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Abstract  
We report on a cross-disciplined, multi-institutional effort to develop large-scale ‘frugal’ photo-detectors capable of mm-scale space resolution and pico-second time resolution.  This new R&D effort is being led by the High Energy Physics branch within DOE.  The large-area fast photodetectors (LAPPD) being developed would have applications in many fields, including particle physics, astrophysics, nuclear sciences, and medical imaging.  The basic approach uses novel inexpensive micro channel pores which have been functionalized using a technique called atomic layer deposition.  A custom anode and fast electronics are used to readout the photodetector.  High quantum efficiency photocathodes are also being explored.  The R&D program includes detailed testing and end to end simulations.   
LAPPD: Large area pico-second photodetectors
1. INTRODUCTION 
Photomultipliers (PMTs) are used extensively in many scientific areas.  These devices are robust well-understood with good quantum efficiency [1] and have the ability to resolve a single photo-electron.  PMTs have excellent time resolution [2] and multi-anode PMT’s allow for good spatial resolution as well [3].   Micro-channel plate photo-multipliers (MCP-PMTs) are an evolution from the principles of the PMTs [4,5,6,7,8,9] and combine many of the virtues of PMTs with a simple planar package construction that lends itself to scaling to large-area detectors.  MCP-PMT devices are designed with very small path-lengths for the photon conversion and speedy electron multiplication resulting in faster rise times [10] relative to traditional PMTs.   Presently, MCP-PMTs are small (several inches square max, typically) and an order of magnitude more expensive than traditional PMTs.   In this paper, we report on a cross-disciplined, multi-institutional R&D effort which has the goal ‘to develop commercializable prototypes of large area MCP-PMTs within 3 years’.   This research program entails a theory-driven understanding of the basic physical processes of the detector, realistic solutions to technical and fabrication problems, proof-of-principle operation and analysis of the devices, and a viable path to commercial production.   This initial R&D effort has been funded within High Energy Physics Division within the Department of Energy (HEP-DOE) using laboratory directed research and development (LDRD) funds and American Recovery and Reinvestment Act (ARRA) funds.    

This research originated while attempting to develop a more precise time-of-flight (TOF) detector to be used at a High Energy Physics (HEP) particle collider to identify the mass of the individual particles emerging from a particle collision with better accuracy.   Figure 1 (left) shows the required timing precision for particle identification confidence levels for discriminating between different species of particles as a function of the particle momentum.   At 10 GeV, three-sigma separation between kaons and protons requires timing precisions of better than 10 picoseconds.   Current TOF systems  in HEP operated in detectors like the Collider Detector Facility (CDF) at Fermilab [10] have typical timing precisions of about 100 picoseconds.    The goal of our R&D was to provide new photodetectors that would yield picosecond timing resolution for applications in future HEP experiments.   Note however, new large area economical photodetectors would have applications in many disciplines.  Within HEP, a possible application would be for future neutrino experiments now being planned which will use extremely large water Cherenkov detectors and require thousands of PMTs.    This R&D could provide economical large area photodetectors at 100ps time and 10mm space resolution, which would allow full coverage for a large water Cherenkov detector and for the first time in this type of detector provide the ability to perform full track and vertex reconstruction of events.  
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Figure 1: (left) Differences in time-of-flight over 1.5 meters for particles of equal momentum and different mass, as a function of momentum scale.  Overlaying contours indicate three-sigma confidences for separating between electrons and pions, pions and kaons, and kaons and protons. (right) Anatomy of a MCP-PMT 
The anatomy of a MCP-PMT is shown on the right of Figure 1.  Incoming incident light entering the MCP-PMT window strikes the photocathode and generates an electron through the photoelectric effect.  This electron is accelerated by a potential across a small gap before striking one or more micro-channel plates.  The micro-channel plates typically are characterized by high secondary electron emission properties such that a single electron produces an avalanche of secondary electrons that cascade down through the micro-channel pores and are eventually captured onto an anode structure.   The anodes are connected to some type of electronics for readout and the entire MCP-PMT is hermetically packaged in a vacuum assembly.    In the remainder of this paper, we describe a large collaborative effort aimed at developing new large area photo-detectors based on micro-channel pore technology.   The LAPPD collaborative effort includes 4 national laboratories, 3 small companies and 5 universities [11].      The collaboration is pursuing two directions for developing these new photo-detectors.   One approach is to simply scale up conventional micro-channel plate PMT technology using multi-alkali films to 8” by 8” flat panel geometries.   Within our collaboration, this work is being led by Berkeley Space Science Laboratory (SSL) where they have a long history of developing conventional MCPs for night vision and astronomy applications.  The second approach we are pursuing is to develop economical “all glass” 8” by 8” flat panel geometry.  The all glass direction being led by Argonne National Laboratory, is starting with multi-alkali photocathodes, but at the same time alternative photocathode development using unique infrastructure and multi-discipline expertise in nano-technologies available at US National Laboratories is being pursued.   The overall program is broken up into multiple areas each focusing on different aspects of the overall MCP-PMT.  These are each described separately below.
2. Mechanical design and hermetic assembly
2.1 Overview 

The mechanical design and hermetic detector assembly must be robust and vacuum-tight while allowing for high voltage connections and high bandwidth readouts through the vacuum seal.  Our R&D program is pursuing two directions, ceramic and an all glass design.  SSL with a long history of experience in the design of the ceramic Planacon, has adapted conventional brazed-ceramic designs to the larger dimensions of the 8” channel plates being developed within this R&D.  Our ceramic design uses a single brazed joint for sealing the ceramic tube walls compared to previous commercial tubes which use many brazes.  Figure 2 (left) shows a cartoon of our 8” ceramic MCP design which uses borofloat 33 glass window and a hot indium seal of the glass to ceramic interface.  On the right of Figure 2, we show an 8” electroded MCP in our vacuum test chamber system ready for testing.   
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Figure 2. Vacuum test chamber system for testing the 8” MCPs is built and is currently undergoing commissioning

ANL is pursuing a parallel effort using inexpensive glass and bonding methods.  The basic unit of the large-area glass-based photo-detector is an 8”-square MCP-PMT sealed tube (‘tile’).  The glass tiled 8” x 8” assembly is composed of 4 sub-assemblies. This is shown in an exploded view in Figure 3 (left). Starting at the top of the vacuum tube is the glass window with the photocathode on its inner surface.   The photocathode window is followed by an MCP stack which consists of two arrays of MCP glass capillary plates and an array of glass spacers that both support the MCP’s and support the window and base plates against atmospheric pressure.  The MCP stack is surrounded by the glass getter assembly which consists of a thin strip inside the perimeter of the sidewall.   The last sub-assembly is the tile base which consists of the glass plate that forms the bottom of the vacuum tube with the anode strips silk-screened onto the upper (inner) surface, and the glass square sidewall which is sealed with glass frit to the anode plate   Figure 3 (right) is a picture of our first sealed tiled all glass box.  
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Figure 3. Left figure is an exploded view of the glass tiled assembly.  Right is a picture of our first sealed tiled box which was pumped down successfully to vacuum and leak checked to a level of 3 x 109 scale.   
The goal is to assemble the tiles in a larger ‘Super Module’ with a common readout.  Figure 4 shows the basic “Super Module” layout of 6 tiles in a 3x2 array, forming a unit with a photo-sensitive area of 24” x 16”.  The tiles are fastened with light glue onto a ‘Tray’ that contains the bottom anode strip lines, which run the length of the tray.  On each end of the bottom anode substrate, a printed-circuit card containing a pico-second ASIC, also being developed as part of this R&D, is soldered onto the anode substrate for picking up and continuing the anode strips directly into the 50-ohm inputs of the front-end ASICs.   
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Figure 4. Left figure is a side view of an early mock-up for a glass “Super Module”; Super-Module consists of 6 8” square MCP-PMTs.  Each Super-Module would have a common readout.  Right figure shows basic Super-Module layout.
3. Micro channel plates
3.1 Micro Channel Pores and Atomic Layer Deposition
Micro Channel Plates are two dimensional arrays of micro channel pore substrates (traditionally leaded glass) which are capable of supporting an Electric Field along the channels and promoting amplification of electrons.   MCP-PMTs work much like conventional PMTs, with the incoming photon creating a photo-electron in the photocathode, followed by a multiplication by a cascade of secondary electron emissions with typical values of 103 to 105 electrons (Figure 4).   The MCP typically has an intrinsic resistance of 1-1000Mohm so that current from the applied bias potential can replenish the charge on the pore walls between each amplification event.   
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Figure 5. Schematic of basic operation of a micro channel pore
Conventional MCP fabrication involves multi-fiber glass assembling techniques which require the glass to be drawn, assembled and etched to produce an array of solid core fiber channels in a wafer of lead silicate glass.  Additional thermo-chemical processing is used to activate the channel walls for electron multiplication [12].   One of the drawbacks of MCPs made using this conventional process is the electrical conductivity and the secondary electron emission properties cannot be adjusted independently because both of these properties are imparted during the thermal activation step.    
In our R&D, we have been able to improve upon traditional MCPs. This discovery was quite accidental and occurred because Argonne is a multi-purpose laboratory that allowed for cross pollination of ideas between different disciplines.   It was a discussion of our TOF fast timing techniques and instrumentation with our colleagues in the material science and nano-technology groups that initiated our R&D approach.   In our research, we use novel, inexpensive glass capillary substrates for our micro channel pores.  These large blocks of hollow, micron-sized capillary arrays (borosilicate glass) are being developed by Incom Inc. (Charlton, MA).   The Incom process, based on use of hollow capillary, eliminates the need to remove core material by chemical etching.   The arrays are fabricated as large blocks that can be sliced to form large area wafers, without regard to the conventional limits of capillary length/ pore diameter (L/d).     
The second component of our R&D is the advent of Atomic Layer Deposition (ALD) coating methods to functionalize the capillary wafers cut from the Incom blocks.   Our ALD research is also being presented separately in these proceedings; This process can be used to deposit material in an atomic layer by layer fashion with self-limiting chemistry.   The thickness of coating can be tuned precisely, even for complex structures and a huge material chemistry library is available for ALD [13].   A schematic of the MCP fabrication process flow sequence is summarized in Figure 6.
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Figure 6. Fabrication sequence of MCP: (a) As received capillary glass array substrate, (b) Plan-view scanning electron microscopy of capillary array front surface, (c) Schematic cross section of fully-functionalized MCP, (d) Schematic cross section of individual MCP pore after ALD functionalization.
3.2 ALD results and future directions at Argonne

In addition to the pioneering work by the Arradiance group (who are part of our collaboration) on functionalizing MCP plates, the Argonne ALD group has successfully made working MCP’s by functionalizing glass capillary plates with a resistive layer followed by an emissive layer and have now developed new resistive layers with better characteristics than Aluminum Zinc Oxide (AZO) [14].  Among the several novel ALD resistive layers we have developed, the results discussed here are for the two best performing ALD resistive processes (hereafter named “chem.-1” and “chem.-2”).  We have also investigated two secondary electron emission (SEE) materials, ALD Al2O3 and ALD MgO.   The highest gains were achieved using the chem.-2 coating with a precursor ratio of 8% and with MgO as the SEE  layer [15].  Figure 7 (left) demonstrates how the ALD process allows one to dial up the specific MCP required resistance.  Figure 7 (right) is a measure of  MCP resistance stability as a function of time which showed very stable performance with less than 5% resistance variation.   
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Figure 7 (left) ALD chem.-2 layer resistivity vs. ALD precursor ratio and (right) MCP resistance stability vs. number of days under 5 x 10-6 Torr vacuum for chem.-2 resistive layer grown with 8% ALD precursor ratio.  
Overall, the ALD resistive coatings developed and tested at both Arradiance and Argonne look very promising.  Our functionalized MCPs have exhibited high gain (this is discussed in more detail in the Testing and Simulations section).  Our coatings show good control of resistivity, the coatings are uniform and smooth and show little signs of etching.    We have functionalized substrates up to 12” diameter with excellent uniformity.  Using chem-2 ALD coating on a 12” diameter wafer, we have observed approximately 2.5% or less variation in uniformity across the wafer.  This will be important for eventual scaling up to large surface area.   
4. photocathodes
Photocathodes are the materials that convert the photons into “free” electrons and therefore determine many of the features of a MCP-PMT including the quantum efficiency, the spectral response function, the angular and momentum distribution of the free electrons, the principle time resolution of the detector unit as well as the principle noise behavior.    The photocathode materials and properties also determine the manufacturing process (ie vacuum assembly), the life time of the detection unit and largely the cost of large area detectors and working conditions of the detector.   There have been major advances in photo-cathode development in recent years [16].  Figure 8 shows the recent gains in quantum efficiency (QE) using Bialkali materials by Hamamtsu versus wavelength.     
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Figure 8: Quantum efficiencies for Hamamatsu bialkali photocathodes, showing recent developments.
The organization of our photocathode effort consists of three parallel efforts, the SSL basic design, the ANL/WU,UIUC, and the ANL industrial.  The SSL basic design effort is built on their long experience with making multi-alkali photocathodes in MCP-PMT’s.   This effort will focus on small production volume with moderate specifications which are fully integrated in the detector and offer future production of “one of a kind” large area photo-detectors.  The ANL, Washington University in Saint Louis, University of Illinois at Urbana-Champaign effort is based on theory driven design and is intended to address the issues of quantum efficiency, dark-current, aging, time-spread, and wavelength response at a fundamental level.  The goal of this effort is to utilize the development of novel materials and design concepts which apply the principles of modern semiconductor development to be the basis for future detector development.   The ANL industrial production effort in glass tile assembly is to address the short-term goals of demonstrating commercializability and scalability.    This effort leverages the expertise and infrastructure at ANL to address large production volume issues and will include prototyping of production facilities and includes collaborations with industry contacts.  This last effort will address issues of compatibility with an assembly process for development of large area photo-detectors. 

An extensive effort including workshops and collaborative efforts has been started to identify photocathode materials amenable to higher performance and/or more economical assembly.   Multi-alkali materials seem to have perfect cathode properties; however there is little understanding of the basic physics.  Futhermore, the know-how to develop these photocathodes is a small community with no developed industry and with known problems for mass production.   Other existing III-V cathode materials do not have the right properties for traditional MCP-PMTs even though there is excellent understanding of the basic physics with a large community of expertise and with an already excellent developed industry with easy mass-production capabilities.  Table 1 shows the main candidates for photocathodes for the large-area detectors, multi-alkali, GaAs-based, and GaN-based that we have assembled.  Very high quantum efficiencies have been achieved in all three candidate materials, well above the commercial norm.  Each of the families has significant downsides, as shown in the table in bold and underlined. 

Table 1: The three dominant families of candidate photocathode materials for very large area arrays.
	
	Property
	Multi-Alkali
	GaAs-based
	GaN-based

	Photocathode Properties
	Wavelength response (typical)
	150nm-500nm
	450nm-850nm
	100nm-350nm

	
	Typical eff.
	20%
	20%
	30-40%

	
	Maximum eff.
	50% 
	60% 
	80% 

	
	Wavelength tunability
	Low
	large
	Very high

	
	Dark current 
	~100cps/cm2
	~10000cps/cm2
	~100cps/cm2

	Growth Properties
	Single crystal substrate
	No
	Yes
	Yes

	
	Easy scalable
	No
	Yes
	Yes

	
	Large production volume possible
	No
	Yes
	Yes

	
	Prefabrication possible
	No
	Yes
	Yes

	
	Temperature sensitive
	High
	Medium
	Medium

	
	Existing Industry
	No (besides night vision/  small area)
	Yes(foundries available)
	Yes(foundries available)

	Basic Physics
	Good understanding
	No
	Yes
	Yes

	
	Microscopic understanding of growth
	No
	Yes
	Yes

	
	2-D fab.  tools
	No
	Yes
	Yes

	
	3-D fab.  tools 
	No
	Yes
	Some

	
	Theoretical description
	No
	Yes
	Yes

	
	Band-structure engineering
	No
	Yes
	Yes


There is a large group of  people and places collaborating on photocathodes within the LAPPD Collaboration as well as a separate collaborative effort with Brookhaven National Laboratory (BNL) focused on materials aspects of multi-alkali photocathodes.  We note that the two complementary light sources at ANL and BNL and the charged particle test beam at Fermilab provide access to the full input signal spectrum for testing.  The overall photocathode effort is an integration of four partners which together bring a broad knowledge of growth expertise in III-V and multi-alkali photocathode materials.   In addition, the collaboration provides world class growth facilities with standard and unique characterization tools, and connections to both industry and to the science community.     We believe this collaboration represents a unique effort in designing future cathodes, both in the available manpower and in the completeness of topics being studied (growth, macroscopic and microscopic characterization and theory/simulations). 
5. electronics
Our R&D program includes the development of high-speed front-end electronics designed to collect signals over the large area photo-detectors preserving both fast timing and mm spatial resolutions.   This is achieved through a novel anode design consisting of a transmission-line strips optimized such that the lines are 50 ohms at a few GHz and through a custom front-end waveform sampling application specific integrated circuit (ASIC) using low-cost, low power CMOS technology [17].   
5.1 Custom anode readout 
A proposed schematic of the custom anode and transmission line readout is shown in Figure 9.  It consists of a layer of transmission-line strips which have been silk screened onto the vacuum side of the bottom glass plate.     The strip lines are implemented in a scheme that enables simplification of the mechanical part of the construction of the hermetic vacuum assembled construction. Note that the tiles have no penetrations through the vacuum walls. Hermetic seals will be made directly over the silver anode strips and the fast sampling ASIC will attach to the strip lines.
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Figure 9: Schematic view of the transmission line anode
We have studied the anode signal development on the strip lines and compared our measured results against simulations.   Figure 12 illustrates the working principle of an MCP detector and signal generation.   An incoming photon is accelerated in the MCPs channels where the signal amplification due to the secondary emissions takes place.  The cloud of electrons coming out of the MCPs is accelerated towards the anode striplines where the electromagnetic field radiated by the electrons induces a current pulse on the stripline.  This current pulse propagates in both directions down the stripline where the signal is captured by the fast sampling ASIC. 
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Figure 10: Principle of electron amplification and signal development in the detector.
We have simulated the signal creation on the anode striplines using Matlab to study the anode bandwidth and compared the simulation results with measurements made in the laboratory.   The results are shown in Figure 11 and are in good agreement and give a 3dB cutoff frequency at 2.5GHz.   The model that has been used for the simulation purposes is shown in the right part of the figure and the simulation has been done using HFSS [18]
[image: image15.emf]
Figure 11: (Left) Plot of the simulation and measurement of the anode bandwidth. (Right) Anode model implemented in the simulation HFSS for bandwidth field magnitude at 1GHz.

5.2 A fast sampling ASIC
A new 10Gs/s high input bandwidth, 130nm CMOS sampling chip is being developed to acquire the new LAPPD detector fast pulses.   The architecture of the chip is based on waveform sampling techniques.   The technique of waveform sampling for high bandwidth is supported from our simulation studies where we have used Matlab simulations to compare the timing resolution of a signal extraction from four different techniques as a function of the number of photoelectrons: We have compared the techniques of single threshold, multiple thresholds, constant fraction and sampling.   Figure 12 illustrates the differences between the methods. 
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Figure 12: (Left) The time resolution in picoseconds for a transmission line readout verses the number of photoelectrons for 4 different signal extraction techniques.  (Right) The time resolution as a function of analog bandwidth for  waveform sampling signal extraction at a sampling speed of 40GS/s.
A four channel 10 Gs/s sampling chip is being developed with chip architecture using the switched capacitor array scheme and the IBM 130nm process.    The chip consists of a timing generator, sending high speed control signals to a switched capacitor array which stores the input line values.   Once the signal is acquired, the digitization is done on the chip using the Wilkinson ADC, after which the data are serially sent outside.  The chip has been fabricated and is now in the testing phase.
6. Simulations and TESTIng

The performance of MCP-PMTs depends on many parameters; a traditional program of optimization by experimental trial-and-error and intuition cannot explore the full space in any conceivable time or funding profile.   Simulation validated by experiment can provide essential guidance towards optimization.  Alternatively, theory driven designs could allow a materials by design MCP-PMT leading to higher QE and could allow tailoring of the secondary electron emission properties inside the pores to allow discrete dynode structures for higher gains, better stability, faster timing or better single-photon resolution.  Figure 13 (left) shows the results of a simulation of secondary electron emission yields using Al2O3 and MgO emissive materials in micro channel pores.  These simulations are compared to earlier data.    Figure 13 (right) is a simulation of the electrical field lines at the entrance to an electrode-plated MCP plate.  The first strike is a strong determinant of the time resolution (time-transit spread, TTS) and single-photon charge distribution resolution illustrating that optimization of the geometry and materials at the entrance to the pore will have a large impact on the final TTS. 

[image: image18][image: image19.emf]
Figure 15: (Left) Comparison between simulation and measurements of SEE yields using Al2O3 and MgO emissive materials inside micro channel pores substrates.  (Right) Simulation of the electrical field lines at the entrance to an electrode-plated MCP plate.
The LAPPD collaboration has assembled a wide variety of resources and expertise for testing and characterization purposes.   These include facilities within the Material Science Division at ANL to characterize the SEE properties, structure, and composition of relevant materials; facilities within the Advanced Photon Source at ANL including a vacuum test stand designed to test near-device-level configurations of MCPs and anodes using a femto-second laser and >10 GHz electronics; facilities within the High Energy Physics Division at ANL which include a pico-second laser and ORTEC pico-second electronics instrumented for reading out a few channels as well as resources at Berkeley SSL to test a variety of components, from MCPs to multialkali photocathode samples.   Figure 14 showcases some of the measurements taken at our APS facility.    The upper left figure is a comparison of the gain of the first MCP before and after ALD coating.    The upper right figure shows the increase in signal width as a function of increased voltage across the anode gap.   The lower figure shows the pulse height gain for a MCP pair with new ALD resistive chemistries [19].  
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Figure 14:  The upper left figure is a comparison of the gain of the first MCP before and after ALD coating.    The upper right figure shows the increase in signal width as a function of increased voltage across the anode gap.   The lower figure shows the pulse height gain for a MCP pair with new ALD resistive chemistries.  
7. summary

We have reported on a new cross-disciplined, multi-institutional effort to develop large-scale ‘frugal’ photo-detectors capable of mm-scale space resolution and pico-second time resolution.  At ANL, we expect to have a first working all glass prototype, albeit with an Aluminum photocathode, within the next month or two.   This project offers an exciting opportunity to impact the detector R&D needs within the HEP community.  However, this R&D impacts more than just HEP science. This ARRA funded research offers the real potential of new large area photodetectors capable of mm-scale and psec-scale resolution for many areas of science and initiates the rebirth of the knowledge and know-how to develop these new detectors established at multiple US laboratories.   
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