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Other Technology R&D

Advanced Detector Research

Overview


R&D in the Particle Physics Division (PPD) continues to be steered by the requirements of the Fermilab experimental program.  PPD R&D is required for projects entering the construction phase, for R&D efforts working toward a final technical design, and for detectors in the conceptual phase.  This task covers those in the conceptual phase and two current Fermilab efforts fit in this task: Off-Axis NuMI Detectors and Linear Collider Detectors. 



Additional R&D on this task involves the development of new types of detectors or new types of electronics or the development of the appropriate tooling to allow production of new devices at unprecedented scales.  These efforts are more generic in nature and are typically not tied to a specific detector implementation.  Two efforts at Fermilab are in this category:  Application Specific Integrated Circuits (ASICs) and Extruded Scintillator R&D.

These four Advanced Detector Research efforts are described independently below, although it is worth noting that the overlap between the two detector efforts and the two generic efforts is quite substantial.

A.  Off-Axis NuMI Detector R&D 
19.d. Background

Recently ideas have emerged to exploit the NuMI neutrino beam with additional future detectors.  One such scheme explores the concept of an Off-Axis detector located near the Soudan detector but not located underground.  The first workshop to discuss this concept and other schemes was held at Fermilab in May 2002.


The physics potential of the NuMI neutrino beam can be greatly expanded by complementing the MINOS detector with a new detector place at some off-axis position and collecting data in parallel with MINOS.  At such a location the new detector would be exposed to a narrow band neutrino beam with low energy and it would be ideally suited for the search for muon-neutrino to electron-neutrino oscillations.  The program would include a new detector, optimized for electron-neutrino detection, with a mass of the order of 50 kilotons (compare to MINOS at 5 kilotons) and exposed successively to neutrino and antineutrino beams.  In a five year run the sensitivity to muon-neutrino to electron-neutrino oscillation would be at least a factor of twenty beyond the current limit in the mixing parameter theta 13.  


The detector would be constructed using existing technology and the R&D required is to find ways of producing the appropriate technology cheaply for such a large volume and for a large channel count.  While the particular detector technology is not yet chosen, one common feature is that the detector would have a low-Z absorber such that the typical density of the detector would be less than 1 gm/cc (vs. MINOS at 3.9 gm/cc).   This low density allows sampling of a neutrino event every 0.25 – 0.5 radiation lengths so that charged current electron-neutrino events can be clearly identified and background events from neutral current muon-neutrino events can be rejected.  Such a detector may have more than 500,000 readout channels. 


A proto-collaboration submitted an Off-Axis letter of intent to Fermilab in June 2002.  Scientific staff members at Fermilab are part of this group and are working on specific parts of a final proposal.  The Particle Physics Division is also supporting modest R&D for other groups in the proto-collaboration to advance their ideas for a scaled-up “existing technology”.  
19.e. Approach


Our general R&D approach is that where practical R&D effort in these areas is attached to existing engineering expertise, technical equipment and personnel in the Technical Centers, Electrical Engineering, and Mechanical Departments of the Particle Physics Division.  


This shared approach is particularly true for experimental efforts requiring general R&D to reach a stage where project approval could be possible if the physics case warranted.  In the case of an Off-Axis experiment, reducing the readout cost per channel by means of an ASIC is an example.  Similarly, one approach to the Off-Axis detector would involve cheap production of scintillator overlapping nicely with the extrusion facility R&D. 

19.f. Accomplishments in FY03


A large fraction of the Fermilab group pursued glass Resistive Plate Chambers (RPCs) as the “existing” technology to be scaled up to 50-kiloton size.  Such RPCs were built for the BELLE detector and Virginia Tech loaned twenty-nine extra chambers of this type to Fermilab for tests.  In addition to general understanding of RPCs, the goal by the end of FY03 was to assemble a cosmic ray test using these BELLE chambers.  The cosmic ray test would determine if such a detector could be operated on the surface with no cosmic ray shielding overburden.


Others in the Fermilab group pursued techniques in constructing and assembling detectors at the scale of 50 kilotons.  The particular method studied was to use intermodal shipping containers as the base module, stacking those containers on land just like they are currently stacked in ocean going container ships.  This assembly technique would not be specific to the detector technology and could be used with RPCs, liquid scintillator, solid scintillator and Limited Streamer Tubes.  The complete cost of such an assembly solution was obtained and various modifications of the basic shipping containers were studied.  Simulations were done of neutrino events in such a modular detector.  


Fermilab hosted a series of lectures on the present state of Neutrino Oscillation and on how to proceed in their study, in particular using Long-Baseline beams.  The series, called “NUHORIZONS: Neutrinos Off the Axis” was held in seven lectures during March through May 2003.  

19.g.1.  Accomplishments Expected in FY04

A final proposal with narrowed technology options is the goal of the proto-collaboration for early FY04.  The Fermilab group expects to contribute to this proposal with information and studies on RPCs.  The Fermilab group will also continue to pursue techniques for assembling large detectors using shipping containers.  A testbeam module or modules (perhaps in containers) with the favored technologies would be constructed in FY04 and tested in beams at Fermilab.  
19.g.2.  Future Accomplishments Expected in FY05 and Beyond 


Following the tests of prototype modules in FY04, the likely step in FY05 would be to concentrate on a near detector prototype and to place that prototype in the NuMI beam on site at Fermilab. 

B.  Linear Collider Detector R&D 
19.d. Background

Fermilab is a collaborating institution for Linear Collider physics, accelerator and detector R&D.  The areas in which Fermilab facilities and staff are involved include:  

(1) scintillator and fiber development for muon detection, calorimetry and tracking, 

(2)  silicon detector development for central tracking and vertexing,,

(3) calorimetry using the muon detectors (contemplated calorimeters vary in depth from 4.5 to 7) and studies of digital calorimetry, 

(4) development of tracking, calorimeter, and muon system electronics, 

(5) mechanical design issues such as muon system steel, calorimeter and tracker geometries, and 

(6) use of the M-test beam facility.  


Most of the proposed work is part of international efforts to develop technologies adequate for applications in detectors at the future Linear Collider.  The scope of this work is coordinated by the International R&D Steering Group, which has representatives from the US, Asia, and Europe.  In the US, the R&D efforts rely on close collaboration between laboratories and universities and availability of funding to the Linear Collider R&D Working Group and University Consortium for LC R&D as part of the University Program of Accelerator and Detector Research for the Linear Collider.  Scientists and engineers from the Fermilab Particle Physics Division will provide their expertise in the development of similar subsystems from previous projects, e.g.: RunII upgrades and LHC detector construction.  Studies of new physics ideas will be carried out in collaboration with the Fermilab Theory Groups. 

19.e.  Approach

Our general approach is that, where practical, the proposed R&D efforts are attached to existing engineering expertise, technical equipment and personnel in the Technical Centers, Electrical Engineering, and Mechanical Departments of the Particle Physics Division.  Similarly, where practical the R&D effort is shared and supported by scientists from all interested detector groups. Special mention should be made of: (1) the Fermilab ASICs group which is involved in development of readout chips for Si/CCD detectors and digital calorimeter; and (2) a new Fermilab / NICADD scintillator extrusion facility, which is in the process of being setup.

Current research is being done in collaboration with university and laboratory groups who want to work with Fermilab engineers and scientists.  Muon system collaborating institutions include: Northern Illinois University (NIU), the University of Notre Dame, Wayne State University, the University of California at Davis, Rice University and the University of Texas at Austin.   Calorimeter R&D includes scientists from Argonne and NIU.  The muon detector R&D effort has a small overlap in personnel with MINOS.  Silicon detector development is done in collaboration with Purdue University, University of Oklahoma, Boston University.

19.f. Accomplishments in FY03


Muon system R&D was directed at studies to investigate the advantages and use of planes of scintillator strips to register both minimum-ionizing particles (typically muons) and to measure hadronic shower leakage beyond the hadronic and electromagnetic calorimeters.  Simulations show that as much as 10% of jet energy is deposited beyond the calorimeters.  We also verified the punch-through and decay rates that give muon-like signals in the muon detector and made use of the small cell size in the calorimeters to use them as part of the muon identification algorithm.  Studies on the use of the scintillator-based muon system for calorimetry started. 


In preparation for quality assurance testing of newly produced scintillator from extrusion machines, various benchmark scintillators were measured.  Early testing of multi-anode photo-multipliers started.  


There was significant Fermilab effort on the preparation of UCLC and LCRD detector R&D proposals.  While Fermilab was not the direct recipient of funds associated with such proposals, Fermilab personnel fully participated in laying out what needs to be done and in organizing effort, and Fermilab facilities were available for use in the R&D.  There was general interest in and planning for the use of test beams to understand the performance of prototype calorimeters and muon detectors.

19.g.1.  Accomplishments Expected in FY04

Simulation software will be developed in the context of the LCRD proposals.  There is a general plan to develop simulation software in which detector geometry is not “wired into” a given event generation package.  The manpower required for this task is well beyond the number of specialized computing professionals that Fermilab has or can make available for the development of a unified international effort, but is an activity that Fermilab should join in the next year.  An example where we expect to contribute is in the development of simulation software that allows planar detectors, such as those that are anticipated for the muon system.  Present JAS compatible simulations allow only cylindrical detectors in the barrel region of the detector.


The Muon system R&D expected in FY04 includes, in collaboration with other institutions the following list: specification of muon-detector strip scintillator specifications, design and procurement of one or more extrusion dies and the tests of scintillator, wavelength shifting and clear fibers that go with prototype scintillator; tests of multi-anode PMTs with existing front-end electronics; development of specifications for front-end and read-out electronics, development of an understanding of the necessary packaging of scintillator strip detector planes, and development of proposals for strip installation and servicing in the muon steel. 


Beam tests of prototype calorimeters and muon detectors are expected in the Fermilab MTest testbeam. 


 Studies of new physics ideas will be carried out in collaboration with the Fermilab Theory Groups. 

19.g.2.  Future Accomplishments Expected in FY05 and Beyond 


Muon system R&D work will include the development of prototype planes of scintillator detectors and the front-end and read-out electronics prototypes.  Mechanical engineering will be needed to assemble such modules in a stack that is appropriate for tests.  A cosmic ray test stand will be setup and accumulate test data to verify designs prior to beam tests.   Beam tests of prototype muon detectors are anticipated.


The calorimeter R&D work will aim at construction of prototype structures in order to validate the digital calorimeter concept or alternative approaches, and evaluate their performance in the Fermilab testbeam.  The work on tracking and vertexing projects will be focused on development of lightweight and high precision prototype detection modules and their operation in the testbeam.  


Studies of new physics ideas will be carried out in collaboration with the Fermilab Theory Groups. 

C.  Application Specific Integrated Circuits (ASICs) 
19.d. Background


Modern High Energy Physics experiments have become dependent on full custom integrated circuit design in order to accommodate high channel counts and provide reduced cost. 

19.e.
Approach

ASIC design is concentrated in one engineering group at Fermilab located in the Electrical Engineering Department of the Particle Physics Division (PPD).  The Fermilab ASIC Design Group has focused on full custom mixed signal (analog and digital) designs and applications. However, a number of purely analog and purely digital designs have also been executed.  Collaborative agreements with universities and other national laboratories have been used to design some chips.  Chips for Fermilab are fabricated at silicon foundries in the United States, Europe and Hong Kong.


After the ASICs are fabricated, they are tested in package and/or wafer form in the ASIC test facility in the PPD Electrical Engineering Department.  Wafer level testing has shown great value in understanding processing problems.  In addition wafer level testing has resulted in lower packaging costs and significantly reduced manpower needs for chip testing.   The testing facility at Fermilab is unique within HEP facilities in the United States.


Major challenges continue to face ASIC programs.  Qualified designers are hard to attract and even harder to keep. The hardware and software tools required to design today's complex circuits continue to evolve and require significant cost to purchase and maintain.  Integrated circuit processes continue to be introduced and phased out, often making lengthy projects difficult to plan.  Radiation tolerance continues to be a major requirement for many designs.  Special design rules are needed for radiation hard designs and each new process used needs to be evaluated for radiation effects.  ASIC design requires a sustained commitment over many years to be effective and productive.

19.f.1.  Accomplishments in FY03

Much of the effort in the PPD ASIC group is related to R&D covered on tasks described elsewhere, but it is worth capturing here the full range of the group’s contributions in FY03 before turning specifically to the Advanced Detector R&D.  During FY03 the group accomplished the following:

1. The SVX4 design for CDF and DZero was completed in collaboration with designers from LBNL. An engineering run of chips was submitted and wafers tested in the EED ASIC test lab.  A production order was submitted to TSMC.

2. The TRIP chip design for the scintillating fibers at DZero was completed.  A production quantity of chips was made without benefit of a prototype run. The production devices were a remarkable success given the short time schedule allowed. 

3. The design of a full size pixel readout chip for BTEV was completed.  A prototype run produced fully functional chips that meet high performance standards.  Chips were tested in the ASIC test lab showing the parts have very high yield.

4. Design of the CMS QIE and CCA chips were completed.  Production orders were submitted for both the QIE and CCA chips. The parts were tested and found to have very high yield.

5. Design work was started on the QIE and Silicon Strip Readout chips for BTEV.

6. Design and construction of an automated IC tester was completed.  The tester was used to test QIE and pixel readout chips for CMS.


Set in this context, the range of Advanced Detector R&D on ASICs can now be described.  


Design of an integrated PMT high voltage (HV) power supply and readout chip was started.  This was proposed many years ago for the SSC, and printed circuit boards using commercial off-the-shelf components exist and demonstrate the principle.  To reduce cost, physical size, power and noise, and to increase the flexibility and performance, this work seeks to build a custom integrated circuit to incorporate all the functions.  For small quantities the cost would be reduced by 50% over discreet components, but the performance would be better.  For large quantities the cost reduction would be larger.  Besides performance and flexibility, the system would be much safer since there would be no need for a long cable carrying several milliamps at several kilovolts.  This system could be used in any detector system needing high voltage, such as silicon sensors for a Linear Collider detector, Avalanche Photo Diodes (APDs) for an Off-Axis detector or a Linear Collider Muon system, or RPCs for Off-Axis or Linear Collider calorimeters.


Stimulated by a request from the University of Minnesota group on the Off-Axis detector, the group began to prototype an Avalanche Photo Diode (APD) readout chip.  The Fermilab ASIC group designed a chip for medical imaging in collaboration with a University of Michigan Medical group several years ago and this ” MASDA” chip appears feasible for readout of modern APDs such as those used in CMS ECAL.  In discussions with Roger Rusack (US CMS & University of Minnesota), the possibility emerged that the bare die APD readout might possibly be bump-bonded (techniques learned in BTeV R&D) directly to such a readout chip, potentially reducing the cost per channel by more than an order of magnitude.  Minnesota procured an APD array and Fermilab built a MASDA-based readout board for tests in late FY03. 


Under the auspices of the Linear Collider Research and Development Working Group, a group was formed to study resistive plate chambers as the active medium for a hadron calorimeter at the Linear Collider.  The concept is a departure from past practices in that the calorimeter would be segmented into small pixels rather than large towers.  Instead of (e.g.) an integrated charge with 16 bits of dynamic range, the readout would be in just one bit.  This is exactly the same concept for RPCs proposed by the Fermilab group for an Off-Axis detector, where the pixels would be larger strips in a “tracking digital calorimeter”.  Collaboration among Argonne (LC lead group), Chicago, Boston University, the University of Illinois, and Fermilab began to design an appropriate ASIC readout.  The Argonne people are also involved in Off-Axis designs.


Members of the ASIC group participated in discussions for SNAP, which is expected to need development of Flash Memory Recorder and possibly a custom readout ASIC.  

19.f.2.  Future Accomplishments Expected in FY04  


Design of an integrated PMT power supply and readout chip will be completed.  Initial tests of an APD readout will be completed and an APD-specific design will begin.  The work on RPC 1-bit readout for Linear Collider detectors has a goal to complete  the design and procure 400,000 channels by the end of FY04.   SNAP flash memory studies may continue.  Design of a new amorphous silicon pixel readout chip will be started.

19.f.3.  Future Accomplishments Expected in FY05 and Beyond



Prototype production PMT power supply and readout chips will be procured and tested.  The APD readout chip will proceed to the prototype phase and additional studies of bump-bonding to bare APD dies will be done.  The 1-bit readout chip for RPCs should be under test.  The scope of SNAP projects at Fermilab will be determined.  Studies of amorphous silicon pixel readouts will continue.

D. Extruded Scintillator

19. d. Background

Electromagnetic and Hadronic Calorimetry is used in a variety of experiments at Fermilab.  In addition to the basic function of energy measurement, the electromagnetic calorimeters usually have preshower devices and shower maximum devices to localize electromagnetic shower positions to a few millimeters.  Other calorimetric devices are used as highly efficient vetoes of low energy photons.  In many of these applications, the chosen detector technology utilizes plastic scintillator readout with wavelength shifting fibers.  In addition plastic scintillator detectors are now used in large-scale neutrino detectors and function both as calorimetric devices and as tracking chambers.  The availability of high-quality wavelength shifting plastic fiber has made this possible and has helped fuel the renewed interest in plastic scintillator based detectors.   Recent work on extruded plastic scintillator has extended the applicability of plastic scintillator based detectors even further by allowing experimenters to consider very-large scale (106 lb or more) calorimetric/tracking detectors using this material.

19. e. Approach

Most R&D efforts are very much detector specific and proceed independently.  One generic effort has continued at Fermilab to investigate basic properties of scintillators and methods for mass production via extrusion processes.  This work is done by the Particle Physics Division's Scintillator Detector Development group.


Since much of the scintillator effort has been related to detector R&D tasks covered elsewhere, it is worth capturing here the full range of Fermilab’s scintillator use before turning specifically to Advanced Detector R&D.  Both DZero and CDF have installed scintillator detectors using wavelength shifting fiber readout as part of their Run II upgrades.  CDF built a plug calorimeter with a shower max section using this technology and DZero built both central and forward preshower detectors.  The DZero preshower detectors used extruded plastic scintillator.  The MINOS scintillator detector was a combined calorimeter / muon tracker and utilized an industrial scale extrusion of polystyrene scintillator and wave-shifting fiber readout.  The development of large, hermetic scintillator photon veto calorimetry would be an essential element of the proposed CKM detector.  


As can be seen from the above discussion, plastic scintillator applications with wavelength shifting fiber readout are numerous.  The Particle Physics Division's Scintillator Detector Development group supervised the production of scintillator extrusions for MINOS at a local vendor site.  The group has also supplied scintillator for groups outside Fermilab, for the STAR experiment at Brookhaven and for the K2K experiment (work for others).  



In the arena of Advanced Detector R&D, the Particle Physics Division scientists are now collaborating with the Northern Illinois Center for Accelerator and Detector Development (NICADD) to setup a scintillator R&D facility at Fermilab.  This facility will investigate scintillator applications for future experiments.  The group is also developing new plastic scintillators with increased X-ray and neutron detection sensitivity.

19.f. Accomplishments in FY03


R&D continued on further developments of low cost extruded scintillator.  Fermilab scientists collaborated with NICADD personnel to set up a Fermilab facility in the Particle Physics Division’s Lab 5 devoted to advanced scintillation detector design and prototyping.  New equipment purchased by NICADD included a state-of-the-art fully automated extrusion line capable of producing scintillator extrusions up to 8” wide at rates beyond 100 kilograms per hour.  


A wide range of experimenters expressed interest in the facility.  Proponents of a plastic scintillator detector for an Off-Axis NuMI detector and members of the Linear Collider muon detector group obtained samples for test and evaluation.  A number of outside contacts from the BNL KOPIO collaboration and from Oakridge National Laboratory Neutron Spallation nuclear physicists took place. 

19.g.1. Accomplishments Expected in FY04


R&D will continue on further developments of low cost extruded scintillator utilizing the Lab 5 extrusion facility.  Areas to be investigated will be the following: liquid dopant injection, polymer processing, mechanical filtering, annealing/molecular orientation, pre-polymerization in bulk, cladding materials, co-linear extrusion with wave-length shifting fiber, radiation and environmental effects.    NICADD collaborators from Northern Illinois University will pursue die design in collaboration with the extrusion facility.   The development of new X-ray  sensitive and neutron sensitive plastic scintillators will be pursued.   

Studies involving a solid scintillator option for an Off-Axis detector for the NUMI neutrino line will continue.  The Lab 5 facility can provide prototype quantities, set production performance criteria and be able to guide the outside vendor production needed for full-scale detectors.

19.g.2 Future accomplishments in FY05 and Beyond.


R&D will continue on liquid dopant injection, polymer processing, mechanical filtering, annealing/molecular orientation, pre-polymerization in bulk, cladding materials, co-linear extrusion with wave-length shifting fiber, radiation and environmental effects.  Attention will turn increasingly to developing applications of these techniques for detectors associated with future accelerators such as the Linear Collider.  New X-ray sensitive and neutron sensitive plastic scintillators will continue to be investigated. 

