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[bookmark: _Toc202312001][bookmark: _Toc202375375]Introduction to Detector R&D Core

The ‘core’ of the Fermilab detector R&D program supports major facilities and staff for engineering, fabrication and testing of detector technologies.  As well, this category facilitates contact with visitors who report on detector R&D from around the world.  Specifically, the core portion of the KA15 budget funds the following activities:

· ASIC Engineering
· ASIC Development Software
· Liquid Argon Test Facilities
· Upgrade to Meson Center Test Beamline
· Upgrade to Technical Center Tools
· Detector Schools, workshops and conferences
· Research Techniques Seminar and Visitor Support 

The funding to construct and maintain most of the other facilities and groups available to detector R&D projects comes primarily from parts of the Fermilab program outside of the KA15 B&R category. Direct costs for engineering and technical support for detector R&D are charged to various parts of the KA15 B&R category while the efforts of scientists who initiate, guide, and participate in the detector R&D are funded from the B&R categories for their primary research. 

As the U.S.’s only purely HEP laboratory, Fermilab has taken and will continue to take a leadership role in worldwide detector development by organizing and hosting various meetings of this community.  In October, 2010, Fermilab hosted a workshop for national coordination with the HEP detector community.  As a result of this meeting, an Instrumentation Task Force was created by DPF to enhance this coordination.  Fermilab co-hosted with Argonne the 2nd TIPP conference, which provided an international forum to showcase the latest in HEP detector research.  The lab has sponsored several focused workshops on topics such as 3-D ASIC development, homogenous hadron calorimetry and optical DAQ.  As a more recent example, in June, 2012, Fermilab held a workshop on Project X Physics and Detectors for coordinating intensity frontier research.  It is expected that similar outreach to the HEP community will continue with core KA15 funds.

Fermilab routinely collaborates with other laboratories and university groups on a large variety of R&D projects.  These collaborative efforts leverage both the technical and facility resources available at Fermilab, and the expertise and technical innovations of the wider community.  Various multi-institution collaborations have assembled and tested their detectors in Fermilab’s detector assembly facilities and labs, making use of the convenient space, and of the technical and safety infrastructure.  Fermilab’s high energy test beam, the only such beam available in the United States, is a valuable resource to the worldwide detector development community.  Another example is the partnership with LBNL which provides silicon sensor fabrication while Fermilab provides expertise in packaging into integrated detector systems, novel readout electronics, and testing.  Various visitors programs and a Research Techniques Seminar series facilitate the flow of information to and from Fermilab, and provide the opportunities to start new collaborative efforts.

In the remainder of this section, the extensive capabilities of Fermilab’s engineering and technical staff are described, followed by a description of the Test Beam facility and liquid argon facilities which receive partial support from the KA15 core.  Various other specialized facilities available at Fermilab for detector development, assembly, and testing will be described in the separate Facilities section.
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[bookmark: _Toc202375376]Organization
Engineering and development support is primarily provided by the technical staff of the Particle Physics Division (PPD) which brings diverse experience in the design, construction, and operation of experiments to the development of new detector technologies. Mechanical engineering expertise includes design and operation of cryogenic systems, precision tracking detectors, cooling and gas systems, large mechanical structures and finite element analysis.  Electronics engineering in PPD covers a broad range from analog to digital signal processing and electronics infrastructure. There is a strong ASIC group that is crucial to a number of R&D areas.  PPD has several detector assembly centers that specialize in particular aspects of detector development.  One of particular importance to detector R&D is the Silicon Detector Facility.  The Fermilab Test Beam Facility, operated jointly by PPD and Accelerator Division (AD) is critical to test new technologies.

The technical staff of the Computing Division (CD) provides expertise in the development of data acquisition and trigger systems along with support of critical software systems. CD provides support through maintenance of computing systems and widely used tools that facilitate documentation and communication in both proton research and R&D. CD is also making significant investments in the R&D of many-core software architectures that will greatly influence both offline and real-time computing for future detector systems. 

Other organizational units of the laboratory provide support to the R&D efforts.  Technical Division (TD) provides services through operation of the central machine and welding shops.  The Environmental Safety and Health (ES&H) division conducts safety and compliance reviews of experimental and R&D labs and installations.  Business Services Section (BSS) and Facilities Engineering Services Section (FESS) provide general support to the program through numerous services such as procurement and design and maintenance of buildings for technical groups.

[bookmark: _Toc198629130][bookmark: _Toc198654357][bookmark: _Toc199168944][bookmark: _Toc199169194][bookmark: _Toc202312003]The engineering groups and the facilities available for detector R&D are described below, and in the section on facilities.
[bookmark: _Toc202375377]Mechanical Engineering
The primary organization providing mechanical engineering for detectors at Fermilab is the PPD Mechanical Engineering Department whose purpose is to support to high energy physics experiments.  This department comprises 30 engineers and 9 designers.

The mechanical engineers have years of experience in cryogenics, mechanical design, project engineering, magnet design, pressure/vacuum vessel design and project management.  Their engineering expertise emphasizes design of complete detector systems from individual detector components to the necessary support infrastructure. The mechanical engineers and designers work closely with specialized detector assembly groups on the design of precision detectors and associated assembly tooling.

[bookmark: _Toc198629131]The Fluids and Thermal Engineering subgroup has experience in the design, construction and operation of all types of fluid systems, including gas systems, cooling systems and cryogenic systems. This group is the primary source of engineering for the liquid Argon (LAr) TPC R&D at the lab including the LAr Materials Test stand and the Liquid Argon Purity Demonstration (LAPD). This group also developed a CO2 cooling test stand for use in developing CMS pixel detector upgrades.
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Electrical engineering for detectors is provided by the CD Electronics Systems Engineering Department (CD/ESE) and the PPD Electrical Engineering Department (PPD/EED). Together, these departments provide engineering with a wide range of design expertise for particle physics experiments from the front-end to DAQ and trigger systems. They played central roles in the electronics systems for the CDF, D0 and MINOS experiments. Recently they completed readout electronics for the Dark Energy Camera project. Both groups have experience in circuit board design from schematic through PCB layout, including simulations for FPGA designs. Designs range from full analog to full digital. They also address electronics infrastructure needs in areas such as power supply development, DC power distribution systems, card cage and backplane development, and relay rack outfitting.

The two departments have a combined staff of 65 people including 40 engineers. Most of the staff is engaged in the design, construction and testing of electronics for experimental projects. They also maintain, troubleshoot and repair the electronics for operating experiments.

The CD/ESE Department provides the hardware engineering for much of the DAQ R&D at the lab. This group is responsible for the hardware, firmware and software for the CAPTAN system, a new architecture for data acquisition. This system is currently being used for the pixel telescope for the test beam.  A BGA reflow station and an X-ray inspection station supports detector R&D work
[bookmark: _Toc199168946][bookmark: _Toc199169196][bookmark: _Toc202312005][bookmark: _Toc202375379]ASIC Design
The Fermilab ASIC group is part of the PPD Electrical Engineering Department.  The group has a staff of nine people focused on mixed analog-digital signal and radiation tolerant designs. The 6 ASIC designers have experience with numerous technologies including CMOS, SOI, and BiCMOS. An additional three people provide direct development support with wire bonding, test boards and and testing software.  The ASIC group has designed numerous successful ICs including the Charge Integrator Encoder (QIE) that through many generations has been used for readout of calorimeters on KTeV, CDF, MINOS, and CMS.  They have also designed readout chips for silicon strip and pixel detectors including designs in collaboration with LBNL. All current members of the group have experience in 3D integrated circuit design. As a result the group has been asked to design chips not only for Fermilab but also for CERN, BNL, and Argonne.

A major focus of recent design effort for detector R&D has been development of 3D architectures.  Development of a new generation of QIE is nearing completion. The ASIC design effort is supported by board design both within PPD/EED and from CD/ESE.  The group has developed in-house ASIC testing capabilities for both packaged and wafer level parts.
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Design tools are a significant expense for engineering.  The purchase and maintenance of all of the CAD tools for both the mechanical and electrical  engineering groups supporting detector R&D is supported by both KA15 detector R&D funds as well as from the labs operations budget. 

Software for development of ASICs continues to evolve and is expensive when compared to board level CAD tools. As new technologies such as 3D are investigated, new tools must be acquired to design and verify the designs.  In some cases one software tool must be shared between all designers.   The ASIC group currently uses a suite of tools from Cadence, Mentor, Synopsys, Tanner, and Silvaco.  The ASIC CAD tool maintenance and purchases are supported primarily by KA15.

The electronics engineering departments use several different CAD packages for printed circuit board design including ORCAD, VeriBest (Mentor) and recently Altium.  They also maintain packages for FPGA programming both from FPGA vendors and CAD system vendors.   The PPD/MD uses the IDEAS mechanical design software to do 3D modeling, 2D drafting and simple Finite Element Analysis (FEA).   More complex FEA carried out by the FEA group is done by using ANSYS.  The licensing and support of the mechanical CAD software is shared among all divisions of the lab
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The Facilities section will describe other Fermilab facilities available to the generic detector R&D section, including the Silicon Detector facility (SiDet) for construction and testing of precision tracking detectors, the cryogenics and vacuum group, the Scintillator Detector Development group, and the Thin Film group. 

All of these detector facilities were developed over a number of years primarily for the construction of experiments at Fermilab.  Using this base of infrastructure benefits R&D but in a number of cases the tools are becoming obsolete.	Over the past three years there have been modest improvements with the acquisition of new instruments for the chemistry lab and a new automated probe station.  The lab proposes to continue with this modest improvement program with the purchase of a few tools that are essential to detector R&D with KA 15 funds.  These improvements will also be beneficial to the non-KA15 research program. 

The following are specific examples of items in our proposed acquisition plan.
· Laser machining station capable of silicon dicing, backside anneal processing, and general precision machining.
· X-ray irradiation test stand for testing ASICs.  This test stand would involve the addition of an X-ray tube(s) to an existing probe station with the whole assembly contained in a shielding environmental box.  The purpose is to simultaneously dose and test ASIC’s so that the effect of the X-rays can be assessed prior to annealing.
· [bookmark: _Toc198629123][bookmark: _Toc198654355][bookmark: _Toc199168949][bookmark: _Toc199169199]Replace over a 3 year period the most critical instruments in the chemistry lab which are becoming unreliable and have interfaces that are no longer supported. 
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Test beams are crucial to many detector R&D projects. The Fermilab Test Beam Facility provides users from around the world the opportunity to test and calibrate the performance of their particle detectors or detector prototypes using a variety of particle beams and beam conditions.  Only a few high energy test beam facilities exist and Fermilab operates the sole US facility. The goal of the Fermilab test beam program as stated in the director’s handbook is “to provide flexible, equal and open access to test beams for all detector tests, with relatively low bureaucratic overhead and a guarantee of safety, coordination and oversight.” 

The test beam originates from the resonant extraction of a proton beam from the Main Injector (MI). The beam spill length is variable from 0.2 to 1.2 microseconds.  The extracted beam is accelerated to 120 GeV and can be delivered to the test beam area in a flexible fashion, allowing experimenters to specify the beam conditions appropriate for their particular test.

The 120 GeV proton beam has an approximate 0.3% momentum spread and can be focused to a 7 mm RMS spot size in the user area. In addition to delivering primary protons, there are two targets on movable stages that can act as secondary beam production areas.  The magnets downstream of those targets can then be tuned to deliver any secondary momentum from 0.5 GeV to 60 GeV.   This flexibility gives the researchers many options in designing their tests. The momentum bite for these secondary beams is on the order of 2-3%. 

The current test beam facility (MTEST) has a number of user installation areas, and crane coverage to facilitate the installation and removal of equipment.  Various instrumentation is provided to characterize the beam impinging on the detectors being tested.  The test beam facility offers a pixel telescope which measures the beam direction with resolution of a few microns.  This telescope can be used for tests of new pixel sensor technologies.

The facility has a differential Cherenkov counter that can perform 3 species separation in the region between 5-32 GeV and is very efficient for tagging electrons down to 1 GeV.  This particle identification can be used in a trigger system for experiments which require a pure event sample.

For precision timing studies, Fermilab has developed a 175 psec resolution TOF system that is 10 cm x 10 cm size, as well as an advanced microchannel plate PMT system that can get 20 psec timing resolution on the proton beam. 
The facility offers the use of large lead glass module that can be used to measure the parameters such as electron content and beam momentum spread for any specific beam conditions. As measured with this device, the beam typically delivers 2-3% resolution.

[bookmark: _Toc198629126]There is a continuous demand for improvements on the beam instrumentation at the test beam. Over the shutdown period in 2012, Fermilab is developing an entirely new data acquisition system for the 0.5 mm spaced wire chambers used for medium level tracking.  Over the next 3 years, the test beam instrumentation will be continuously improved and upgraded.  A new MCenter beam line will be commissioned after the shutdown and provide most of the same capabilities as MTest.
[bookmark: _Toc202375383]Example of Research performed at the MTest Facility

The test beam facility has been very active since 2009, with more than 100 institutions from around the world making use of the test beam.  In the last three years there have been 15 new test beam experiments along with the many efforts continuing from before 2009. 

Since 2009, two notable experiments (CALICE and MINERVA) have completed their test beam studies. The CALICE experiment (T978) is a collaboration between a large numbers of mostly European groups, headed in large part by DESY, and devoted to studying advanced techniques of calorimetry for the ILC.  The installation of the CALICE apparatus in the test beam in April, 2008 was substantial, involving veto detectors, drift chambers, electromagnetic calorimetry, hadronic calorimetry, and muon identification. That experiment is now packing up its remaining equipment and translational stage after 4 years in the test beam.

The MINERVA experiment (T977) proposed to install an entire new tertiary beam line in the user facility so that they could receive 300 MeV/c pions onto their test apparatus.  Beam line construction began in FY2008, was completed in calendar year 2009, and the experiment took data in 2009 and 2010.  After the completion of the MINERVA tests, this beam line is now available for other users. It may be translated to the new MCenter facility to support a new liquid argon test beam detector there.

These two test beam efforts are an excellent example of how Fermilab works closely with visiting university and national laboratory teams to not only deliver high quality beams, but receive significant value from them as well.  This facility leverages the effectiveness of the university program by providing a unique resource that would be difficult to find anyplace else.
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The pixel telescope in use at the MTBF (Meson Test Beam Facility) at Fermilab, is now part of the facility and has been used by many experiments as a high resolution tracking tool.  It provides with high precision the impact position of the particles in the beam.

The telescope consists of a series of eight pixel planes whose pixel size is 100 um x 150 um. Four of the eight planes have the 100 um side of the pixel cell measuring the x coordinate while the other 4 are rotated by 90 degrees to measure with higher precision the y coordinate. In order to improve substantially the position resolution measurement the planes are inclined 25 degrees to maximize the charge sharing probability. The resolution of the impact point on the detector being tested is below 7 um for most of the tracks.

The telescope data acquisition system is based on the CAPTAN hardware board and a gigabit Ethernet link allows the system to collect high rate data from the highest intensity beams that the facility can provide.  Operation at up to 50KHz is possible while using only about 10% of the network resources. The data are stored in a Windows PC where the DAQ software is running.  Tools are available to monitor the data quality online as well as to align the system offline and provide a track based output for any user that needs to have the impact point on their detector.
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The tertiary spectrometer that was built for MINERVA required the construction of a copper target and large steel collimator, offset from beam center by 17 degrees. The off-center particles that made it through the collimator were then measured by a large MWPC spectrometer system that the collaboration and Fermilab developed. The experiment used a TOF system to identify the slow beam coming out of the collimator and through the spectrometer. The equipment took up a great deal of space in the MTest beamline and would limit other experimental efforts. Fermilab has since offered the 10 cm x 10 cm MWPC chambers (‘Fenker chambers’) for normal use instead. The results from the MINERVA run with this tertiary beam line were quite remarkable, with observations of pions, kaons and even deuterons, down to 300 MeV/c momentum.
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The utilization of the Meson Test beamline in the Fermilab Test Beam Facility has grown substantially over the years since its inception in 2002.  Typically the beamline hosts at least one experiment every week of the year.  Quite often there are two or even three experiments in the beamline at any given time.  To relieve this pressure on the nation’s only high energy test beam, Fermilab received funding from the DOE to convert the MCenter beamline into an additional test beam facility.

Fermilab has completed construction of a new test beam facility in the Meson Center (MCenter) beam line. This new beam line is essentially identical to MTest, except that the MCenter beam line does not have the low current power supplies that were installed in MTest in 2006. The current MTest facility has a number of user installation areas, and crane coverage to facilitate the installation and removal of equipment. The new line, MCenter has fewer experimental facilities but has two large spectrometer magnets that could be used for a variety of calorimetry studies. There are two differential Cherenkov detectors in the MCenter beam line that can be used for particle ID.  The work on MCenter  occurred over the years 2009-2011 and included the following:
Fixing LCW lines
Reworking power supply buses
Replacing or fixing beam instrumentation
Cutting beampipe and putting on flanges 
Repairing experimental spectrometer magnet coil
Installing signal and HV cables
Painting of floor
A Radiation Shielding Assessment committee is currently being formed to review the status of the shielding of the beam.  Many studies have been done to show that the major issues of shielding have been addressed.  The plan is to obtain approval for operating MCenter during the 2012 shutdown and delivering first beam on startup. 

The funding for MCenter upgrades has been exhausted and Fermilab plans to support continuing upgrades to this user facility with KA15 funding in FY13 through FY15, to put MCenter on par with the MTest facility.  Proposed upgrade hardware includes:
X-Y motion tables
Laser alignment systems
Web based camera system
Tracking detectors - both wire chamber and silicon based
DAQ system
Gas distribution system

In a separate effort described in the systems R&D thrust section, cryogenic liquid argon handling infrastructure will be installed in MCenter to support the testing of liquid argon detectors including the calibration of the shower energy.  The first customer of this facility will be a retrofitted ArgoNeut detector, to be followed by a new TPC sufficiently large to contain the showers.

[bookmark: _Toc198654377][bookmark: _Toc199168953][bookmark: _Toc199169203]With a very successful MTest beam line and a second MCenter beam line to augment it, Fermilab’s test beam facilities will remain in the forefront of detector support in the US. With the CERN accelerator complex shutdown in 2013, it is expected that international involvement at Fermilab’s test beam will increase beyond the already substantial activities.
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KA15 supports the operation of the liquid argon materials test stand, our first foray into the clean liquid argon business,  which was commissioned in 2007.   The materials test stand allows materials to be inserted into a cryostat with clean liquid argon  (< 30 ppt O2 equivalent) to test the effect of the material on the electron drift-lifetime. To simulate the conditions of a detector in a cryostat which is not evacuated, the materials can be inserted from an argon-lock where they have been purged but not pumped. The materials can be placed in the liquid  - at a temperature of 90K - and in the ullage  where the temperature (measured) varies from 90K to 220K. Since the outgassing rate of water, the main contaminant that affects electron drift-lifetime, is a strong function of temperature, the ability to expose materials at temperatures above the temperature of the liquid has been very helpful. 

The key features of the test stand are the single pass filtration system with a zeolite filter to remove water and activated copper to remove oxygen, a 250 liter cryostat that receives the liquid, a nitrogen-powered condenser to maintain the argon as liquid, the argon lock that allows insertion of materials, an ICARUS style purity monitor, and an internal filter with no internal moving parts that can circulate the entire volume of the cryostat in 90 minutes and is used to clean up the liquid after it is contaminated. Operation of the test stand is now routine. It has recently been used to test components of the MicroBooNE detector and components of the LAr35 cryostat.

A second cryostat is available, served by the same source of clean argon. This cryostat was used to host the 50 cm drift TPC on which the warm electronics for ArgoNeuT were developed and the in-liquid electronics were demonstrated. It is currently in use for development of the PMT system for MicroBooNE. This cryostat is currently being equipped with a condenser to allow long-term operation for photosensor testing.
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