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There are many results coming from the Fermilab Detector R&D program in the three years since the last review. A few of the notable achievements are:

· The R&D of ASIC devices that Fermilab and collaborators have performed has resulted in industrialization of the 3D techniques the lab has been exploring since 2006. This long term development effort has the potential for huge impact, both in High Energy Physics and in applications outside the field.  But it also has significant associated risk, since the key underlying technologies are still being developed and many technical variants exist. 

· A large amount of work in developing liquid Argon detectors has been performed, resulting in electron drift measurement in a multi-ton test detector, as well as important developments such as operation of PMOS readout electronics in the cryogenic fluid.

· CCD research has resulted in readout techniques that give less than 1 electron RMS noise level, and the goal is to develop this technique on an FPGA board, applicable to any existent CCD output.

These, and many other results, are highlighted in this achievements section.  Unfortunately, due to space limitations, various achievements in collider detector track triggering, calorimetry and bubble chamber technology are not being described.

The final part of this section explains how Fermilab’s achievements in R&D have addressed the concerns arising from the 2009 DOE Review of Detector R&D.


[bookmark: _Toc202310327][bookmark: _Toc202371843][bookmark: _Toc202372001][bookmark: _Toc202373153]Achievements – Sensors and Electronics
[bookmark: _Toc202310329][bookmark: _Toc202371844][bookmark: _Toc202372002][bookmark: _Toc202373154]MIT 3D SOI

Fermilab’s first 3D ASICs (which were the first HEP 3D ICs) used the MIT Lincoln Laboratory Silicon On Insulator (SOI) 3D process.  The Vertically Integrated Pixel (VIP) ASIC was conceived of as a readout chip for an exceedingly thin pixel detector (with very small pixels) for the ILC.  The Lincoln Laboratory process has the advantage of very well established wafer bonding and thinning, but the fully depleted SOI process is not well suited for analog applications and has larger feature size than advanced commercial processes.  The final Fermilab designed ASIC (VIP2a) using this process was received and tested late in 2009.   The analog front end of VIP2a, which was laid out using design rules modified at Fermilab based on failings of the earlier prototypes, worked well, as did all of the Through Silicon Via (TSV) interconnections between circuit layers.  However, because of the shift of emphasis away from the ILC and the expectation that SOI processes will not be radiation tolerant enough for use at the LHC, this line of development was concluded after the tests of VIP2a.  Notably, the low power auto zeroed discriminator designed for VIP2a worked very well (with a measured offset of less than 300 mV across the IC) and is now a standard element of Fermilab pixel readout design.
[bookmark: _Toc202310330][bookmark: _Toc202371845][bookmark: _Toc202372003][bookmark: _Toc202373155]Tezzaron/Global Foundries 3D

During 2009, Fermilab focused its attention on a 3D process developed by Tezzaron, Inc. (Naperville, IL) in collaboration with Chartered Semiconductor of Singapore (since purchased by Global Foundries).  This process uses a bulk CMOS IC process with modifications to allow the top copper metal layer to be used for face-to-face wafer bonding, and to include vias that extend 6 microns into the bulk material.  After wafer bonding, one of a pair of wafers can be back thinned to expose the deep vias, and metal pads deposited that are suitable for wire bonding or for further wafer bonding.  Until 2011, Tezzaron contracted with the Institute of Microelectronics (IME) in Singapore for copper thermal compression wafer bonding, wafer thinning, and back side metallization.

Fermilab organized an international consortium of 16 institutions from Italy, France, Germany, Poland, Canada, and the U.S. and coordinated a 3D MultiProject  Wafer (MPW) submission to Tezzaron.  Fermilab engineers specified a symmetric layout of ASIC tiers within the reticule and of reticules on the wafer to allow two circuit tiers to be manufactured with one set of masks.  Designs from consortium members were collected by Fermilab and assembled into one reticule layout with the necessary symmetry.  Fermilab developed 3D specific standard cells including (wafer) bonding interface cells, 3D pads, and chip frames for the individual designs.  Fermilab designed three ASICs as part of this MPW submission: 
· VIP2b, a version of the fine pitch pixel readout chip realized earlier in the Lincoln Laboratory process.
· VICTR1 (Vertically Integrated CMS Tracker), a chip designed to demonstrate the possibility of integrating a silicon detector with short silicon strips with the readout and logic required to identify high transverse momentum tracks for use in the lowest trigger level of an upgraded CMS detector.
· VIPIC1 (Vertically Integrated Photon Imaging Chip), a chip designed to measure x-ray position and arrival time.  A window discriminator allows operation in a counting mode for an adjustable range of x-ray energy.  The chip is intended for use at advanced photon sources.

Tests of unbonded wafers performed late in 2010 and early in 2011 verified that all of the Fermilab circuit elements that could be tested (and indeed essentially all testable circuits submitted by members of the consortium) performed as expected.  These results demonstrated that the device models and extracted parasitic parameters of the Global Foundries 130nm CMOS process provide an excellent  basis for analog circuit design.

Tezzaron’s first attempt to produce bonded wafers met with limited success.  Late in 2010, Tezzaron decided to end its contract with IME and have wafer thinning and bonding done in the United States.  Processing was delayed as Tezzaron tentatively decided to purchase wafer bonding equipment from EV Group (EVG).  EVG in Arizona (and later in Austria) bonded wafers for Tezzaron in order to demonstrate the capability of the equipment.  Tezzaron contracted with Ziptronix (North Carolina) for wafer thinning and back side metallization.  The first three bonded wafer pairs were delivered to Fermilab in September 2011.  Unfortunately, two of the three wafer pairs were not bonded successfully, and all three pairs had a 1–2 micron misalignment between the top and bottom tiers.  This resulted in power to ground shorts in essentially all of the circuits, and lack of routing interconnection between tiers.

The VICTR1 chip, which has only data interconnections between its two circuit tiers, could be more fully tested than most other designs.  Tests done at Fermilab and at Cornell verified that both the top and bottom tier circuitry worked as expected after thinning and back side metallization.  This was significant because all contact with the chips was made through the TSVs exposed by thinning.  A second set of bonded wafers was received in June 2012. Testing has begun on these Tezzaron/Ziptronix wafers and initial results indicate a better yield for 3D connections and improved inter-tier alignment.

Even with these delays and setbacks, global interest in the Tezzaron 3D process has grown steadily.  In 2010, the major silicon MPW brokers in the U.S., Canada, and Europe (MOSIS, CMC, & CMP) decided to offer MPW access to the Tezzaron/Global Foundries 3D process.  Fermilab consulted with MOSIS and provided the 3D specific templates and other elements of the design kit that were developed for the IC Consortium submission.  The first MOSIS/CMC/CMP submission closed in November 2011 and is in fabrication now, with delivery scheduled for August 2012.
[bookmark: _Toc202310331][bookmark: _Toc202371846][bookmark: _Toc202372004][bookmark: _Toc202373156]
Monolithic Silicon on Insulator (SOI) Sensors

Fermilab has worked with two vendors to develop and extend SOI detector and readout technology.  This work was begun in the context of the effort to develop ultra thin and low power pixel sensors for the ILC.  The primary limitations of this technology are the “back gate” effect and feedback through the unshielded interface between the active circuitry and the sensor.  SOI circuits are fabricated in a thin silicon layer separated by an insulator from the silicon “handle wafer” that provides mechanical support.  Monolithic SOI sensors use the handle wafer as a sensor.  Charge is collected through diode junctions that extend through the insulating layer into the handle wafer.  Unfortunately, the voltage used to fully or partially deplete the handle wafer also affects the performance of transistors on the active surface of the IC.  Charge accumulated in the insulating layer can also affect the transistors.  The bulk silicon can also act as an unintended feedback path between different circuit nodes resulting in oscillation.

Fermilab has been a member of the SOIPIX collaboration since 2006.  This activity is partially funded by the US-Japan HEP collaboration and is formalized by an MOU between Fermilab and KEK.  The goal of the collaboration is the development of SOI detector technology using the OKI (now Lapis semiconductor) SOI process.  Early prototype circuits demonstrated a severe back gate problem in this process.  Fermilab engineers suggested and co-developed (with OKI/Lapis) a nested well deep ion implantation technique to mitigate the back gate effect.

The nested well structure was included for the first time in a test chip submitted in 2011 called Monolithic Active Matrix with Binary Counters (MAMBO5).  MAMBO5 is a prototype x-ray counting chip.  Each 105 micron square pixel contains an amplifier, shaper, baseline restorer, window comparator with separately adjustable upper and lower thresholds, and a 12 bit counter.  The counters can be connected into a shift register to read out an exposure.  MAMBO5 was manufactured in February 2012 on a low resistivity handle wafer and is currently undergoing detailed tests.  These tests have verified that all of the MAMBO5 circuitry functions as designed and that the nested well structure protects the in-pixel logic from the back gate effect.
 
Fermilab has also participated in a series of SBIRs with American Semiconductor Inc. (ASI). In this work a special transistor (the FLEXFET), developed by ASI and implemented in the Silicon Valley Technology Center (a division of Cypress) SOI process, is used to address the back gate problem. The FLEXFET incorporates an independently adjustable gate underneath the transistor body, which serves to shield the transistor from substrate bias as well as from the affect of charge buildup in the insulating layer caused by radiation.   Fermilab tests of devices produced by ASI have shown that the FLEXFET does not show any significant back gate effect.  However, the FLEXFET structure does not shield metal routing lines.  In a Phase 1 SBIR, good SOI sensor performance was demonstrated in devices that had been thinned to 50 microns and laser annealed (at Cornell, using a process developed by Fermilab and Cornell).   In a subsequent Phase 1 SBIR, the Fermilab “MAMBO” imaging chip design was adapted by ASI to use FLEXFET transistors.  Fermilab and ASI are now funded in a Phase 2 SBIR project to fabricate these devices on full wafers.  The first wafers have been received at ASI and initial testing is complete.  Fermilab plans to fully characterize these devices during summer 2012.
[bookmark: _Toc202310332][bookmark: _Toc202371847][bookmark: _Toc202372005][bookmark: _Toc202373157]Tests of Sensors for Extreme Radiation Environments

At the HL-LHC, the inner layers of a vertex detector will need to operate in an extremely hostile radiation environment.   The total dose in the working lifetime of the detector is expected to exceed 1016 (equivalent 1 MeV n)/cm2.  This is an order of magnitude beyond the capability of the existing LHC pixel sensors.  Fermilab scientists and engineers are engaged in a number of collaborations to develop a new generation of radiation tolerant vertex detectors.

Using the CAPTAN DAQ system and the pixel tracker previously installed at the Fermilab Test Beam Facility, the Fermilab group has facilitated a large number of tests of prototype sensors to characterize performance before and after irradiation.  This effort has been accomplished together with strong collaboration of institutes from the U.S. and Europe.  Preliminary results show excellent performance from 3d silicon sensors and 200mm thick planar silicon sensors before irradiation.  Single crystal diamond, though limited in size, also performed well before irradiation. Acceptable performance was achieved by a “large” polycrystaline diamond sensor (1.6cmx2.4cm, large enough for a 2x3 module).   After irradiation, even at a fluence of 5x1014 800 MeV proton/cm2, the 3d sensors performed well.  They could be operated at 30V with charge collection efficiency well above 60%.  The observed inefficiency was due to the fact that the readout chip could not be operated with a threshold of less than 2500 e-.  The next generation of pixel readout ASICs is expected to allow stable operation at significantly lower threshold; these tests underline the importance of this feature.
[bookmark: _Toc202310333][bookmark: _Toc202371848][bookmark: _Toc202372006][bookmark: _Toc202373158]Large Area Picosecond Photo Detector (LAPPD) project

The goal of the LAPPD project is to produce a new generation of phototubes that are large (8" square), and have exquisite position and timing resolution.  The tubes will employ MicroChannel Plates (MCP) for amplification and could provide time measurements with 5 psec. precision.  This precision will be maintained by stripline readout into a high speed ASIC.   Individual phototubes are intended to be daisy chained, with each stripline connected to the following phototube.  Very large photosensitive areas can be tiled in this fashion.

Fermilab has been a part of this project since its inception.  Much of the initial work on timing resolution with MCP phototubes was done at the Fermilab Test Beam Facility in 2009. Fermilab has contributed to the project by coating nickel chromium electrodes onto the MCPs using the Thin Film Facility in Lab 7.  Small samples that had been activated using atomic layer deposition at Argonne, came to Fermilab for final electrode processing and shipment back to Argonne for testing.  None of the existing deposition tanks were large enough to accommodate 8” diameter MCPs and a commercial solution was cost and time prohibitive.  The lab decided to support the LAPPD project by building a new, tall evaporative coating facility that could handle the 8" MCPs.  This equipment was commissioned in 2012 and has since been slowly but steadily handling a series of large activated MCPs. 

In addition to the vapor deposition of MCP electrodes, Fermilab has provided technical expertise in the development of a photocathode research stand at ANL.   This stand is intended to study the creation of photocathodes, with the goal of developing high (>40%) quantum efficiency cathodes.  Fermilab personnel created a large glass vacuum structure and an array of evaporative “wells” where different alkali metal mixtures and other compounds can be evaporated onto the inner glass wall.  The quantum efficiency can be tested in situ.
[bookmark: _Toc202310334][bookmark: _Toc202371849][bookmark: _Toc202372007][bookmark: _Toc202373159]Fast Timing
Studies on the ultimate timing resolution obtainable with microchannel plate  photodetectors and with silicon photomultipliers that were started in previous years continued in 2009 and 2010.  Test beam measurements demonstrated time of flight resolution of better than 10 psec. using MCPs and better than 20 psec. using SiPMs.  Bench measurement reviled a wavelength dependence of the timing resolution of SiPMs.   Fermilab worked with STM to determine that the doping profile affects this differential resolution.  STM produced a P-in-N SiPM (previous devices were N-in-P) and Fermilab measurements showed improved timing resolution, with less dependence on wavelength. 

A Strategic Collaborative Initiative grant proposal to the University of Chicago to apply the use of time of flight measurements using SiPMs to positron emission tomography (PET-TOF) was approved largely because of the success of this program of measurements.  The PET R&D is proceeding in collaboration with the University of Chicago.


[bookmark: _Toc202310335][bookmark: _Toc202371850][bookmark: _Toc202372008][bookmark: _Toc202373160]Talks and Publications – Sensors and Electronics Thrust

3D ASICs
· “Monolithic active pixel matrix with binary counters (MAMBO III) ASIC.”, F. Khalid et al, PoS VERTEX2010 (2010) 029, FERMILAB-PUB-10-580-PPD.
· “Vertically Integrated Circuits at Fermilab”, Grzegorz Deptuch et al, IEEE Trans.Nucl.Sci. 57 (2010) 2178-2186
· “3D design activities at Fermilab: Opportunities for physics” , R. Yarema et al, in Nucl.Instrum.Meth. A617 (2010) 375-377.
·  “The via revolution.”, R. Yarema, in PoS VERTEX2010 (2010) 035
· “Demonstration of fine pitch FCOB (Flip Chip on Board) assembly based on solder bumps at Fermilab.” M. Trimpl et al. FERMILAB-TM-2447-E-PPD. Nov 2009. 4 pp. Published in JINST 4 (2009) T11001
·  “Pixel Detectors in 3D Technologies for High Energy Physics”, G. Deptuch et al, IEEE 3D Systems Integration Conference (3DIC), Munich, Germany, 2010, pp. 1-4.
· “VIPIC IC - Design and test aspects of the 3D pixel chip”, G. Deputch et al, 2010 IEEE Nuclear Science Symposium Conference Record, Orlando, FL, USA, 2010, pp.1540-1543.
· “Vertically integrated pixel readout chip for high energy physics.” Grzegorz Deptuch FERMILAB-CONF-11-020-PPD. Jan 2011. 4 pp., Presented at Conference: C11-03-21.1
· “Monolithic Active Pixel Matrix with Binary Counters (MAMBO) ASIC”, F. Khalid, et al FERMILAB-CONF-10-478-PPD. Nov 2010. 7 pp.
· “Pixel detectors in 3D technologies for high energy physics” G. Deptuch, et al , FERMILAB-CONF-10-401-PPD. Oct 2010. 4 pp.
·  “Proposal for the development of 3D Vertically Integrated Pattern Recognition Associative Memory (VIPRAM).”, Gregory Deptuch et al FERMILAB-TM-2482-E-PPD. Oct 2010. 57 pp.
·    “3D detector and electronics integration technologies: Applications to ILC, SLHC, and beyond.”, R.Lipton, Nucl. Instrum. Meth. A 636, S160 (2011).
·    “3D Technology for intelligent trackers,” R. Lipton, JINST 5, C10006 (2010).
·    “A vertically integrated pixel readout device for the Vertex Detector at the International Linear Collider,” G. Deptuch et al. , IEEE Trans. Nucl. Sci. 57, 880.
·    “Development of Vertically Integrated Circuits for ILC Vertex Detectors,” R. Lipton [Linear Collider Collaboration], arXiv:0901.4741 [physics.ins-det].
·   “Architecture of a level 1 track trigger for the CMS experiment”. E. Hazen et. al., JINST 5 (2010) C08004.

Monolithic SOI
· “Developments of SOI monolithic pixel detectors”, Y. Arai et al, Nucl.Instrum.Meth. A623 (2010) 186-188.”
· “Monolithic pixel detectors in a deep submicron SOI process.”, G. Deptuch, Nucl.Instrum.Meth. A623 (2010) 183-185.
· “Noise behavior of a 180-nm CMOS SOI technology for detector front-end electronics.”, Rad Hard Vertex Detector R&D - Pixels Collaboration,  FERMILAB-PUB-08-594-PPD. 2008. 6 pp.  Published in IEEE Trans.Nucl.Sci. 55 (2008) 2408-2413
· “SOI detector with drift field due to majority carrier flow - an alternative to biasing in depletion”, M. Trimpl et al, FERMILAB-CONF-10-475-E-PPD. Nov 2010. 7 pp.

Test of sensors in Extreme Radiation Environment
· “Electrical characterization and preliminary beam test results of 3D silicon CMS pixel detector”, O.Koybasi et al., , IEEE, Trans. Nucl. Sci. 58(2011) 1315-1323
·  “Design, simulation, fabrication, and preliminary tests of 3D CMS pixel detectors for the super LHC”, O. Koybasi et al.,  IEEE Trans. Nucl. Sci. 57(2010) 2897-2905
· "Simulation an Laboratory test results of 3D CMS pixel detectors for HL-LHC", E. Alagoz et al. Submitted to JINST (2012).
· "Test-beam studies of diamond sensors for SLHC", Lorenzo Uplgger et al. ELBA 2012.
· “Test of single crystal diamond pixel detector”, S. Kwan, RD42 collaboration meeting CERN, April 2010

LAPPD
· “Development of an alkali transfer photocathode for large area microchannel plate-based photodetector.”, Z. Yusof et al, TIPP 2011-Technology and Instrumentation in Particle Physics, 2011 Physics Procedia
· “Photodetector timing research at Fermilab”, E. Ramberg et al, Acta Physica Polonica B (2010) Volume: 4, Issue: 1, Pages: 29-34

Fast Timing

· “Test of timing properties of silicon photomultiplier”, A.Ronzhin et al, NIM, A616, 2010, 38-44..
· “Development of a 10 ps level time of flight system in the Fermilab Test beam facility”, A.Ronzhin et al,  NIM, A623, 2010, 931-941.
· “Waveform digitization for high resolution timing detectors with silicon photomultipliers”, A.Ronzhin et al, NIM, A668, 2012, 94-97.
· “Waveform analysis of SiPM signals with DRS4 board”, A.Ronzhin et al,TIPP 2011 - Technology and Instrumentation in Particle Physics, 2011 Physics Procedia (2012) 1–3., www.elsevier.com/locate/procedia
· “Timing Performances of Large Area Silicon Photomultipliers Fabricated at STMicroelectronics”, Massimo Mazzillo et al , IEEE Transaction on Nuclear Science, Vol. 57, No. 4, August 2010.
·  “Test of timing properties of the Photek 240 PMT”, A. Ronzhin et al, FERMILAB-TM-2456-E (2010)
· “Fast timing detectors for forward protons at the LHC.”, M.Albrow, Acta Phys.Polon.Supp. 4 (2011) 65-70 , FERMILAB-CONF-11-169-PPD. 
Other
· “Enhancement of the ATLAS trigger system with a hardware tracker finder FTK” A. Andreani et al.. 2010. 8 pp., JINST 5 (2010) C12037
· “FPHX: A New Silicon Strip Readout Chip for the PHENIX Experiment at RHIC.”, PHENIX Collaboration,  FERMILAB-CONF-09-564-PPD. 2009. 5 pp.
·  “Enhanced blue-light sensitivity P on N Silicon Photomultipliers", Mazzillo, M, Proc. IEEE Nuclear Science Symp. Conf. Rec., 2011, pp. 538-543. 
· “Analysis of Full Charge Reconstruction Algorithms for X-ray Pixelated Detectors”, A.Baumbaugh et al, 2011 IEEE Nuclear Science Symposium Conference Record, Valencia, Spain, 2011, pp.660-667
· “Analysis of Full Charge Reconstruction Algorithms for X-ray Pixelated Detectors”, A.Baumbaugh et al.,IEEE Nuclear Science Symposium Conference Record , pp.660-667 (2011).
· “Vertex Detector  R&D Status”, R. Lipton, Report to the International Detector Advisory Group, International Workshop on Linear Colliders 2010, Geneva, Switzerland, October 20, (2010).
· “SiD VXD and tracking”, M. Demarteau, LCWS 2010 International Linear  Collider Workshop (2010).
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[bookmark: _Toc202310337][bookmark: _Toc202371852][bookmark: _Toc202372010][bookmark: _Toc202373162]Introduction to Liquid Argon Based Detectors

The scintillation and ionization properties of liquid argon make it a particularly attractive target and detection medium for neutrino detectors, and for WIMP dark matter searches.  Fermilab has extensive infrastructure and expertise in engineering, building, and operating cryogenic systems in support of superconducting magnets and RF cavities.  These resources have been utilized to support a variety of liquid argon detector R&D projects.  Fermilab scientists and engineers are working in close collaboration with university-based colleagues on developing and demonstrating the technologies needed for multi-kiloton neutrino detectors and for ton-scale dark matter searches.  While the scale of the detectors for the two applications is quite different, these detectors have in common many technical challenges (such as argon purity, light detection, cold electronics, and high voltage feedthroughs) which are being studied at Fermilab.

[bookmark: _Toc198654375][bookmark: _Toc199168931][bookmark: _Toc199169181]The successful demonstration of liquid argon technology by groups at Fermilab and Gran Sasso has enabled new, separately funded experiments including MicroBooNE and DarkSide-50, and has also resulted in the liquid argon TPC being chosen for the Long Baseline Neutrino Experiment (LBNE) design.  Fermilab scientist Geralyn Zeller has recently been awarded a DOE Early Career grant to enable further studies of the use of liquid argon-based detectors for neutrino physics.
[bookmark: _Toc202310338][bookmark: _Toc202371853][bookmark: _Toc202372011][bookmark: _Toc202373163]ArgoNeuT, a pathfinder TPC for neutrino physics

The first exposure of a liquid argon TPC to a neutrino beam in the U.S. was accomplished with the ArgoNeuT (Argon Neutrino Test) detector, which ran from May 2009 to March 2010.  The 175 kg detector was located in the NuMI beam upstream of the MINOS near detector which provided momentum analysis of outgoing muons.  These available facilities made Fermilab an ideal location to conduct the development and testing of this small prototype detector. The experiment accumulated several thousand events and is proving a rich source for the analysis of neutrino and anti-neutrino interactions in liquid argon.  ArgoNeuT was initiated within the Fermilab KA15 program which funded much of the engineering and construction as well as the operations phase covered in the current budget period.  The current analysis effort is largely supported by university grants.  
The experience gained in building and operating ArgoNeut was seen as a necessary step before proposing and building larger detectors such as MicroBooNE and LBNE. In addition, the data obtained by ArgoNeut has been invaluable for the challenging task of developing reconstruction and analysis tools (the LArSoft framework) for use in future experiments.  Data from ArgoNeut is being analyzed to provide several measurements that are relevant to the wider community, including cross-sections, calibrations with through-going muons, and possibly strangeness production.
[bookmark: _Toc202310339][bookmark: _Toc202371854][bookmark: _Toc202372012][bookmark: _Toc202373164]Liquid Argon Purity Demonstration

An important question about the scalability of LAr-TPC technology to the large multi-kiloton chambers required in next generation neutrino experiments is whether sufficiently high argon purity can be maintained to allow the ionization electrons to drift over several meters to the readout wires.  The electron drift lifetime is determined by the concentration of electronegative impurities such as water and oxygen dissolved in the liquid.  Sufficiently long electron lifetimes have previously been demonstrated by ICARUS, ArgoNeuT, etc.  In these previous projects, the cleaning of the liquid argon vessels included pumping them to vacuum and baking before filling with argon.  However, requiring similar pre-evacuation of larger kiloton-scale vessels presents a difficult mechanical engineering challenge and use of such heavy-duty vessels would greatly increase the construction cost, possibly to the point of making them impractical.

The Liquid Argon Purity Demonstrator (LAPD) has been constructed to determine whether the desired electron drift lifetime can be achieved without requiring prior evacuation of the chamber, thus allowing the use of cheaper and mechanically simpler vessel designs.  LAPD uses a “piston” composed of heavy argon gas, which sinks to the bottom of the chamber and displaces the ambient atmosphere by pushing it upward and out of the chamber.  This gas displacement is followed by several complete volume exchanges of gaseous argon to purge the vessel of ambient atmosphere, resulting in residual contaminant concentrations at the parts per million (ppm) level.  The argon gas in the vessel is circulated through a filter system to remove water and oxygen to sub-ppm levels.  Liquid argon is then introduced into the vessel, also passing through the same filtration system, with the ultimate goal of reducing the contamination level to below 100 parts per trillion of oxygen.  Such high purity levels can then be maintained against surface outgassing from the warm chamber walls by recirculating the small gaseous argon layer above the liquid through a condenser and into the liquid filtration system.

LAPD recently completed an initial run using the gaseous argon piston and purge technique.  The measured electron lifetime of 3 milliseconds was consistent with the measured oxygen concentration of 100 ppt, and well exceeded the 1.4 ms lifetime required in the 30 kton chamber design for the Long Baseline Neutrino Experiment.  Longer term studies indicated that this excellent lifetime performance could be maintained for up to 3 weeks before the liquid argon filters began to saturate, and require regeneration.

The initial results from LAPD have eliminated much of the risk in scaling the LAr-TPC technology to multi-kiloton detectors.  This R&D effort also demonstrated the capability of the Fermilab team of scientists, engineers and technicians to design, build, and operate a large-scale liquid argon detector and its associated fluid transport and cryogenic infrastructure.  The technical advances from LAPD provided critical input to the LBNE collaboration, which ultimately resulted in the LAr-TPC being chosen for the LBNE consensus design.  Despite the recent setbacks in funding for DUSEL, the various proposed reconfigurations for LBNE each utilize the LAr-TPC technology, as it is believed to be a more versatile choice for experiments sited near the surface to avoid the high costs of underground laboratory infrastructure. 

[bookmark: _Toc198654370][bookmark: _Toc199168927][bookmark: _Toc199169177]The experience gained in building and operating LAPD has also been directly applied to the engineering design of the MicroBooNE detector, resulting in modifications to realize greater efficiencies and avoid difficulties discovered during the operation of LAPD.  Further studies using LAPD are underway, including tests of filter capacity, and tests of high voltage grids and feedthroughs.  These and other studies will provide a wealth of technical and operational knowledge to further inform the design of future liquid argon detectors. 
[bookmark: _Toc202310340][bookmark: _Toc202371855][bookmark: _Toc202372013][bookmark: _Toc202373165]TPC readout electronics in the liquid

Low noise operation of LAr TPCs requires minimizing the detector capacitance, which in large detectors is dominated by the cabling if the (warm) electronics are located outside of the cryostat.  Cable capacitance can be eliminated by connecting the amplifiers directly to the TPC sense wires - which implies immersing the amplifiers in the liquid.  The ability to put the amplifiers in the liquid has two other major benefits. It allows the TPC to be designed with wire readout at the side or the bottom, and it offers the possibility of multiplexing the wire signals, thereby reducing the cable plant which is a major source of the outgassing which can contaminate the liquid. Running electronics at 87K, however, raises two separate challenges - one is to find a family of CMOS electronics that has appropriate behavior at liquid argon temperature, the second is to establish a set of design rules that will ensure that damage due to “hot electrons” does not reduce reliability. 
 
Since very little was known about the reliability of deep sub-micron CMOS electronics operated in cryogenic environments, accelerated stress tests were performed on 130nm CMOS transistors by a collaboration led by FNAL and including BNL and Georgia Tech.  Detailed studies showed these devices to be remarkably resistant to hot carrier degradation, with longer channel length resulting in longer lifetimes.  Both the room temperature and cryogenic measurements indicate that the devices can be run reliably at their nominal voltage (1.5V) for the 20 years of operation desired for future experiments such as LBNE. 
 
While this basic R&D was being pursued, it was felt that an early demonstration of a working set of CMOS based electronics on an actual TPC would be very helpful, and in particular could demonstrate that the predicted improvement in signal to noise could be achieved in practice. To this end, FNAL collaborated with Michigan State to implement cold amplifiers in the readout for a small 50 cm TPC - the same system that was used for the prototyping of the warm electronics used for ArgoNeuT.  This prototype system was designed with discrete CMOS components that were specified to be translatable to an ASIC if so desired. The electronics in practice performed extremely well, achieving a signal/noise ratio better than 30. 
[bookmark: _Toc202310341][bookmark: _Toc202371856][bookmark: _Toc202372014][bookmark: _Toc202373166]Liquid Argon for Dark Matter

The Fermilab involvement in liquid argon R&D for Dark Matter has led to Fermilab joining the DarkSide-50 experiment (E-1000) which has now been funded by the NSF and the DOE.  Fermilab has contributed in small, but important, ways to the R&D effort such as providing the PMT bases for the DarkSide prototypes, the most recent of which has achieved a light yield of 9 p.e./keV.  The general interest of the PMT bases is in finding commercially available low activity substrates, components, and solder.  Fermilab also designed the high voltage system used to power the QUPID devices (Quartz Photon Intensifier Devices) being developed by Hamamatsu and UCLA as a low radioactivity photosensor.

The major Fermilab R & D contribution over the past two years has been the building and commissioning of a cryogenic distillation column for the purification of low activity argon from a natural gas well in Colorado.  This has been undertaken in collaboration with Princeton and SNOLAB.  Atmospheric argon has an activity of ~1Bq/kg from the beta-decay of 39Ar.  These decays limit the sensitivity of single phase argon searches for dark matter, and restrict the size of two phase liquid argon TPC detectors to about a ton because of event pile up.  The underground argon has been shown to have less than 0.65% of the radioactivity of atmospheric argon, which more than exceeds the factor of 25 reduction required for ton-scale Liquid Argon TPCs for dark matter searches.  This low radioactivity argon has potential applications in other areas such as neutron detection for homeland security and possibly in very low-rate neutrino experiments.  The distillation column has been commissioned with an atmospheric argon mix and achieved a purity of better than 99.9% Argon with a throughput of ~0.75 kg/day. The column has now begun processing low-radioactivity argon.
[bookmark: _Toc198629157][bookmark: _Toc198654382][bookmark: _Toc199168937][bookmark: _Toc199169187][bookmark: _Toc202310342][bookmark: _Toc202371857][bookmark: _Toc202372015][bookmark: _Toc202373167]A New Laser Laboratory and Optical Cavity Development

High finesse optical cavities can be used to create intense, coherent photon beams with an extremely small energy spread given by the cavity resonance bandwidth.  These photon beams can be used for shot noise limited position and angle measurements, and for production and resonant detection of exotic particles which couple to photons.  The position measurement application has already materialized in an experiment, the Holometer (E-990), with new funding through a DOE HEP Early Career Grant to Aaron Chou.  The Holometer uses large Michelson interferometers with kW photon beams to probe the 10-20 m/sqrt(Hz) scale of a predicted Planckian noise effect.  The resonant detection application may be used in a future laser experiment searching for axions or hidden sector photons.  The angular measurement application may also be used to detect the bending of a photon beam in a quadrupole magnet due to photon photon scattering mediated by virtual axion exchange.

To explore these potential avenues of research, Fermilab has constructed a 50m long laser lab in an unused beam line in the Meson area.  The lab houses two portable class 50 clean rooms for work on ultra high vacuum systems housing custom optics which must be kept free of hydrocarbon contaminants.  A vacuum enclosed 40m long cavity has been operated with 100W of recycled optical power, using a 1W laser launch.  The cavity has been stably locked for up to 14 hours using RF phase-locking electronics.  Demonstration of this operational cavity and beam was critical to obtaining grant funding and support for the Holometer experiment.

[bookmark: h.4qcse8c5hnne]Fermilab has developed a piezo-actuated mirror mount for 2” optics. Such mounts are necessary for the stable operation of large optical devices, for realigning optics, and for translating optics in response to instantaneous seismic disturbances.  These mounts also allow a resonant photon detection cavity to be tuned to the instantaneous frequency of the source cavity generating the beam as would be required for resonant axion detection.  Fermilab has also produced the associated piezoelectric drivers, and filter/buffer boards that provide an interface between the analog electronics used in sensing circuits and the digitizers and FPGAs performing the signal processing for feedback control of the optical cavities.
[bookmark: _Toc202310343][bookmark: _Toc202371858][bookmark: _Toc202372016][bookmark: _Toc202373168]Chameleon Particle Detector Development

Using parts recycled from the GammeV laser search for axion-like particles, a small Chameleon Search (CHASE) experiment was conducted in 2009-2010 to search for exotic particles with strong interactions with ambient matter and energy densities in their local environment.   These particles could be created via photon-photon interactions between a laser beam and a strong magnetic field, in a process similar to neutrino oscillations with matter effects.  Because the matter effects are so strong, the chameleons are efficiently reflected from regions of high matter density.  A new vacuum system was designed around a Tevatron magnet to create a hermetic container to trap these particles after creation.  After filling the container with a chameleon gas, the laser is shut off, and photodetectors switched on to observe the afterglow from the exponential decay of the chameleon population back into photons as they rescatter on the magnetic field.  Glass plates are used to vary the photon-chameleon oscillation baseline.

CHASE was able to exclude 5 orders of magnitude in the photon-chameleon coupling for a wide range of chameleon masses and model parameters.  It also discovered a mysterious, temperature-dependent afterglow which was independent of magnetic field strength.  To date, it is unknown whether the afterglow was due to residual chemical content inside the UHV vacuum system, or if it was due to something more exotic.



[bookmark: _Toc202310344][bookmark: _Toc202371859][bookmark: _Toc202372017][bookmark: _Toc202373169]Talks and Publications – Systems Thrust

Liquid Argon

· “Cold electronics for 'Giant' Liquid Argon Time Projection Chambers”, Veljko Radeka et al, J.Phys.Conf.Ser. 308 (2011) 012021.
· “Lifetime Studies of 130nm nMOS Transistors Intended for Long-Duration Cryogenic High-Energy Physics Experiments”, J.Hoff, 2011 IEEE Nuclear Science Symposium Conference Record, Valencia, Spain, 2011, pp.685-693
· “First Measurements of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon.”, ArgoNeuT Collaboration (C. Anderson (Yale U.) et al.)  Phys.Rev.Lett. 108 (2012) 161802
· [bookmark: _Toc202310345][bookmark: _Toc202371860][bookmark: _Toc202372018][bookmark: _Toc202373170]“Analysis of a Large Sample of Neutrino-Induced Muons with the ArgoNeuT Detector”, ArgoNeuT Collaboration (C. Anderson (Yale U.) et al.) arXiv:1205.6702 
· [bookmark: _Toc202310346][bookmark: _Toc202371861][bookmark: _Toc202372019][bookmark: _Toc202373171]“The ArgoNeuT Detector in the NuMI Low-Energy beam line at Fermilab”, ArgoNeuT Collaboration (C. Anderson (Yale U.) et al.), arXiv:1205.6747
· “Light Yield in DarkSide-10: a Prototype Two-phase Liquid Argon TPC for Dark Matter Searches”, D. Akimov et al., arXiv:1204.6218 
· “First Commissioning of a Cryogenic Distillation Column for Low Radioactivity Underground Argon”  H. Back et al., arXiv:1204.6061
· “A Study of the Residual 39Ar Content in Argon from Underground Sources”, J.Xu et al., arXiv:1204.6061 
· “A system to test the effects of materials on the electron drift lifetime in liquid argon and observations on the effect of water. “ R. Andrews, et al., Nucl.Instrum.Meth. A608 (2009) 251-258
· “A Regenerable Filter for Liquid Argon Purification.”,  A. Curioni et al.,  Nucl.Instrum.Meth. A605 (2009) 306-311.

Optical Cavities

· "Probes of fundamental physics using intense photon beams." Aaron S. Chou, TIPP 2011, Chicago, IL, June 9, 2011.

Chameleon Afterglow detector
· "On the anomalous afterglow seen in a chameleon afterglow search", Steffen, J.H., et al.  submitted to PRD, arXiv1205.6495, (2012)
· "Designing dark energy afterglow experiments", Upadhye, A., et al.  submitted to PRD, arXiv1204.5476 (2012)
· "Laboratory Constraints on Chameleon Dark Energy and Power-Law Fields", Steffen, J.H., et al. PRL, 105, 1803 (2012) arXiv:1010.0988
· "Constraining chameleon field theories using the GammeV afterglow experiments", Upadhye, A., et al,  PRD, 81, 5013 (2010) arXiv:0911.3906
Calorimeter

· “Construction and performance of a silicon photomultiplier/extruded scintillator tail-catcher and muon-tracker”, Calice Collaboration,  JINST 7 P04015 (2012).
· “Beam tests of directly coupled scintillator tiles with MPPC readout”, F. Aby-Ajamieh et al, Nucl.Instrum.Meth. A659 (2011) 348-354
· “Directly coupled tiles as elements of a scintillator calorimeter with MPPC readout, Blazey et al, Nucl.Instrum.Meth. A605 (2009) 277-281.
·  “Calibration of a Digital Hadron Calorimeter with Muons'', B.Bilki et al., arXiv:0802.3398 [physics.ins-det].  2008 JINST 3 P05001.
· “Measurement of Positron Showers with a Digital Hadron Calorimeter'', B.Bilki et al., arXiv:0902.1699 [physics.ins-det].  2009 JINST 4 P04006.
· “Measurement of the Rate Capability of Resistive Plate Chambers”, B.Bilki et al., arXiv:0901.4371 [physics.ins-det]. 2009 JINST 4 P06003.
· “Hadron Showers in a Digital Hadron Calorimeter'', B.Bilki et al., arXiv:0908.4236 [physics.ins-det]. 2009 JINST 4 P10008.

Bubble Chamber

· “First Dark Matter Search Results from a 4-kg CF3I Bubble Chamber Operated in a Deep Underground Site,'' E. Behnke et al,  arXiv:1204.3094.
· “Improved Limits on Spin-Dependent WIMP-Proton Interactions from a Two Liter CF3I Bubble Chamber,'' E.Behnke et al., Phys.Rev.Lett 106, 021303 (2011)

Other

·  “Silicon Photomultiplier Choice for the Scintillating Fiber Tracker in Second Generation Proton Computed Tomography Scanner”, A. Ronzhin et al, Fermilab TM-2534-E, May 2012.
· “The Fermilab Large Cold Blackbody Test Stand for CMB R&D”, Donna Kubik et al., TIPP 2011 - Technology and Instrumentation in Particle Physics, 2011 Physics Procedia (2012) 1–3 
· “Architecture of a Silicon Strip Beam Position Monitor”, R. Angstadt et. al. . Oct 2010. 5 pp. JINST 5 (2010) C12039
· “Vertex Detector and Silicon Tracker Power and Cabling Considerations”, W. Cooper, ALCPG 2011 (2011).
·  “SiD Vertex Detector Mechanics”, W. Cooper, CLIC Working group 4 (2010).
[bookmark: _Toc202310347][bookmark: _Toc202371862][bookmark: _Toc202372020][bookmark: _Toc202373172]
Achievements – Data Acquisition and Computing
[bookmark: _Toc202310348][bookmark: _Toc202371863][bookmark: _Toc202372021][bookmark: _Toc202373173]QIE10

Electromagnetic and hadronic calorimeters require the digitization of signals over a large dynamic range, with precision that is limited by noise for small signals, shower statistics for moderate signals, and errors and sensor nonuniformity for large signals.  This leads to a requirement of large dynamic range, but relatively modest and range dependant precision.  For many experiments, calorimeter data play an essential role in triggering, which means that fast digitization is essential.  The QIE concept was proposed at Fermilab decades ago to provide exactly these features and facilitate the formation of jet triggers by the SDC detector at the SSC.  QIE stands for Charge (Q) Integrator and Encoder.  Bipolar current mirrors split an input current into a number of ranges that are integrated. Comparators select the relevant range to be encoded using a Flash ADC.   The result is a fast ADC whose output can be thought of as a floating point number (the modest precision FADC output is like a mantissa and the number denoting the integration range that was digitized is like an exponent).  The integration of these circuit elements into a single ASIC allows for high channel density and allows simple systems to be designed.  Fermilab-developed QIE chips have played a key role in a number of experiments, including KTeV, CDF, and CMS.

The development of a new QIE ASIC was begun late in 2009.  This effort was motivated by the requirements of upgrades planned for CMS hadron calorimeters, but the device has been specified in consultation with the ATLAS calorimetry group at Argonne National Lab.  The new circuit (QIE10) will have important advantages over previous generations of QIE that make it a candidate for use by future Intensity Frontier experiments as well as by the LHC experiments.  Specifically, it will have a larger dynamic range (~17 bit equivalent) than the device currently used by CMS, and it will include a TDC with 0.5ns precision, as well as the floating point ADC.

The QIE10 is being implemented in the AMS 0.35m SiGe bi-CMOS process.  This process includes high performance bipolar devices, required for the current mirror input section and allows 5V biasing, which facilitates a “stacked” design configuration.  Prototyping is supported through silicon brokers (such as MOSIS), and the process is expected to remain available for a number of years.  QIE10 will allow inputs of either polarity so that it may be used to digitize the output of photomultiplier tubes or SiPMs (most of which collect holes).

During FY09 initial design work was done.  Radiation tests were also performed on a variety of transistors implemented in the target process to verify that the relatively modest radiation tolerance requirements of CMS and ATLAS calormetry readout (<100 kRad) could be met.  Near the end of FY09, a prototype was submitted containing a complete multiranging current splitter and integrator circuit.  The prototype was received and tested early in FY10.  The prototype was fully functional and performed as expected.  A handful of minor improvements were made to the design based on tests of the first prototype.

In FY11 a second prototype was produced that contained (as separate chips) a pseudo logarithmic Flash ADC in addition to improved versions of the current splitter and integrators.  The FADC worked flawlessly.  The differential nonlinearity was measured to be 10% of the least significant bit in the worst case, with rms much lower.  The worst case settling time of the FADC was about 6ns, meaning it could operate at frequencies above 100 MHz.  In LHC applications, QIE10 will operate at the crossing rate of 40 MHz, but it will easily operate at 53MHz as required by Fermilab fixed target experiments.

Early in FY12, a third prototype was produced that combined the splitter/integrator and FADC blocks.  This prototype suffered from low yield, evidently due to electrostatic discharge during processing.  Improvements were made to the ESD protection circuits to ensure that the ESD protection was robust for all possible variation of process parameters.  A fourth prototype was submitted in May 2012.  This prototype includes a delay locked loop that will provide clocks (at four times the basic sampling frequency) for serial output.  With the submission of this prototype, the generic R&D phase of QIE10 development has ended.  The balance of the design and testing, as well as the initial production, will be paid for using CMS and ATLAS project funds.
[bookmark: _Toc202310349][bookmark: _Toc202371864][bookmark: _Toc202372022][bookmark: _Toc202373174]Low Noise CCD readout

In an R&D effort that started with the DECam project, the Fermilab Silicon Detector Facility has developed the capability to package and test CCDs and has acquired extensive expertise in CCD control and readout electronics.  R&D efforts have been aimed at understanding the noise limitations of these devices as well as investigating their use in novel applications. 

Fermilab has developed and tested a filter algorithm that significantly reduces CCD readout noise.  The state-of-the-art technology for CCD readout achieves at best 2 to 3 electrons per pixel of noise by using a method called double correlated sampling (DCS). DCS is limited 1/f and close-in noise.  The Fermilab technique uses higher speed sampling of the video signal from the CCD’s; this allows the low frequency noise across pixel readout boundaries to be estimated and subsequently subtracted.  A noise level of 0.5 electrons has been achieved using this method. For astronomical applications, the decreased readout noise is equivalent to a factor of 4 increase in the area of the telescope mirror.  This development will benefit future astronomical observation by increasing the sensitivity of telescopes to faint sources and low photon signal counts, such as high-resolution spectroscopy. The next goal is to implement the filtering algorithm on an FPGA so that this technique is simple to use, and hence more accessible.

In addition to this external solution to CCD noise, Fermilab scientists tested a new CCD design, fabricated by LBNL, that can perform multiple non-destructive measurements using a floating gate output well, thus reducing the noise by square root of the number of measurements.  This design, called ‘Skipper’, resulted in an impressive 0.2 electrons of noise, with 1200 samples. Due to its low readout speed this detector has limited applications to astronomy, but it could be directly applicable for the detection of low energy ionizing radiation in dark matter or for other low count rate experiments.
[bookmark: _Toc202310350][bookmark: _Toc202371865][bookmark: _Toc202372023][bookmark: _Toc202373175]Application of CCDs to Dark Matter Detection

Current dark matter searches have limited sensitivity to low mass dark matter particles because most conventional technologies have high relatively high threshold (>1 keV) for the observable nuclear recoil energy.  The CCD noise reduction techniques developed at Fermilab enable detection of ionization events in the silicon with much lower thresholds as low as 10 eV.   A test performed at a shallow underground site at FNAL during 2010-2011 using a CCD with 0.5 g active mass, produced the world’s best limit on dark matter with mass below 4 GeV. These results have prompted interest in the technology by several universities in the US and abroad. Fermilab is also collaborating with a group in Brazil (CBPF) to utilize these low threshold CCDs for the first detection of coherent neutrino-nucleus scattering using antineutrinos produced from a nuclear reactor.
[bookmark: _Toc202310351][bookmark: _Toc202371866][bookmark: _Toc202372024][bookmark: _Toc202373176]CAPTAN

Fermilab engineers developed the CAPTAN data acquisition system during 2007 and 2008.  CAPTAN stands for Compact And Programmable daTa Acquisition Node.  CAPTAN is a flexible architecture that can be used to create cost effective DAQ systems.  A number of CAPTAN nodes can be assembled into a stack of printed circuit boards connected to one another (front to back) by connectors that carry four high speed parallel busses.  Gigabit Ethernet is used to connect a CAPTAN system to a host computer.  A number of CAPTAN systems have been deployed in the last three years.  A CAPTAN system is used to read out the silicon pixel tracker (built with CMS pixel modules) that is part of the Fermilab Test Beam Facility infrastructure.  This tracker is supported by Fermilab and has been used by a number of test beam experiments.

Fermilab collaborates with groups from the U.S. and Italy (Colorado, Purdue, Syracuse, INFN Lecce, and INFN Milano) on the development of extremely radiation hard sensors (3d silicon and diamond).  Each of these groups uses a CAPTAN system to perform bench tests at their home institutions and in beam tests at Fermilab.

Fermilab scientists and engineers built a silicon strip tracker, and in 2010 delivered it for use in a test beam facility at IHEP in China.  Cai Xiao of IHEP collaborated in the design and construction of the tracker.  The tracker uses silicon strip detectors fabricated for the Tevatron RunII upgrade and commercial (Viking) frontend chips.  The support and cooling system was designed and built by the Fermilab group.  A CAPTAN system controls the frontend chips and collects data. 
[bookmark: _Toc202310352][bookmark: _Toc202371867][bookmark: _Toc202372025]
[bookmark: _Toc202373177]Optical Data Links

In 2010, Fermilab initiated an effort to bring together interested collaborators and industrial partners to advance the state of the art in optical data links for HEP. A workshop was hosted at Fermilab in August, 2010 attended by representatives from universities, Argonne National Laboratory, and vendors of optoelectronic devices. Fermilab has led the investigation of parallel optical devices for use in back-end DAQ applications as part of the Versatile Link Common project, a joint program supported by ATLAS and CMS. Now, Fermilab has been awarded support from the DOE in the form of a Collider Detector Research and Development (CDRD) grant for high data rate optical links for HEP.  Fermilab’s focus on this effort is the development of compact, radiation hard VCSEL array transmitters (in collaboration with Southern Methodist University and Ohio State University).

In addition, Fermilab is pursuing possibilities for the use of external optical modulation combined with wavelength division multiplexing. This effort has been proposed for a University of Chicago Strategic Collaborative Initiative Grant in June of 2012. The proposal includes representatives of the university and Argonne. 

Fermilab, in collaboration with an industrial partner, Vega Wave Systems, is also investigating the feasibility of implementing optical links in particle detectors without optical fiber in the detector volume.  In 2010, Fermilab engineers demonstrated multi-gigabit per second data transmission over 22 cm of air (through 2mm of silicon) using two different methods.  One approach used a single optical transceiver transmitting a 10 Gbps pseudorandom bit stream (PRBS) at a wavelength of 1310 nm. This signal was launched over the link through focusing optics and collected by a multimode fiber at the far end (to increase the numerical aperture of the collection point). This signal was then delivered to an error checking block and compared with the original transmitted signal for bit errors. The second approach employed commercially available coarse wavelength division multiplexing (CWDM) components to multiplex four separate wavelengths at 1470 nm, 1490 nm, 1510 nm, and 1530 nm onto a single mode fiber. Each wavelength transmitted a 1 Gbps PRBS signal for an aggregate data rate of 4 Gbps. The combined signal was launched over the free space link and collected at the far end with a multimode fiber. A spliced fiber interface delivered the signal to a single mode fiber, the combined signals were de-multiplexed, and all four channels were checked for errors.  In both experiments, the system was able to achieve a bit error rate of less than 10-12.
[bookmark: _Toc202310353][bookmark: _Toc202371868][bookmark: _Toc202372026][bookmark: _Toc202373178]Muon Collider Detector Simulation

One path to TeV scale lepton collisions is the construction of a muon collider.  There is a vigorous worldwide program of R&D to develop the technologies (primarily muon cooling) that are required for any muon accelerator, but until recently, very little effort had been devoted to developing a detector optimized for use at a muon collider.   The ILCSIM framework was developed at SLAC to facilitate the simulation of detectors proposed for the ILC.  ILCSIM is installed on Fermilab computers and ILCSIM users have been supported at Fermilab as part of the ILC detector R&D effort.

Recently, a procedure has been developed at Fermilab to extend the capabilities of ILCSIM to allow the simulation of detectors of Cerenkov light.  In particular, this allows the simulation of dual readout calorimetry.  This capability is crucial for the simulation of detectors for a muon collider, because of the expected importance of fast timing, but it is also useful for the simulation of ILC detectors.  The result of a simulation of the performance of a dual readout calorimeter in the SiD detector at the ILC using these extensions to ILCSIM was presented by Steve McGill (ANL) at the “15th International Conference on Calorimetry in High Energy Physics, held in Santa Fe, NM in June 2012.

[bookmark: _GoBack]Over the past two years a sophisticated simulation (constructed using the MARS code maintained by Nikolai Mokov’s group at Fermilab) of the beam backgrounds present at a muon collider has been developed, and connections made between this simulation and ILCSIM.  Fermilab scientists, in collaboration with colleagues from SLAC, have simulated the response of a modified SiD detector to hard m+m- collisions.  These simulations have demonstrated that a detector that incorporates nanosecond timing into both tracking and calorimetry can address a range of physics topics projected for the muon collider.

Much of the future detector R&D associated with the Muon Collider will concentrate on detectors that can provide intrinsic background rejection. This includes intelligent trackers to reject random hits in the tracker and the use of time resolution to reject backgrounds in the calorimeter and tracker.  Efforts to develop radiation hard detectors, fast timing, and large area, intelligent trackers, are synergistic with work on detectors for the HL-LHC (radiation hard, intelligent trackers), CLIC (nanosecond time resolution in tracking and calorimetry, low mass tracking), and Project X(low mass, high speed tracking).

[bookmark: _Toc202310354][bookmark: _Toc202371869][bookmark: _Toc202372027]



[bookmark: _Toc202373179]Talks and Publications – DAQ & Computing Thrust

QIE10

· "Progress on the Upgrade of the CMS Hadron Calorimeter Front-End Electronics," Anderson, J., Whitmore, J., Freeman, J. (FNAL) for the CMS Collaboration, TIPP 2011-Technology and Instrumentation in Particle Physics, 2011 Physics Procedia
· “Developments for the upgrade of the CMS HCAL front-end electronics.”, D. Baden et al, JINST 5 (2010) C11005.

Low noise CCDs

· "Achieving sub electron noise in CCD systems by means of digital filtering techniques that lower 1/f pixel correlated noise"; Gustavo I. Cancelo et al; Experimental Astronomy, Astrophysical Instrumentation and Methods, ISSN 0922-6435, Exp Astron DOI 10.1007/s10686-012-9294-1, April 2012.
· “Sub-electron readout noise in a Skipper CCD fabricated on high resistivity silicon”, G. Moroni et al, Experimental Astronomy 2012 .
· “Direct search for low mass dark matter particles with CCDs”, DAMIC Collaboration, Physics Letters B, Volume 711, Issue 3, p. 264-269. (2012)
· “Plasma effect in silicon charge coupled devices (CCDs)”, Estrada et al, NIM A Volume 665, 11 February 2011, Pages 90–93.
· “CCD testing for DECam (Dark Energy Survey Camera)”, Donna Kubik et al., TIPP 2011 - Technology and Instrumentation in Particle Physics, 2011 Physics Procedia (2012) 1–3

CAPTAN

· "Data Acquisition Systems", R. Rivera, Fermilab Detector R&D Retreat, 2011.
· "Real-Time Event Reconstruction Using the CAPTAN System Embedded in the Micro TCA Framework.", R. Rivera,  IEEE Nuclear Science Symposium and Medical Imaging Conference (NSS-MIC), 2010.
· “A generic readout environment for prototype pixel detectors”, Marcos Turqueti, Ryan Rivera, Alan Prosser, Simon Kwan;, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, Volume 623, Issue 1, 1 November 2010, Pages 531-533.
· "Results from a Telescope of CMS PSI46 Pixels and the CAPTAN Data Acquisition System.", R. Rivera, IEEE Real Time Conference, 2010.
· "A Telescope Using CMS PSI46 Pixels and the CAPTAN for Acquisition and Control over Gigabit Ethernet.", R. Rivera IEEE Nuclear Science Symposium and Medical Imaging Conference (NSS-MIC), 2009.
· "A Pixel Telescope with the CAPTAN System for Real-Time Data Acquisition and Control.", R. Rivera, IEEE Real Time Conference, 2009.
· "A Generic Readout Environment for Prototype Pixel Detectors.", R. Rivera, Technology and Instrumentation in Particle Physics (TIPP), 2009.

Optical Data Links
·  “CD R&D on Optical Links For Detector Data Transmission”, A. Prosser, Optoelectronics Working Group Mini- Workshop, CERN, March 8, 2011
·  “U.S. R&D on High Data Rate Optical Links”, A. Prosser, Optoelectronics Working Group Mini- Workshop, CERN, June 8, 2012
· “Free-space optical interconnects for cable-less readout in particle physics detectors,”, J Chramowicz et al,  JINST 5 C12038, 2010
· “Parallel optics technology assessment for the versatile link project”, J. Chramowicz, S. Kwan, R. Rivera, A. Prosser,  JINST 6(2011)C01009
Muon Collider Detector Simulation

· “Towards a compensatable Muon Collider calorimeter with manageable backgrounds”, R. Raja.  Apr 2012. 55 pp. Published in JINST 7 (2012) P04010.
· “Muon Collider: Plans, Progress and Challenges”, R. Lipton, Talk given at the August 2011 Meeting of the Division of Particles and Fields of the American Physical Society, Brown University, Providence, Rhode Island. arXiv:1204.3538.
·  “Muon Collider Physics and Detectors”, R. Lipton, Special Seminar, Fermilab, February 24, (2011).
· “New Detectors for Muon Collider”, R. Lipton, Muon Collider 2011, June 28, 2011.
·  “ILCroot tracker and vertex detector response to MARS simulation of the beam background in the muon collider”, N. Terentev , TIPP 2011 - Technology and Instrumentation in Particle Physics, 2011 Physics Procedia (2012)
· “Muon Collider Detector Studies”, A. Mazzacane, TIPP 2011 - Technology and Instrumentation in Particle Physics, 2011 Physics Procedia (2012)
· “Vertex and tracker Si detector hits for MARS/ILCroot simulated beam backgrounds in 1.5 TeV muon collider”, N. Terentiev , Muon Collider 2011, (2011)
· “Muon Collider Tracking Studies in ILCroot”, Anna Mazzacane (FNAL), Muon Collider 2011, June 28, 2011.
Other
· “A New Concept of Vertically Integrated Pattern Recognition Associative Memory”, Ted Liu et al., TIPP 2011 – Technology and Instrumentation for Particle Physics 2011, Fermilab-CONF-11-709-E.
· “Performance Study of GPUs in Real-Time Trigger Applications for HEP Experiments”, W. Ketchuma et al FERMILAB-CONF-11-710-PPD, 
· “An Application Using MicroTCA for Real-Time Event Assembly”, R. Rivera, IEEE Real Time Conference, 2012
· "CMS Pixel Telescope Addition to T-980 Bent Crystal Collimation Experiment at The Tevatron," R. Rivera,  Technology and Instrumentation in Particle Physics (TIPP), 2011.
· “The upgraded data acquisition system for beam loss monitoring at the Fermilab Tevatron and Main Injector.”, A. Baumbaugh et al, JINST 6 (2011) T11006. 
· “The SPi chip as an integrated power management device for serial powering of future HEP experiments.” M. Trimpl et al.., PoS VERTEX2009 (2009) 030, FERMILAB-CONF-10-523-PPD. 2009. 9 pp
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The DOE Detector R&D reviews are intended to coordinate the national effort on detector research and to make sure that the work from each institution’s work furthers the goals of the field. An important part of that process is to see whether the laboratory has acted on the conclusions from the review committee.  As well, it is useful to check the progress on the goals that each laboratory set for itself in the previous review. 
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The following are some of the comments and recommendations of the 2009 review committee that the lab has addressed over the last 3 years:

1) “Develop a coherent detector R&D management plan with a clear vision of the Fermilab role in the national and intemational HEP community.” 
Response:
Fermilab has developed a new management structure for detector R&D. This organization targets important categories of detector R&D and concentrates on those aspects that can be addressed by Fermilab resources. A premium is placed on projects that are collaborative in nature.
2)  “Generic detector R&D projects should be internally reviewed on a regular basis.”
Response:
Fermialb has implemented a series of internal reviews for each of the parts of the detector program. So far, the lab has reviewed scintillator R&D, COUPP bubble chamber technology, total absorption hadron calorimetry, the ASIC group’s research and development, silicon photomultiplier research, and CCD research.  The reviews have determined the future of the program.  The Advisory Group plans to continue this series of reviews. 
3)  “As the only U.S. purely HEP laboratory, Fermilab should be taking leadership in
organizing workshops in new detector technology to attract expertise from the other DOE labs, the university community. and non-HEP sources.” 
Response:
Fermilab has aggressively pursued this issue. In October, 2010, the lab held a workshop for national coordination with the HEP detector community. One result from this meeting was that an ‘Instrumentation Task Force’ was created by DPF to enhance this coordination. Fermilab is represented in that task force. Fermilab co-hosted with Argonne the highly successful 2nd TIPP conference, which provided an international forum for the latest in HEP detector research. The lab has sponsored several focused workshop on topics such as 3-D ASIC development, homogenous hadron calorimetry and optical DAQ. The lab has held a detector ‘retreat’ that attracted more than 50 Fermilab and local researchers to a full one-day discussion of detector issues. As the latest example, Fermilab held a workshop on Project X Physics and Detectors for coordinating intensity frontier research in June, 2012. 
4)  “Fermilab's single test beam is in high demand and has good instrumentation, but it is not a high quality beam and is not particularly well matched to the needs of a national program.” 
Response:
The Fermilab Test Beam Facility (FTBF) has served a large number of detector researchers - averaging about 10 new experiments a year, and hosting as many returning ones. The new facility manager is embarking on an upgrade to the beam instrumentation and cable plant while the accelerator complex is shutdown in 2012. During this shutdown the lab is also completing the approvals required for delivering beam to our second test beam user area in the MCenter beamline. The 120 GeV proton beam is excellent for tracking detectors, while the tunable beam from 1 to 64 GeV contains a variety of particle species, useful for testing calorimeters. The beam structure is not ideal for detector research, since it is bunched on the 10 microsecond time scale (due to the Main Injector extraction scheme.) With the turn on of the SeaQuest experiment, more attention is being paid on how to solve this microstructure problem. 
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The following were the goals that Fermilab set for itself in 2009:

1) “Achieve a leadership role in detector R&D for intensity frontier experiments within the next five years with a notable focus in the development of liquid argon detector technology for future neutrino and dark matter experiments.” 
Status: Through its significant liquid argon materials and electronics testing facilities, Fermilab has developed a facility to determine how materials affect the long term purity of liquid argon volumes and how to recover from contaminated gas and liquid. The lab has created a 20 ton liquid argon tank and supportive filtering systems to prove the technique of filling vessels without evacuating them first.  The results from that program are just maturing now and Fermilab has achieved the necessary electron drift time (3 msec) in a 10 ton fill of the tank.  In addition to this work for neutrino detectors, the lab has built a distillation column to supply research grade, isotopically pure argon to the dark matter community.
2) “Continue world-class detector R&D at the energy frontier by development of 3D front-end pixel readout, development of new data acquisition systems and performing a comprehensive simulation of total absorption calorimetry technology for future colliders.”
Status:
Fermilab has continued work on 3D silicon as described in detail in the systems and sensors sections.  3D technologies developed at Fermilab are now the basis for a design of the CMS level 1 track trigger, innovative x-ray imaging chips, concepts for subpixel control of SiPMs, low power double layer SiPM-based trackers, and techniques to stack associative memory chips in 3 dimensions. The lab is also testing concepts for integrating active edge and 3D electronics to produce fully active bump-bondable tiles, which are key for large area pixelated arrays.  One important consequence of our research is that the Global Foundries/Tezzaron process has now been adopted as a standard by the silicon fabrication broker MOSIS with the first submission in fabrication. Progress on the Tezzaron work has been slowed by difficulties in moving their 3D process from Singapore to the US as described in the achievements section. A GEANT4 simulation of dual readout of scintillators has matured and this work has been reported at several conferences.
3) “Create and facilitate development of new technologies to explore the cosmic frontier with notable focus in the development of LAr dark matter technology and the development of acoustic sensors for dark matter detectors based on large bubble chambers.” 
Status:
As part of the work on liquid argon technology, the lab has collaborated with Princeton University and SNOLAB in constructing a distillation apparatus to purify argon obtained from wells.  This argon has a very low concentration of the background isotope 39Ar. The column is expected to continue producing low background argon for the next few years. The first customer for this argon is the DarkSide dark matter search, which has a major Fermilab involvement. Concerning bubble chambers for dark matter research, the lab has collaborated with U.Chicago in developing increasingly larger chambers. The target mass from 2 kg to 4 kg and then to 60 kg. The latter chamber is being prepared for a deployment in SNOLAB and it is expected that this chamber will have world-class sensitivity in the search for dark matter. Work on the smaller chambers has verified the acoustic discrimination between alpha decays and electromagnetic ionization. 
4) “Continue and expand the world-class development of precision tracking infrastructure to serve the pixel tracking R&D community.”
Status:
The lab has had a very successful program in testing a wide variety of silicon vertex sensors in the Fermilab Test Beam Facility (FTBF).  This includes 3d sensors from three different vendors (SINTEF- Norway, FBK-Italy and CNM-Spain) as well as polycrystal and single crystal diamond.  Some of these devices were taken to LANL for irradiation and then back to FTBF to determine their radiation stability.
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