe the scintillation light produced by charged particles traversing the argon.  This work will inform the design of a robust and economical trigger system for future experiments.

The Fermilab contribution to the first phase is to provide engineering support and some equipment support, ensure cryogenic and oxygen deficiency hazard safety for the deployment in the MCenter test beam area, and to provide the test beam.  The university groups will modify the ArgoNeut detector and associated cryogenics.  Installation and data-taking are planned for FY13, with the goal of having measurement results ready by the start of MicroBooNE running in FY14.

The primary goals of the second phase are to calibrate the energy detected in hadronic and electromagnetic showers.  The second phase will involve the construction of a TPC that is large enough to contain energy from showers produced by particles having the energies expected for the products of neutrino interactions in beams whose energies are on the order of a few GeV or less.  The requisite size for such a detector is approximately 1m x 1m x 5m, with the length chosen to stop a 1 GeV muon.  In addition to the primary goals, this phase will study the ratio of hadronic to electromagnetic energy in the showers, attempt to determine directionality based on the orientation of delta rays along the muon tracks, refine particle identification techniques, and continue the study of the dE/dx for several particle species.  This phase could also potentially study backgrounds to proton decay experiments using a tagged kaon beam.

The pumping and filtration system for the large test beam detector will be based on the designs currently available from the MicroBooNE experiment.  The cryostat will be designed to provide easy access to the TPC and interior so that new technologies can be tested as they are developed.  For instance, light collection with waveguides could be compared to that with PMTs.  Also, novel readout schemes like using large electron multiplier plates could be tested, as well as different configurations of electronics.

The roles of Fermilab and the outside groups in the second phase are delineated as follows.  Fermilab will provide the beam and the cryogenic infrastructure such as the cryostat, filtration and pumping system, and any necessary cryogenic safety equipment.  Other groups will provide the active detectors for use in the beam.  This plan capitalizes on the strengths of Fermilab, such as cryogenic engineering and system design, while enfranchising outside groups to also play a significant role.  Depending on the availability of resources, design and acquisition of long lead time items will start in FY13, with construction following in FY14.

[bookmark: _Toc202313325][bookmark: _Toc202371469]Liquid Argon Photodetection Test Stand

Fermilab is planning to develop a liquid argon detector of modest size with excellent phototube coverage that can be used to study details of light propagation and absorption in liquid argon.  This R&D effort has the potential to provide information that could impact the LBNE design and substantially reduce the amount of data that needs to be recorded by LBNE.

The proposed liquid argon neutrino test detector is conceptually similar to dark matter detectors of a similar type. The detector will have a total of 14 8” PMT’s, observing a 500 kg volume of argon. Pulse-shape discrimination of the scintillation light will be used to distinguish between nuclear recoil and electron recoil interactions in the liquid argon to distinguish neutrino interactions from background events.  The majority of electromagnetic and neutron backgrounds will be rejected using the standard active and passive shielding methods together with self-shielding fiducialization. Light absorption as a function of impurities will be studied with this device.  The detector will be installed in PAB.  The goal is to have the new photodetector test stand operational by the end of FY13.

[bookmark: _Toc202313326][bookmark: _Toc202371470]Track Trigger Development

A central theme of work on tracking for future collider experiments will continue to be the integration of increased functionality, especially triggering, into front-end sensors.  A Track Trigger system at level one is a central part of the CMS strategy for high luminosity LHC and a focus of work at Fermilab and collaborators.  The goal of Track Trigger R&D is to develop a set of technologies that will enable an all-silicon track-based trigger at level 1 (less than 6.4 microseconds).  Such a level 1 track trigger must be at least a factor of 400 faster than planned level 2 SVT/FTK-like systems. This is accomplished by using local correlations of hits between pairs of silicon sensors separated by ~1mm (stubs) to eliminate hits from low pT tracks in a tracker designed for hierarchical stub/tracklet vector/track finding. Local correlation of hits, which is crucial to efficient stub and track finding, is enabled by 3D technologies which allow communication between stacked sensors. Fermilab is leading the work on a suite of technologies related to the implementation of such a system including:
1. 3D integration of sensor and readout using through-silicon-via wafers and oxide bonding technology. 
2. Interposers which can connect top and bottom sensors 
3. Development of high yield large area pixilated arrays by combining 3D readout/sensor integration and active edge technology. 
4. Development of very high speed asynchronous data transmission ASIC technology which can send large volumes of data without using a system clock.  
5. Development of off-detector algorithms and track finding systems. 
6. Development of large area modules and mechanical supports. 
7. Items 1, 3, and 4 are described in more detail in the sensors thrust. 

The 3D track trigger hierarchical stub/tracklet/track design minimizes the complexity of interconnections and emphasizes local processing for each of the components. As such it is quite different than SVT/FTK-like designs which must route all relevant data into large associative or content-addressable memories. Fermilab has developed a conceptual design of the full system which can deliver a full set of tracks within 1.5 microseconds. In this design modules consist of pairs of sensors about 1mm apart which define stubs with PT>2.5 GeV.  Rods contain top and bottom modules separated by about 4 cm.  Stubs from modules are combined off-detector to form “tracklets.”  These tracklets have sufficient momentum and position resolution to limit the search window in other layers to a few mm. Tracks can be formed by combining tracklets with either stubs or other tracklets. This system is robust against loss of individual sensors, modules, or layers.  Fermilab, in collaboration with Boston University, Cornell University, and Brown University groups is in the process of developing a conceptual engineering design for the trigger based on industry standard FPGA technology.

The interposer serves the function of transmitting the digital signals between chips as well as bringing the analog signals from the top sensor to the VICTR chip.  Small (5x5 mm) silicon interposers were fabricated in the Cornell Nanofabrication Facility and will be used to bond the demonstration stack using BNL sensor wafers and the VICTR.  The process has been demonstrated at UC Davis by bonding a BNL top sensor chip to the Cornell interposer and a dummy bottom chip.

New PC board materials, such as Arlon-85, are sufficiently well CTE matched to silicon that large modules can be built with acceptable thermal stresses.  Full size (10x10 cm) Arlon interposer boards have been fabricated with circuitry mimicking our expectations for a full size VICTR chip.  These boards will be bonded at UC Davis to daisy chain test wafers fabricated at Cornell to demonstrate the ability to bond large scale modules needed for CMS.

The rod concept requires a long, stiff, low mass support structure to carry individual modules as well as cables and services.  In collaboration with UC Davis, short prototypes of rods built as carbon fiber box beams have been designed and fabricated.  The rods are co-cured with a copper clad kapton skin which provides electrical shielding.  They have recently been redesigned as two “C” sections which are bridged by a carbon fiber plane that supports the modules. This simplifies the design and fabrication of the mandrils used in the composite layup.  Thermal and mechanical models of the modules have also been constructed to confirm that they provide acceptable performance.

Over the next three years these technologies will be developed so that they are ready for industrialization.
· In FY13, fabrication of fully active tiles which can be butted on all four sides will be demonstrated.   These will use 3D oxide bonded electronics to provide back-side connections in the body of the device and active edge processing to minimize dead area. 
· In FY14, a design will be developed for the on and off detector electronics to provide a set of tracks every LHC beam crossing.  In the following years prototypes and test boards will be produced.
· In FY14 or FY15, prototype readout ASICS which will find clusters and track stubs >2.5 GeV (VICTR and VICTR2) will be fabricated and tested.
· Following the successful completion of these steps, small modules with fully functional tiled arrays and readout ASICs will be built.
The CMS project is expected to provide partial funding for this work.


[bookmark: _Toc198654379][bookmark: _Toc199168936][bookmark: _Toc199169186][bookmark: _Toc202313327][bookmark: _Toc202371471]Solid Xenon Detector

The solid (crystalline) phase of xenon inherits most of the advantages of using liquid xenon as a detector target material for low energy particles; transparency, self-shielding, absence of intrinsic background, and ionization drift. In the solid phase, even more scintillation light yield (∼60/keV) is reported compared to the liquid phase (∼40/keV).  The formation of a crystal lattice allows new possibilities for searches for rare phenomena, for example detection of solar axions via coherent Bragg scattering.  The possibility of phonon readout may also provide the improved energy resolution needed for observing neutrino-less double beta decay.

Operation at sub-Kelvin temperature is natural for the solid phase, using superconducting sensors to read out photon, ionization, and phonon signals. Demonstrated progress from liquid xenon experimental groups on xenon purification shows substantially reduction in the radioactive krypton source down to ppt level.  Furthermore, solid xenon needs only to be purified once before freezing,  unlike liquid xenon which must be recirculated for purification causing potentially another source of bulk contamination. Therefore, the solid phase of xenon is a strong candidate for low background counting applications.

In 2010, making use of the noble liquid handling capabilities of the Fermilab’s liquid argon facility, Fermilab successfully established a detailed prescription for growing kg scale blocks of transparent solid state xenon. Current R&D is focusing on scintillation light readout and the measurement of electron drift in the solid xenon. This activity is expected to conclude in FY13.

[bookmark: _Toc202313328][bookmark: _Toc202371472]Single Photon Detection with Continuous Wave Lasers

The shot-noise-limit in continuous-wave photon sensing produces various desirable features.  First of all, technical noise such as thermal noise in the transimpedance resistor and in the photodiode preamplification stage become negligible, allowing the measurement to take advantage of the full power of the photon statistics in coherent photon beams.  In this limit, each photon can be considered to make a interferometric position measurement with resolution equal to its wavelength.  When quantum backreaction on the object being measured is negligible, the precision of position measurements improves as sqrt(N) where N can approach 1025 photons/s for Megawatt beams.  The corresponding resolution, 10-19 m/rtHz, provides an alternative means for probing exotic physics beyond the TeV scale.  Similarly, with an appropriately large transverse lever arm given by the diffraction-limited beam spot size in long cavities, the angular measurement resolution also improves as sqrt(N) to as good as 10-16 radians/rtHz.  While this angular resolution is possible in principle, not even the gravitational wave observatories have yet attempted to achieve shot-noise-limited angular measurements.

Finally, a bit of magic occurs in optical heterodyne detection when the measurement is shot-noise-limited.  In this case, the optical gain achieved in beating the weak signal with a strong local oscillator is equal in magnitude to the white shot noise and the signal to noise for narrow band single photon detection approaches unity.  Furthermore, the shot noise is inherently quantum in nature, resulting from the zero-point energy of the Fock vacuum.  It is therefore non-Poisson, and absolutely bounded in magnitude to be less than 2 photons per integration time with detection bandwidth decreasing as the inverse of the integration time.  Because this quantum noise has no Poisson tail, the sensitivity to low rates of exotic events improves linearly with integration time rather than as the square root. These features are well-known in the quantum optics community, but have never before been demonstrated in a single photon detection application.

In the Resonantly Enhanced Axion Photon Regeneration (REAPR) experiment currently under development, a 100 kW photon beam is generated using an optical cavity, and then smashed into an intense magnetic field from a string of available Tevatron accelerator magnets to create a beam of axions or other exotic (scalar, pseudoscalar, vector) particles.  The beam of unconverted photons is blocked by a beam dump while the axion beam passes through into a second magnetic field region.  The inverse process then occurs in which the exotic particles reconvert into detectable single photons.  A optical cavity tuned to the original photon beam energy is used to resonantly enhance the regenerated photon power.  Optical heterodyne detection can then be used to detect single regenerated photons in narrow bandwidth frequency bins.  Such an experiment could achieve an order of magnitude better sensitivity than solar axion searches on the photon-axion coupling constant, and several orders of magnitude better sensitivity than current experimental limits on the mixing angle between visible photons and hidden-sector photons.
	
As a first step towards achieving narrow-band optical heterodyne detection with single photon sensitivity, two lasers have been phase-locked together in a master-slave system, The slave laser can be used as the local oscillator to amplify the single photon signal.  The next step is to engineer the high bandwidth RF photoreceivers needed to achieve shot-noise-limited measurements.  Conventional photoreceivers with frequency-independent gain are limited by the large DC photocurrent required for the white shot noise to exceed technical noise in the electronics.  At large photocurrents ~100 mA, the concerns are photodiode damage, linearity, and maintaining high frequency response despite the increased capacitance from using larger area sensors.  KA15 will fund a modest technical effort to produce photodetectors with separate DC and AC gain stages with linear response at high photocurrents, and to create timing circuitry to phase-lock the data acquisition system so that clock drift does not limit the resolution bandwidth.  This work will be done in collaboration with experimenters from the gravitational wave community who are interested in applying quantum optics techniques to searches for exotic particles.  A demonstration of single photon sensitivity is expected in FY13.


[bookmark: _Toc202313329][bookmark: _Toc202371473]Research Plan – Data Acquisition and Computing

[bookmark: _Toc202313330][bookmark: _Toc202371474]Introduction

Fermilab scientists and engineers conduct a wide range of R&D activities that are grouped together under the DAQ & Computing thrust.  The development of VIPRAM, a 3D associative memory ASIC, leverages Fermilab’s pioneering R&D on the application of 3D IC technology to HEP.  A new effort to develop a DAQ system for an array of Microwave Kinetic Induction Detectors (MKIDs) will build on experience gained during the development and construction of DECam.  Work will continue on the development of optical data links and the application of xTCA standards to HEP.  Many scheduled and planned Intensity Frontier experiments rely on a large number of high speed digitizer channels.  Fermilab expects to respond to the needs of future intensity frontier experiments for high speed cost effective DAQ and computing systems as those needs are appreciated and articulated.
[bookmark: _Toc202313331][bookmark: _Toc202371475]VIPRAM

A Collider Detector R&D (CDRD) proposal was recently approved by the DOE to support the development of a “3D Vertically Integrated Pattern Recognition Associative Memory (VIPRAM).”  This R&D will be a collaborative effort including Fermilab, U. Chicago, Argonne, INFN Padova, and Tezzaron Semiconductor.  The goal of the project is to use 3D technology to develop an associative memory ASIC tailored to the task of fast track finding that will have capabilities far exceeding what is possible using traditional planar integrated circuit technology.

A critical figure of merit for an Associative Memory (AM) based track reconstruction system is the number of predetermined track patterns (roads) that can be stored in the memory bank.  Wider roads using coarser resolution require fewer memory cells, but the number of roads satisfied by random hits and consequently the number of fits required at the track fitting stage increases quickly as detector occupancy increases.  If the roads are very narrow, the number of fake roads is reduced, but the size of the required AM is much larger.   Future associate memory designs will require many more stored patterns per unit area at less power per pattern and at greater speed than those used to date.  Obviously, with smaller feature size, more AM cells can be made in the same area.  Furthermore, both power and speed are directly proportional to load capacitance which is itself related to feature size.  However, there is a limit to the improvement that can be made by scaling alone.  Scaling reduces gate delay, but increases interconnect delay.  Load capacitance is the sum of the gate capacitance of any load gates, the diffusion capacitance of the driving gates, and the parasitic capacitance of the interconnect wires.  As feature sizes get smaller and smaller, interconnect capacitance quickly begins to dominate, so load capacitance and therefore power and speed stop scaling with technology node.  Therefore, the ultimate solution is a conservative approach to feature size reduction together with an aggressive approach to interconnect reduction.  This is not possible in two dimensions.  It is a simple fact of geometry that area required is proportional to the number of memory cells implemented in any particular feature size.  If the number of memory cells is increased, the design must be spread out.

[bookmark: _GoBack]The use of 3D IC technology allows many more AM cells to be physically close to one another, which greatly reduces the interconnect capacitance.  It also allows for simplified routing of match lines from memory cells to “road glue logic” and majority logic.  The required interconnects are very similar to those required for the 3D memory already developed by Tezzaron.  VIPRAM is being designed for use with an 8 layer tracker.  Assuming layout in 130nm CMOS, a road density of approximately 200,000/cm2 is expected.  This is to be contrasted with a maximum of 50,000/cm2 for the same circuit realized in 2D using 65nm CMOS.

As is described in the “Sensor Thrust” section of this document, Fermilab engineers will make measurements during FY13 of electrical and thermal properties of test wafers thinned and bonded into a multitier 3D structure by Tezzaron using copper thermal compression wafer bonding.  These measurements will be important for the electrical and thermal design of VIPRAM.
[bookmark: _Toc202313332][bookmark: _Toc202371476]CCD Read Out

Fermilab has developed and tested a digital filter algorithm that significantly reduces CCD readout noise.  The video output of the CCD is sampled multiple times rather than once per readout cycle, and the digitized information is used to estimate and subtract low frequency noise present in the signal.  A noise level of 0.5 electrons has been achieved using this method to read out a DECAM CCD.   During FY13 this algorithm will be implemented in an FPGA on a commercial CCD controller.  This implementation will allow for easy distribution of the technology to end users.  One likely application is the DAMIC-sur dark matter search, which is proposed for installation in a mine in Chile.  Another is an experiment proposed to search for low threshold neutrino-nucleus scattering using neutrinos from a nuclear reactor in Brazil.

The last R&D step in preparation for the DAMIC dark matter experiment will be taken during the fall of 2012 with the installation of a 10g CCD array at SNOLAB.  There are three goals for this test.  First, the performance of a new low radioactivity CCD package will be verified.  Second, a demonstration will be performed of the feasibility of neutron background monitoring using a Boron-10 film next to the device.  Finally, the test will demonstrate that a CCD system can achieve a background count rate of ~10 Hz/keVkg.
[bookmark: _Toc202313333][bookmark: _Toc202371477]MKID Imager

Fermilab is planning a new R&D effort in collaboration with U.C. Santa Barbara and Argonne to develop Microwave Kinetic Induction Detectors (MKIDs) for use in a telescope focal plane camera.  An MKID is a superconducting structure that is resonant in the microwave region.  Individual photons with wavelength between 3000nm and 200nm that impinge on an MKID can cause the dissociation of Cooper pairs, resulting in a shift of the resonant frequency that depends on photon energy. MKIDs are fabricated with a number (currently up to 512) of LC resonators, each about 100 microns by 100 microns, connected in parallel to a “feedline.”  Each resonator is tuned to a different frequency.  The array is read out by injecting a “frequency comb” on the feedline, and analyzing the reflected signal.

Fermilab scientists are interested in the possibility of using MKIDs as a tool for the study of dark energy.  A focal plane camera consisting of MKIDs could collect spectroscopic data in the IR, visible, and UV bands simultaneously over the entire field of view while simultaneously producing an image.  An MKID camera could be far superior to any current multi-object spectrograph.

The UCSB group is one of the worldwide leaders in the development of MKID technology.  UCSB will concentrate on improving the MKID devices and the associated cold electronics.  Fermilab has extensive experience in the packaging of cryogenic focal plane devices, as well as RF electronics and sub-kelvin cryogenics expertise.  Fermilab will develop focal plane device packaging and a high rate data acquisition system.  Members of the Argonne X-ray Science Division will test prototype devices.

Over the next three years, Fermilab will develop a packaging solution for mounting several MKID arrays, with associated cold electronics and readout cables, on a focal plane, with the goal of building a 100,000 pixel prototype imager.  One of the first elements that will be developed is a flexible circuit with good RF performance and low heat conduction.  This will be critical to keeping the heat load and spatial constraints manageable.  Fermilab will also work to develop an RF readout system that will have larger bandwidth than the current state of the art.  The goal is to increase the number of MKIDs that can be attached to a single feedline (currently 512) by a factor of five.  At the back end of the readout system, a 100,000 element MKID imager is expected to produce a data rate of 10 Gbps.  Fermilab engineers will also work to develop a cost effective data acquisition system for this throughput.

The Director of the SOAR 4m telescope has indicated that if this development succeeds in building a 100,000 element imager, he would like to install it on the telescope and host the instrument. 
[bookmark: _Toc202313334][bookmark: _Toc202371478]Optical Data Links

As part of the CDRD (Collider Detector R&D) activities for which a grant was awarded in 2012, Fermilab is working with SMU and Ohio State to develop rad hard VCSEL array based optical transmitters in a small form factor suitable for use on the front end of a particle detector experiment. The target application is a 12 fiber parallel system with each channel operating at 10 Gbps for an aggregate bandwidth of 120 Gbps. Fermilab is working to design and fabricate parallel optical assemblies including commercially available Vertical Cavity Surface Emitting Laser (VCSEL) arrays and off the shelf or, if necessary, custom optical components to couple the laser light to fiber ribbons. Fermilab engineers have tested prototype devices obtained from a vendor of packaged VCSEL arrays and optics and characterized their DC performance and thermal behavior.  Components that show good radiation tolerance will be assembled with array driver ASICs to implement compact multichannel modules. SMU is leading the effort to develop rad hard serializers needed to interface the readout electronics with the array laser drivers that directly modulate the VCSEL arrays. Ohio State is developing the laser driver arrays for the application. Each group will provide the necessary test structures for characterization in radiation testing. Once each of these individual solutions is demonstrated (in the electrical and optical domains independently), the collaborators will work together to construct a prototype module that integrates the serializers, laser drivers, VCSEL arrays, and optical coupling.

In collaboration with Argonne National Laboratory, the University of Chicago and Vega Wave Systems, Fermilab is investigating the use of low power optical  modulators (including electro-absorbtion modulators (EAMs) and Mach-Zehnder Modulators (MZMs)) combined with wavelength division multiplexing (WDM) to develop detector readout systems with far fewer optical fibers between the data acquisition equipment and the detector elements. The approach will deliver multiple continuous wavelengths (originating in lasers off the detector) over a single fiber to the front end of the detector than in .0current DAQ systems. Each channel of the readout system will include a compact modulator to externally modulate the readout data onto the received wavelength. These multiple wavelengths of modulated signals would then be multiplexed (using arrayed waveguide gratings as multiplexers) onto a single mode fiber and sent back upstream to the data acquisition system. In addition to reducing the fiber plant needed in the experiment, this approach is expected to reduce the power dissipation on the detector by eliminating laser diodes from that part of the experiment using low power external modulation techniques.

Argonne will provide selection and testing of modulator architectures and components including the evaluation of devices under radiation. Fermilab will provide system test capabilities and characterization of the transmission performance of prototype links constructed with modulators and WDM multiplexers and demultiplexers. Effects such as polarization and temperature sensitivity will be studied as well to determine their impact on a system based on this approach. Chicago will work to construct a facility at the Fermilab M03 beamline to replicate the cavern environment at the LHC so that devices and systems can be tested in conditions representative of future LHC upgrades. The second year of this 2 year plan will see Fermilab partner with Vega Wave Systems to fabricate integrated modulators and WDM components for the small footprints necessary to make this approach feasible in a modern detector system.
[bookmark: _Toc202313335][bookmark: _Toc202371479]xTCA

High energy physics projects, accelerators, and experiments depend on many types and large numbers of electronics components that must be reliable, since downtime is costly.  Modern telecommunications hardware includes built-in redundancy for high availability, dense serial interconnects, significantly more support for hardware self-management and monitoring, and provides superior performance compared to existing packaging standards such as VME, VXI, and Compact PCI.  The high energy physics community is considering adopting the Advanced Telecommunications Computing Architecture (ATCA) and microTCA packaging standards (collectively referred to as “xTCA”) for electronic designs.   ATCA is the baseline packaging standard in the Reference Design Report for the ILC control system.  Both ATLAS and CMS are making plans to implement upgraded readout and control systems using xTCA.  In an effort to make these standards more generally useful for HEP experiments, SLAC, FNAL, DESY, and IHEP, along with two industrial companies formed the “xTCA for Physics Coordinating Committee Technical Subcommittee” (CCTS) of the “PCI Industrial Computer Manufacturers Group.”  The technical subcommittee wrote specifications that extend the microTCA specification to allow rear I/O.

ATCA crates are large and expensive.  A typical 14 slot ATCA chassis occupies 12 or 13 rack units (12U or 13U).   Each shelf slot is 1.2” wide and is intended to accommodate a carrier card (“blade”) which in turn can support up to three Advanced Mezzanine Cards (AMCs).  MicroTCA is a crate standard that allows AMCs to be plugged directly into the backplane without the use of a carrier card.  MicroTCA crates come in a number of different form factors, but all are significantly smaller and less expensive than ATCA crates.  MicroTCA is appropriate for small to moderate sized systems and for AMC development.

Fermilab engineers designed and built their first AMC printed circuit board in 2012.  In April 2012, this device was connected to the MTest pixel tracker CAPTAN readout system and successfully used as an event builder.   During FY13 the group will design and fabricate an improved event building AMC for use with CAPTAN readout systems.  It will also design an AMC with parallel optical engines for use in testing high rate optical data links.  These projects will allow Fermilab engineers to become proficient in designing within the xTCA standard without incurring additional expense and also provide a demonstration to the HEP community of the advantages of the xTCA standards. 
[bookmark: _Toc202313336][bookmark: _Toc202371480]Simulation of High Resolution Calorimetry

The design of high resolution calorimeters for any future lepton collider will rely heavily on simulation.  Detailed simulations done at Fermilab have demonstrated that total absorption hadronic calorimeters can achieve much better energy resolution than any calorimeter used in an experiment has achieved to date.  It is disturbing however, that simulations done using different versions of GEANT4 yield significantly different results.  During FY13, a thorough analysis of these differences will be performed.  This work will be carried out in collaboration with the GEANT4 group at Fermilab.

One of the shortcomings of GEANT4 that has already been identified is the lack of energy conservation in the modeling of hadron-nucleus collisions.  The “invisible” energy in hadronic showers, which fluctuates greatly event to event, it primarily related to nuclear spallation and nuclear evaporation.  These processes are of critical importance to design studies relating to nuclear energy, and are well modeled by the MCNPX code maintained by Los Alamos National Laboratory.  Fermilab physicists and computer scientists will evaluate the capability of GEANT4 to model nuclear processes by comparing GEANT4 simulations to MCNPX simulations.

[bookmark: _Toc202313337][bookmark: _Toc202371481]Homogeneous Dual Readout Calorimetry

DOE has recently provided funding to a collaboration of CalTech, Argonne, and Fermilab to develop cost-effective crystal scintillators for use in large dual readout calorimeters.   The simulation environment developed at Fermilab in the context of lepton collider detector studies will be extended as part of this activity.  Fermilab scientists will work in collaboration with scientists from GSI, Darmstadt to study the response of crystals after exposure to radioactive sources and to nuclear beams at the GSI Single Ion Irradiation Facility.  This work may be done together with scientists from CERN, Saclay, Cyprus, and Milano.

Fermilab has participated in the organization of a series of workshops dedicated to discussion of the development of inorganic scintillators.  These workshops have been attended by industrial representatives as well as university researchers.  Three workships have taken place so far.  Fermilab scientists will continue to participate in the organization of this series of workshops.  In addition, a session dedicated to inorganic materials for hadron calorimetry is planned for the SCINT conferences and at IEEE symposia.  Fermilab scientists will continue to nurture a relationship with SICCAS in Shanghai and will assist in the testing and characterization of materials as appropriate.
[bookmark: _Toc202313338][bookmark: _Toc202371482]Software Framework for DAQ

Fermilab computing professionals and scientists have developed analysis software infrastructure that is used by a number of experiments.  Notable examples include the CMS analysis framework and the easier to use “art” framework developed initially for the Mu2e experiment, which has also been adopted by NOvA, MicroBooNE, and is being considered by the g-2 collaboration.  The same group that developed art has proposed the development of software infrastructure to support data acquisition, both for medium to large scale experiments, and for smaller scale detector R&D efforts.

The proposal for a DAQ framework (artdaq) is informed by use cases collected from specifications of the DAQ systems for mu2e, LBNE, g-2, DarkSide-50, MicroBooNE, and for the NOvA data driven trigger.  All these systems have in common the need to do signal processing from many high-speed digitizer channels.  The proposal includes both software for development of test stand controls and monitoring, and software for processing and real time analysis of collected data.  The system will include a standard interface between firmware/hardware layers and software layers, permitting highly customizable components at the software filtering layer and at the low level front end electronics layer.

The level of effort proposed to support this development is modest; about 1 FTE for three years.  However, it is unlikely that it will be possible to undertake this development unless more funding is available than currently projected.
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