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III. Identification and Significance of the Problem, and Technical Approach

A. Preamble: Response to the FOA

This SBIR is in response to the topic in Section 37-b of the 2013 FOA, “Photon Detectors” [
].  The proposed R&D development 

B. responds directly to item 37-b2, the "Development of lower cost photo-detection technology and production methods scalable to large detectors". Developing a production method that does not require a complex vacuum-transfer production facility, thereby significantly lowering the cost of producing large-area MCP-based photodetectors, will also enable opportunities  for the other 37b2 subtopics such as wavelength sensitivity and high quantum efficiency, for which cost and limited vendor selection are barriers at present.

C. Identification Of The Problem: The Development Of A Low-Cost Production Method

The Large-Area Picosecond Photo-Detectors (LAPPD) Collaboration has developed a design for large-area microchannel plates (MCPs) made of inexpensive float glass packaging, hollow-core capillary atomic layer deposition-functionalized (ALD-functionalized) MCP plates, and an economical low-channel-count fast readout based on waveform sampling [
].  The goal of this SBIR proposal is to develop an inexpensive large-volume method of producing such MCP based photomultipliers (MCP-PMTs) employing a method similar to that used in producing inexpensive, conventional, PMTs.
The LAPPD vacuum tube design is shown in Figure 1; the package parts are plate glass, there are no pins through the case, and the package could be easily assembled if it were not for the alkali photocathode, which cannot be exposed to air.  Figure 2 shows the resolution comparing the time on one end of the strip-line anode to the other end for a pair of 8” ALD-functionalized MCP plates and an inexpensive 8” glass strip-line anode (i.e. the actual preproduction parts) measured in vacuum versus the noise/signal ratio (N/S).  The plot is linear in N/S, as predicted, down to 6 psec (the 2 psec intercept is consistent with the laser beam size).

Figure 3 shows the design of a module with a photocathode area of 60 cm by 80 cm. Even at the present small-quantity prototyping stage the components of one of the 8” square tiles that compose the 12-tile module cost a factor of 5-6 less than a 2” square commercial detector that has 1/16 the area; i.e. 100 times less expensive per unit area. However the total cost will be dominated by assembly cost. The goal of this proposal is to develop a mass-production process to make the assembly inexpensive and fast, with a high stable yield. This effort would proceed in parallel with the ongoing LAPPD work on tube production by the conventional vacuum-transfer methods.
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Figure 1: The evolution of the 8” square tile from conceptual drawing (left) to realized glass parts (right). In both the drawing and the photograph the layers of window (top), spacer and MCP-plates (middle), and RF-transmission-line anode (bottom) have been separated vertically to demonstrate the structure.
MCP-based photodetectors are traditionally constructed inside a vacuum vessel, with the window and photocathode mechanically transferred to the tube base and then sealed. Figure 4 shows the process chamber constructed to assemble LAPPD 8” detectors by the University of Chicago/ U.C. Berkeley, Space Science Laboratory, (UCB/SSL) group. The process is very delicate, requiring manipulation by hand of the detector parts in ultra-high vacuum (UHV) and under precise thermal control.
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Figure 2: The differential time resolution vs 1/(Signal-to-Noise) as measured in the 8” setup at the Argonne APS. The signals from the two ends of an 8” 30-strip anode are brought out to the oscilloscope and digitized. The MCP stack is a pair of 8” ALD-functionalized plates.
In contrast, photomultipliers (PMTs) are typically made in open air where they are accessible, with the internal vacuum supplied to the glass shell through a tubulation at the base. This allows batch production, with many tubes made at once. Most importantly, there is no need for manipulators inside UHV. Figure 5 shows a Burle/Photonis/RCA tube production apparatus with a large number of tubes being processed in parallel. The apparatus is much simpler and more robust, does not require a costly vacuum-transfer technology, and allows a much higher throughput and hence lower unit cost.

The primary reason for the striking difference in difficulty of assembly between PMT’s and MCP-PMT’s is the difference in the geometrical aspect ratio of PMT’s and MCP’s. The PMT is a cylinder typically longer than it is wide, with substantial room between the first dynode and the cathode, and a typical ratio of dynode-to-cathode distance to tube radius on the order of one. The typical industrial cathode deposition process in a PMT uses line-of-sight deposition of antimony (Sb), possible in the roomier PMT geometry, but difficult in the thin wafer-like large-area MCP-PMT. In contrast, MCP’s are thin and planar, with a ratio of width to MCP-cathode separation of up to 50-100. Figure 6 shows the two geometries [
].
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Figure 3: Left: The front side of the Supermodule, which holds twelve tiles in three rows of four tiles each. Three tiles have been left off so that the strip-line copper ground plane is visible. The Analog Cards that hold the 10-15 GSample/sec 6-channel ASICs that digitize the waveform are visible on the ends of the tile rows. Right: the test setup at the ANL APD lab consisting of an MCP-PMT in tile row of 4 anodes, read out by the full readout chain [
].
The problem that we are addressing is thus to design and demonstrate a process that deposits the cathode inside an already-sealed flat thin package. We believe that we have a solution in principle, and that there are enough `knobs’ for us to turn that there is no fundamental reason why it won’t work

. However, it will take a detailed program of R:&D to explore the parameter space and develop the technique. This R&D is the basis of the proposal.
D. Significance of the Opportunity

[image: image5.png]



Figure 4
: The SSL vacuum-system for assembly of LAPPD tubes, showing the complexity and detail necessary for assembly at Ultra-High Vacuum. The photocathode will be deposited on the window in the ‘forming well’ on the right; the window is then transferred in the UHV system to the well on the left, where the indium seal is performed at a temperature high enough to make the seal, but not too high for the cathode.
The development of a lower-cost production process scalable to large volume would replace the present vacuum-transfer process that has limited throughput and a not-so robust yield, little process flexibility, and high cost.  Areas in HEP where the availability at scale of large-area photodetectors that register each ‘hit’ in 2D and is measured with a time resolution of psec, a thin format, and low-power, low-channel-count electronics would be useful include: 1) Precision Time-of-flight (TOF) in LHC upgrades for separation of multiple vertices, association of photons with their parent vertices, and particle identification (ID); 2) Measurement of rare kaon-decays such as K0
 _0at the Intensity Frontier; 3) Non-cryogenic tracking water Cherenkov counters for future neutrino experiments such as short-baseline sterile neutrino searches; and, possibly, 4) Measurements of short-wave-length photons in cryogenic dark-matter and neutrino searches. Applications with broader societal impact include: 1) Medical imaging, in particular low-dose-rate, lower cost TOF-PET scanners; 2) Reactor-monitoring anti-neutrino detection; 3) Neutron detection for non-proliferation security scanners and neutron-scattering science, and 4) Precision TOF at RHIC and LHC for heavy-quark identification in quark-gluon plasma nuclear physics. There are a large number of prospective users who have expressed interest in the LAPPD technology, but price will be a major factor in the successful adoption of this technology. Replacing the vacuum-transfer assembly process with an assembly  process that can be done at atmospheric pressure and high yield would allow inexpensive and wide-spread assembly of many variants of MCP-based detectors.
E. The Proposed Non-Vacuum Transfer Process: “Tubulation”
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Figure 5: An example industrial photomultiplier system, demonstrating the parallel processing of a large number of tubes. Because the sources for the Sb, Cs, and K required for the photocathode directly access the inside of the front window inside the tube vacuum, there is no need for a costly vacuum-transfer facility in which the parts have to be transferred to make a hermetic package. The process is faster, cheaper, and more reliable than vacuum transfer.
By “tubulation” we mean introducing the alkali vapors (Cs, K) during the synthesis of photocathode into the vacuum volume of the MCP-PMT through a small glass tube. The tube is then flame-pinched-off to permanently seal the tube under vacuum. This is how commercial PMT's are made (See Fig. 5).  The purpose of the proposed R&D is to develop the tubulation method for MCP-PMTs.

  Specifically, we will investigate the feasibility of pre-depositing a thin film of elemental Sb on the window material, sealing the window to the tubulated glass body, preparing the Sb layer,  and subsequently introducing K and Cs gases via tabulation to force a temperature-driven diffusion reaction with Sb film to form a K2CsSb photocathode. The tube will then be flame-pinched-off to form a permanent seal.

The obvious concern is that the in situ deposition of the cathode will affect the MCP’s performance, particularly noise and long-term stability. In a PMT, the deposition of the same alkali vapors, cesium and potassium, on the dynode materials does not seem to hurt the tube performance. With MCPs, we have anecdotal evidence that it can be done without increasing the noise beyond acceptability for most applications; however, we have not found a robust understanding of the process in the literature [
,
,
].  In addition, the surfaces of the ALD-functionalized MCP’s are Al2O3 and MgO The
 detailed investigation of the effect of cathode deposition on the MCP is one of the subjects of Phase II.

F. Organization
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Figure 6: The contrasting geometries between a PMT (Left) and an MCP-PMT (Right). The small cathode-MCP separation and the large width of the MCP-PMT have been the determinants of the choice of vacuum transfer for MCP-PMT assembly, and were assumed to preclude the much simpler and cheaper PMT assembly method.
The organization of the SBIR effort will be led by RMD, which will coordinate the resources of the participating institutions through a Steering Committee that teleconferences weekly. Regular visits by Brookhaven National Laboratory (BNL) and the University of Chicago (UC) participants to RMD, and participation by RMD staff in data-taking at the BNL light source are planned. Appropriate availability of web-based documentation, as used by LAPPD, will be implemented by UC.

Our primary subcontractor on this program will be Professor Henry Frisch of the University of Chicago. The other LAPPD team members include Rich Northrop (UC), Senior Mechanical Engineer; Joseph Gregar (ANL), Head Scientific Glass Blower, ANL glass shop (former National President of the American Scientific Glassblowers Society); Mat Wetstein (UC), Grainger Fellow; Andrey Elagin (Postdoctoral Fellow, Enrico Fermi Institute), and Dr. K. Attenkofer of Brookhaven National Laboratory (BNL
).
G. Background on Large Area Picosecond Photo-Detector (LAPPD)

The LAPPD Collaboration (See http://psec.uchicago.edu for more details) has developed an economical design for large-area thin, fast photodetectors that are attractive for many applications in science and medical imaging. The glass-package design uses commonly available and inexpensive plate float glass for the packaging and signal collection. Good performance has been demonstrated for capillary substrates, silk-screened anodes, and electronics; work continues on the ALD coating of plates, cathodes, and the sealing of the top window to the MCP-PMT body during assembly. The design includes a low cost, low-power electronics/DAQ system based on a custom 10-15 GSample/sec ASIC and a 2-level FPGA system. The Collaboration has recently met a major milestone in digitizing laser-induced signals from a glass tile made of all its components, except the alkali cathode and indium top-seal, through the full electronics and DAQ chain. The test tile used an aluminum cathode, a full stack of spacers with two 8” ALD-functionalized 20-micron pore MCP’s, and a 4-tile glass strip-line 80-cm-long anode (1600 cm2 area). The UCB/SSL members of the collaboration have separately made adequate 8” alkali cathodes; work on the indium top seal is well advanced at ANL, SSL, and the University of Chicago.

1. Current Assembly Process and Limitations

The dominant cost of ALD-based MCP-PMT’s will be in the assembly process. Current lead-based MCP-PMT’s are very expensive, with a 2”-square Planacon costing more than $10,000. In contrast, the bare parts of an 8” square LAPPD glass tile with 16 times the area costs less than $2,000, even at the prototype small-quantity stage, with significant reductions expected for quantity production orders.  However, the cost of assembly depends on throughput and yield; vacuum-transfer, in which most steps are performed sequentially inside a large vacuum vessel on a single tube, is by nature a costly and delicate process. Since the replacement of lead-glass plates with ALD-functionalized plates has eliminated a very long burn-in (scrubbing) allowing faster throughput, the bottleneck in the process is the vacuum transfer and sealing of the window to the tube base. It is this bottleneck that we address in this proposal; replacing vacuum transfer with a process at atmospheric pressure in an inert atmosphere would allow mass production of these and other large flat photodetectors.

IV. Anticipated Public Benefits

Microchannel plate photomultipliers (MCP-PMTs) combine many of the virtues of photomultipliers with a relatively simple planar package construction that lends itself to scaling to large-area detectors. In addition, MCP-PMT’s employ a local amplification construction with very small path-lengths for the photon conversion and electron multiplication, resulting in exceptionally fast rise times [
].  There would be many applications for a thin, planar, large-area photodevice with high position and time resolutions that is substantially cheaper per unit area than solid-state devices. 
For example, utilizing the thin planar geometry of these photo-detectors to construct a Positron Emission Tomography (PET) camera employing thin crystals in a sampling-calorimeter configuration, would provide depth-of-interaction information as well as superb energy and time resolution. In addition this design would cut system costs as well as the cost of the photo-devices, resulting in a highly economical all-digital design of a clinical PET scanner with depth-of-interaction and TOF measurement [
,
]. Nuclear non-proliferation and transportation security is another area where MCP’s can be optimized for neutron or photon detection.  Large area panels would allow economical scanners for containers and trucks, and would help in identifying special nuclear materials (SNMs) and other nuclear and radiological threats.
V. Technical Objectives

The goal of Phase I is to establish feasibility of the tubulation method itself, wherein a photocathode, with QE comparable to that made with the vacuum-transfer technique, will be synthesized. The tubulation technique will then be successfully applied to flat, thin, large ßMCP-PMT’s.  Figure  7 shows an LAPPD MCP-PMT frame with a glass tubulation made by Joe Gregar at ANL. MCP-PMT’s with Al photocathodes have been successfully made with these tubulations, and form the basis of the present LAPPD test program at the Advanced Photon Source at ANL
.
We will investigate and demonstrate the feasibility of pre-depositing a thin film of elemental Sb on the window material, sealing the window to a tubulated glass body, preparing the Sb surface, and subsequently introducing K and Cs gases via tubulation to force a temperature-driven diffusion reaction with Sb film to form a K2CsSb photocathode. The optimization process will include tuning the physical properties of the Sb thin film
, substrate and glass body design modifications, temperature dependency of the diffusion reaction, and vapor transport of the alkali mixture into the detector assembly.

Measurements of the quantum efficiency (QE) will be made in situ and real time; measurements of the surface morphology will be made at RMD and using small-angle X-ray diffraction at the National Synchrotron Light Source (NSLS) at BNL. Initial measurements will also be made on the effect of the vapor on the secondary emitting layers (MgO and Al2O3) of an MCP in preparation for more extensive studies in Phase II.

The Phase I work will also include a “godparent” review, where the Phase I achievements will be evaluated to judge the feasibility of the approach.  Technical issues and solutions will be discussed and strategy for the Phase II research will be developed.  This review, modeled on the LAPPD godparent process, will include experts on MCP’s, ALD, and photocathodes.

VI. Phase I Work Plan

A. Phase I Specific Aims

To accomplish the technical objectives described above, the following specific Phase I tasks have been identified:

1. Conduct a kickoff planning meeting at RMD between RMD researchers and experts from the collaborating institutions.

2. Deposit Sb onto Borofloat 33 glass substrates using thermal evaporation.
3. Experimentally
 establish the tubulation method through vapor deposition of a binary mix of K2Cs onto a pre-deposited Sb film substrate that results in a good K2CsSb cathode
4. Evaluate various photocathodes by characterizing the QE, morphology, and stoichiometry to demonstrate feasibility of our approach.

5. Conduct a godparent review of the Phase I progress, design the Phase II MCP test setup, estimate costs, and develop a schedule for Phase II research.
6. Write the Phase I final report, prepare the Phase II proposal, and develop a plan for subsequent technology commercialization.

It is anticipated that during Phase I, the complementary expertise of RMD researchers and those of our collaborators will enable the development of a non vacuum-transfer based method to deposit photocathodes with QE comparable to those made with the current vacuum-transfer technique, measuring ~20% to 25%.  The solid foundation thus formed during Phase I will lead to the Phase II research, where the goal will be to demonstrate a working MCP pair after photocathode deposition by tubulation, with gain, noise, and stability characteristics comparable to MCP's made by the conventional vacuum-transfer method.
B. 

C. Thermal
 Evaporation of Sb onto Borofloat Substrates
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Figure 7: Schematic representation of the tubulation based fabrication of K2CsSb photocathode for the LAPPD architecture. (a) Borofloat glass pre-coated with a transparent conducting layer and Sb, (b) glass detector body, (c) anode ring adapted to glass, (d) Sb film, (e) ceramic infrared heating, (f) variable wavelength light source, (g) photocurrent measurement circuitry, (h) tube “pinch-off” area, (i) isolation valve, (j) ion pressure gauge, (k) potassium vapor dispenser, (l) cesium vapor dispenser, (m) power supply with temperature feedback for the dispensers
.
The Phase I experimentation will begin with thermal evaporation of Sb onto pre-fabricated Borofloat 33 glass substrates.  The substrates, anticipated to be 5 cm diameter circles or 5 x 5 cm2 squares, will be grooved at the edges to form a notch, which will be used at a later stage to seal substrates to the preassembled detector body, as is shown in Figure 7(a) and (b).  The substrates will be adapted with electrode feed-through (as shown in Figure 7(a)) via Kovar® bonding, which will be used to bias the photocathode during real-time in situ QE monitoring. Prior to Sb deposition, the substrates will be coated with a transparent indium tin oxide (ITO) or nickel-chromium (NiChrome) conductor to allow uniform electric field distribution over full cathode surface.  During thermal evaporation of Sb, the pre-coated substrates will be mounted onto a planetary system, whose epicyclic rotation will ensure a high degree of thickness uniformity. A quartz crystal monitor will be employed to control the growth rate and the thickness of the deposited film. These thin film deposition will be carried out in a high vacuum environment.
D. Fabrication of K2CsSb Photocathode Via Tubulation Method

The Sb coated substrates will be sealed in air or inert atmosphere via metallic bonding or glass frit bonding to the preassembled glass detector body consisting of MCP-PMT (MCP is excluded from Figure 7 for clarity). The glass detector body will also be equipped with a single outlet tube (h) with dual purposes of creating vacuum and providing an inlet for the alkali vapors (Cs, K) as shown in Figure 7. The glass body will also be fitted with annular anode to detect electrons in situ and real time during the synthesis of the photocathode. The photocathode will be excited using a variable wavelength light source that will be incident from the top surface of the Borofloat window via a fiber-optic cable as shown in Figure 7(f).  Photocurrent measurements will be performed using high precision Keithley ammeter available at RMD.
The necessary cryogenic vacuum system and pressure gauges will be installed to evacuate the glass detector volume to an ultimate pressure of 10-10 torr. The K and Cs vapors will be dispensed independently by applying joule heating to the filaments loaded with elemental K and Cs. The applied heat will be proportional to the released concentrations of the individual element and will be controlled via a thermocouple feedback. The entire setup, with the exception of instrumentation, power supplies and cryogenics, will be located inside an isothermal oven to maintain a uniform temperature. This arrangement is very crucial in preventing the undesired condensation of the alkali vapors within the assembly, which otherwise could be detrimental to its overall detector performance. All the arrangements will be made at the onset of the program to ensure timely completion of the Phase I feasibility study.

The gas-solid chemical reaction of K and Cs vapors with Sb solid film under ultra-high vacuum condition to form K2CsSb with the desired QE is the central idea to the success of tubulation process. The alkali metals, K and Cs have a high vapor pressure and hence the filaments in the dispenser hardly need to heat beyond 80 C for vaporization. The isothermal oven will be maintained at a higher temperature of 100 C, so that the alkali vapor can transport itself without any condensation into the glass detector assembly. The Sb film on the Borofloat glass is radiatively heated via ceramic infrared lamps (e) to ensure selective chemical reaction of Sb with the alkali vapor in its vicinity. The formation of K2CsSb is controlled by the rate of diffusion of gaseous alkali into the Sb solid film and also by the rate of chemical reaction, both of which need temperature activation at around 200 C. That precisely will be local temperature of the Borofloat glass substrate. An important condition to satisfy for successful synthesis of K2CsSb photocathode via tubulation method is: 
TBorofloat substrate>Tisothermal oven>Talkali dispenser filament

The development of the tubulation fabrication will critically depend on the development of an appropriate operating conditions, which is compatible with the processing and fabrication steps of the complete detector system. In this multi-dimensional parameter space of processing temperature, vacuum conditioning, surface preparation, and evaporation method, the BNL experience and tool set will provide the atomic insight not only to rationally develop the right recipe, but also to guide the selection of process control parameters
.

E. Alkali Photocathode Evaluation and Process Development

1. In Situ Characterization
The glass detector assembly will be pre-fit with a suitable anode and associated feed-throughs, as described earlier, to measure the photocurrent generation real-time as the photocathode film evolves stoichiometrically and structurally. Initial experiments will be performed to deposit and characterize the photocathode successfully with aim to maximize the quantum efficiency for the desired wavelengths.  During this time MCP’s will not be introduced into the glass volume. We anticipate several deposition runs would be necessary to accomplish this task.  Only after achieving satisfactory results will we introduce an MCP in the vacuum volume and carry out a further optimization of the detector. In all the above cases upon successful deposition of the photocathode, the tube outlet will be pinched off using a torch gun. This will allow for ex-situ characterization of the photocathode film such as X-ray diffraction to study the film’s crystallinity without air exposure.

The Phase I research will involve a preliminary assessment of the MCP performance before and after alkali deposition.  Detailed investigations  of the effects of the alkalis on MCP noise, gain, lifetime, and thermal stability will be performed during Phase II.

2. Process Optimization
The tubulation process will have to be optimized at various levels of execution in order to demonstrate a pathway towards a non-vacuum approach of fabricating MCP-PMT. The substrate and the glass body designs will be improvised throughout this program to achieve UHV-compatibility, leak-proof seals and high-temperature resistant construction. Thermal evaporation of Sb on the Borofloat glass will be optimized by studying the microstructure and thickness of the resulting films. Some of the parameters that will be tweaked during this process are deposition geometry, pressure, substrate temperature, post deposition annealing.

Various starting thicknesses of Sb will be experimented with during K2CsSb synthesis in the tubulation process. The onus would be to find a reasonable thickness that would lead to a continuous and uniform photocathode film with the desired QE. 

The alkali metals have relatively high diffusivities in an Sb lattice [
] and studying their temperature dependency will be a key optimization effort. This will enable a highly selective reaction of K and CS vapor with Sb while the rest of the detector assembly remains inert to the alkali vapors. This implies operating various combinations of alkali vaporization temperature, isothermal oven temperature, and Borofloat substrate temperatures within the operating condition described previously.  By methodical variation of these tubulation parameters, optimum conditions under which highest photocathode QE is observed will be derived. 

3. Photocathode Morphology and X-Ray Analysis<<KLAUS your input will be needed
>>
K. Attenkofer and his collaborators have an ongoing program on the physics of photocathodes at the BNL NSLS light source and elsewhere. 
Morphology of the deposited materials will be studied at RMD using in-house SEM facilities.  The photocathode specimens selected on the basis of their performance will be transported to BNL for X-ray diffraction analysis at the NSLS beamline.  Dr. Attenkofer of BNL will provide the necessary access to the beamline and will help perform X-ray diffraction analysis using their existing setup.

F. Phase I Feasibility And Godparent Review

Towards the end of the Phase I work, we will conduct a godparent review where the Phase I progress will be evaluated to judge the feasibility of the approach [
].  Technical issues faced during the Phase I research, and possible solutions addressing those issues, will be discussed and strategy for the Phase II research will be developed.  This review, modeled on the godparent process of LAPPD, will include experts on MCP’s, ALD, and photocathodes, members of the Steering Committee, and RMD researchers.

G. Write The Phase I Final Report and Prepare The Phase II Proposal

The deliverable at the end of the program will be a report detailing the Phase I experimental activities, test protocols, and outcomes.  These data, along with the suggestions of the godparent review committee, will be the basis on which the Phase II strategy will be developed.  A Phase II proposal, including a detailed commercialization plan, will be prepared and submitted to the DOE.

H. Criteria for Judging Success

The proposed research effort will be judged successful if we are able to realize K2CsSb photocathodes onto Sb deposited Borofloat 33 substrates by introducing the alkali vapors (Cs, K) into the vacuum volume of the MCP-PMT through a small glass tube.  We should be able to develop post deposition annealing conditions to achieve the highest possible QE.  The resulting photocathodes should demonstrate QE>20-25% comparable to those made with the current vacuum-transfer technique

.

VII. Performance Schedule

A. Performance Schedule

	Task
	Weeks

	Conduct kickoff meeting
	  1

	Perform thermal evaporation of Sb onto borofloat substrates
	  1   – 5

	Experimentally establish the tubulation method for depositing K2CsSb photocathodes
	  3   – 30

	Characterize various photocathodes for QE, morphology, and stoichiometry
	  5   – 34

	Demonstrate Phase I feasibility through godparent review
	  27 – 36

	Write the final report and prepare the Phase II application and commercialization strategy
	  30 – 36


B. Relation to Phase II Research

The goal of Phase II will be to demonstrate a working MCP pair after photocathode deposition by tubulation, with gain, noise, and stability characteristics comparable to MCP's made by the conventional vacuum-transfer method Research will focus on investigating various areas, including alternative deposition methods, studies of passivation of MCP capillary arrays, different configurations, and differential heating/cooling of the cathode substrate and the MCP plates to enhance overall QE and response uniformity. The following specific tasks have been identified for the Phase II research:

1. Select the base-line method of cathode deposition based on the Phase-I results

2. Optimize process parameters:

· Determine the optimum coating technique for Sb film production 

· Determine the flash desorption parameters to clean the Sb-film

· Optimize K/Cs ratio to produce optimum stoichiometric growth

3. Construct and commission the Phase II MCP test setup; 

4. Establish the baseline method in the MCP-test setup (i.e. a good photocathode in the presence of MCP plates);

5. Characterize MCP performance before and after cathode production;

6. Perform system tests of the cathode and MCP system: QE, gain, noise, stability; and
7. Document the procedures and knowledge gained.

C. Deliverables

The deliverables at the end of Phase II will include the following:

1. A prescriptive baseline method of cathode deposition by tubulation in the presence of MCP.
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Figure 8: (Left) 50 x 50 cm2 Chest Radiography CsI:Tl sensor panels manufactured at RMD plant.  One of the large area deposition systems is seen in the background.  (Right) One of the large evaporator systems at EMF Corp. that may be used in mass production of high quantum efficiency photocathodes. 

2. The instrumented and commissioned MCP-test setup with documentation, and

3. A K2CsSb cathode with QE>20% produced by tubulation
.
VIII. Related Research or R&D

A. Related Research at RMD

1. Thin Film Scintillators, Diffraction Gratings, and Solar Cell Development
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Figure 9: RMD SSPMs.
Since pioneering the microcolumnar CsI:T vapor deposition technology, which is now the industry standard in high resolution digital X-ray imaging, we have mastered techniques to produce thin film coatings of various scintillation materials including Ba2CsI5:Eu, LaBr3:Ce, CeBr, and LuI3:Ce, semiconductors such as ZnSe and ZnTe doped with O, Te or Mg, and multi-layers of tungsten and silicon (W/Si), chromium and silicon (Cr/Si), and titanium and silicon (Ti/Si) for fabricating X-ray diffraction gratings.  This research has resulted in the development of a commercial product, with RMD now selling structured CsI:Tl to both medical and non-medical X-ray imaging communities (Figure 8 Left, [
,
]).  In addition to the thermal vapor deposition, we have expanded our portfolio of thin film fabrication techniques to e-beam evaporation and hot wall evaporation of various materials.  This prior work and the experienced gained, is directly relevant to the proposed program which seeks to deposit high QE photocathodes in a non-vacuum environment to minimize its manufacturing cost and allow the use of advanced MCP-PMT detectors for numerous applications.

The merger of RMD with Dynasil Corporation in 2008 benefits RMD’s proposed development in a number of ways, including the fact that our sibling company, Evaporated Metal Films (EMF, Ithaca, NY), has 75 years of proven expertise in depositing films over very large areas and in large production volumes (see Figure 8, Right).
2. Solid State Photomultiplier Development

A Solid State Photomultiplier (SSPM) is an array of Geiger photodiode (GPD) elements, where each element is essentially a Geiger detector for optical photons. The SSPM achieves the low noise of a PMT, at low cost, while retaining the high quantum efficiency of a silicon device when coupled to a scintillator. Implementing SSPMs in a CMOS-compatible process yields high precision, low cost sensors with the additional benefit of signal processing electronics integrated right on the chip. At RMD, we have fabricated CMOS-based SSPM arrays and characterized their performance [
,
,
]. RMD’s recent advances in CMOS SSPMs include sensors of a small finite size technology (0.18 m) that provide performance enhancements such as (1) facilitating the integration of circuit components with the sensor, (2) reducing dark current by a factor of 10, (3) increasing the fill factor, and (4) improving sensitivity to blue and UV light. [
].  A significant advantage of RMD’s SSPM over the commercially available segmented SiPMs and SSPMs with externally resistively coupled outputs is that the internal resistive network minimizes stray capacitance, which minimizes shaping time and maximizes the count rate for improved SNR performance.  Figure 9 shows a photograph of 5(5 mm2 RMD PS-SSPMs.

RMD currently manufactures and markets its own Avalanche Photodiodes (APDs) and SSPMs to a worldwide customer base.  The experience gained through these ventures is directly relevant to the MCP-PMT production using the proposed tabulation method and subsequent marketing.

3. Related Research at UC and BNL

An extensive description of the UC facilities and current LAPPD related research may be found in reference [8].  Here we describe related work at BNL.
Over the past two years a collaboration between the Instrumentation Division and the Photon Sciences Directorate at BNL has been established to study the influence of the growth recipe steps on the chemical and structural composition of the cathode, and to correlate these structures with the cathode functionality.  

To visualize the structure on different length scales, BNL researchers have installed an in-situ/in-operando X-ray scattering setup, which combines various growth methods including thermal evaporation and sputtering, synchrotron based X-ray powder diffraction and X-ray reflectivity setup, and an optical cathode quantum efficiency measurement. This tool set is capable of quantitatively characterizing the thickness and roughness of the grown film, as well as the mixture of any crystalline compounds that are formed. Most importantly, both parameters can be measured simultaneously and combined with the quantum efficiency measurement; a full movie is the result of these measurements, which shows the correlations between quantum efficiency and chemical/structural composition with about 20-30s time resolution. An additional in-situ X-ray photoelectron spectroscopy setup combined with an in-situ atomic force microscope is used to structurally and chemically image the surface composition. 
The proposed production method is based on an Sb pre-coated entrance window, which will be sealed via metallic bonding or glass frit bonding to the preassembled detector body. In a second step, the glass body inclusive anode and channel plates will be heat treated and evacuated. Similar to the PMT-cathode recipes, we will use an alkali vapor mix brought through glass tubes from the side to convert the metallic Sb-film to the semiconducting K2CsSb-film.

This ansatz will require the following steps to resolve multiple production challenges:

1. Cleaning of the Sb-film.  Successful experiments to produce a working cathode on a Sb-film that was exposed to air prior to the alkali processing, showed that a thermal heat treatment can preferentially remove the O-contaminated Sb-material. X-ray studies demonstrated that the texturing and the size of the crystallites of the original Sb-film plays an important role for the optimization of the flash desorption.

2. Optimization of the process temperature, crystalline structure and thickness of the Sb-film, and the partial pressure ratio of the alkali mixture. Recent X-ray studies are indicating that the growth of the alkali-Sb compound is preferentially started at the grain boundaries of the Sb-film. The complex interplay between mobility, reactivity going along with immobilizing the alkali, strain of the film, and partial pressure gradients, are defining the growth condition in this complex ternary system.

3. Compatibility with channel plate and anode structure. An additional boundary condition is the process compatibility with the channel plates and the anode structure. The fear is that coating of the channel plate with alkali will reduce the work function significantly, thereby increasing the thermal noise of the plates.  However, one has to realize that in PMT’s the alkali-coating of the dynode structure is an important and desired result of the recipe to significantly increase the gain of the PMT at reduced operation voltage. The reduced voltage and increase gain are compensating the effects on thermal noise.

The in-situ techniques developed at BNL will allow visualization of the structural and chemical changes of the cathode during all processing steps of the cathode. This ability will be essential to optimize the large parameter space for the cathode recipe development.  It will also allow us to test how reliable, e.g. how unique, quantum efficiency measurements, or comparable macroscopic measurements, represent a specific chemical and structural state making them a good control processing parameter. 
IX. Principal Investigator and other Key Personnel

A. Vivek V. Nagarkar, Director, Imaging Technologies and Applications, RMD, Inc.

Dr. Nagarkar earned his B.S. in Physics from Poona University (Pune, India) in 1979. He received his M.S. in Physics in 1981 and his Ph.D. in Physics in 1986 from the same institution.  His thesis was titled “The Design and Development of a System to Study Two Dimensional Angular Correlation of Positrons (2D-ACPAR) using High Density Multiwire Proportional Chambers (HDMPCs)”. From 1986 to 1987, Dr. Nagarkar was a Post Doctoral Associate at the Massachusetts Institute of Technology (Cambridge, MA), where he developed a fast-slow positron lifetime spectrometer for condensed matter physics studies and conducted gamma-gamma angular correlation measurements. In 1987 Dr. Nagarkar joined RMD, Inc., as a Senior Scientist to direct the development of an all solid-state integrating proton, electron, gamma and neutron dosimeter for high altitude flights and low Earth orbital missions.

At RMD, Dr. Nagarkar has been active in high-resolution detector and X-ray/-ray instrumentation development for the past twenty-five years, and has conducted extensive research on new direct/indirect detector materials during the past sixteen years. He performed pioneering work on microcolumnar CsI:Tl film development using a vapor deposition technique, which is considered a standard in digital X-ray imaging worldwide and is one of RMD’s commercial products.  Dr. Nagarkar has conducted extensive research on new scintillator materials and their growth, as is evident from his numerous publications in this area.  He has published over 100 research papers, holds nineteen patents, and has applications pending for another eight.  Five of his patents are directly related to the growth of thin film scintillators using a vapor deposition approach, and an additional five patents are in the field of high energy radiation detector development.

B. Harish Bhandari, Senior Scientist, RMD, Inc.

Dr. Bhandari received his B.S. in Chemical Engineering, Bangalore University, India and his Ph.D. in Chemical Engineering from University of Alabama, Tuscaloosa AL.  Prior to joining RMD in 2010, Dr. Bhandari was Research Associate in Chemistry at Harvard University, Cambridge MA.  At Harvard he designed and developed a novel conducting adhesion material, cobalt nitride (Co4N), to address the future challenges in copper interconnect technology, fabricated interconnect structures using novel chemical vapor deposition (CVD) processes to provide an alternate route to current limitations in manufacturing.  He also characterized and evaluated multilayered thin films using advanced techniques such as XRD, XRR, RBS, Ellipsometry, AFM, RBS, SEM, TEM, XPS and Photolithography, the experience which is highly relevant to this project.

Since joining RMD he has conducted extensive research on thin film deposition and characterization of scintillation sensors, photovoltaics, and semiconductor devices.  He has conducted Hot Wall Evaporation growth mode for synthesis of films of ZnTe:O, LaBr3, CsI and ZnSe:Te, to name a few.  He currently oversees the operation of vapor deposition laboratory that houses 7 evaporators and numerous other pieces of characterization equipment.  He has authored more than a dozen scientific publications in professional journals, authored a book and two patents that are licensed to Dow Chemicals and is currently a reviewer of 3 scientific journals.

C. Zsolt Marton, Staff Scientist, Materials Expert, RMD, Inc.

Dr. Marton received his Ph.D. in Materials Science and Engineering from University of Pennsylvania in 2010, followed by a post-doctoral fellowship at Oak Ridge National Laboratory. He has a very strong background in thin film growth using vacuum techniques; having designed and constructed ultra high vacuum systems for electronic oxide thin film synthesis.  He has synthesized epitaxial crystalline perovskite oxides on silicon and germanium by molecular beam epitaxy. He has demonstrated ferroelectric field effect in complex manganite systems. He has extensive experience in growing epitaxial thin films of oxide ferroelectrics, magnetic semiconductors, thermoelectrics, layered functional heterostructures and superlattices by pulsed laser deposition. He is skilled in thin film characterization techniques such as X-ray diffraction, atomic force microscopy, and magnetic and electronic transport measurements.
D. Henry Frisch, University of Chicago
Dr. Frisch received his B.A. in Physics from Harvard University in 1966 and his Ph.D. in Physics from Berkeley in 1971.  At present he is the Professor of Physics at the University of Chicago 
.Since 1974 Prof. Frisch has served on numerous HEP/Physics Committees; at present he is a Divisional Associate Editor for Physical Review Letters.  He has been on numerous Conference Advisory and Organizing Committees and has been the Ph.D. Advisor for 18 graduate students.  Prof. Frisch is the spokesperson for the LAPPD  Collaboration.
E. K. Attenkofer, Brookhaven National Laboratory
, University of Chicago (Joint Appointment)
Dr. Attenkofer received his Ph.D. in Experimental Physics from University of Hamburg, and he is currently the Group Leader of Inner Shell Spectroscopy Beamline (ISS) at LBNL.  Prior to arriving at Brookhaven, Dr. Attenkofer held the position of Physicist at the University of Chicago, which he has retained as a joint appointment with the University.  Prior to this, he spent many years at Argonne National Laboratory as a Physicist with the X-ray Science Division, and had responsibility for defining the detector program for the Advanced Proton Source and coordinate efforts with proposed detector institute at Argonne. As the group leader at BNL, he is working closely with the user community to define the scientific mission and technical requirements to design and build a state-of-the-art Inner-shell Spectroscopy Beamline and its associated scientific programs at NSLS-II.  His association with the LAPPD consortium and experience in photocathode development will be of immense help. He holds a joint appointment in the Enrico Fermi Institute of the University of Chicago.
F. Other Key Personnel from LAPPD Consortium Involved in the Project

The other key personnel form the LAPPD consortium that will be directly involved in the project include Rich Northrop (UC), Senior Mechanical Engineer; Joseph Gregar (ANL), Head Scientific Glass Blower, ANL glass shop (former National President of the American Scientific Glassblowers Society), Mat Wetstein (UC), Grainger Fellow, and Andrey Elagin (Postdoctoral Fellow, Enrico Fermi Institute).  These individuals will support activities related to mechanical engineering and glass blowing for the tubulation process and during evaluation of the Phase I specimens.

X. Facilities/Equipment

The research will be performed primarily at the RMD laboratories, with the collaborating institutions performing additional characterization and testing requiring unique capabilities. Facilities
 and equipment available for the proposed program include the following.

A. RMD Facilities and Project-Related Equipment

RMD has in place and in use all material preparation, dry-gas material-handling, and coating and encapsulation devices and facilities required to begin work on the proposed K2CsSb photocathode development using tubulation method.

RMD's extensive laboratories and manufacturing facilities occupy over 30,000 square feet, including laboratory and manufacturing facilities, instruments and equipment needed for K2CsSb deposition are in place and are all routinely used for fabricating crystalline and microcolumnar films of various scintillation materials, evaluation and production.  These include vertical Bridgman and THM furnaces, a crystal cutting and cleaning room, plasma cleaning systems, optical microscopy stations, a scanning electron microscope (SEM) facility, and X-ray room facilities.  Also available are four clean rooms (two class 10,000) for fabricating, testing and packaging materials for nuclear detection, plus two additional class 10,000 clean rooms that houses high vacuum evaporators with thickness monitoring capabilities, e-beam evaporators, thermal evaporation systems, and systems for hot wall deposition.

RMD has facilities for materials and device characterization, including microscopy stations with optical and infrared microscopes, four-point resistivity probes, optical spectrometers, complete sets of nuclear instrumentation and various specialized test fixtures and variable temperature test chambers, high-speed storage oscilloscopes and extensive nuclear measuring equipment.  Research and development areas are fully equipped with advanced devices, including a scanning electron microscope for morphology characterization, a computer-controlled 0.5 m Spex double monochromator for absorption and spectroscopy; an EG&G Princeton Applied Research Optical Multichannel Analyzer; and ample general bench and hood space and glove boxes for materials handling and other purposes.

RMD Instruments, LLC is a vertically integrated company that manufactures, markets and sells RMD's products on an OEM basis and to end users, directly and through distributors and partners.  RMD Instruments maintains complete modern facilities and staffing for the design, development, prototyping and ISO-9001 certified manufacturing of commercial products based on CdTe detector, photomultiplier tube, CCD and other technologies.  These include a professional technical staff (electronics, CAD and other disciplines), a complete machine shop with full-time machinists, skilled manufacturing personnel, a Quality Assurance and Quality Control group, marketing, sales and customer service groups and support personnel.

B. Facilities at BNL and UC

The facilities at the institutions collaborating with RMD that presently in use by LAPPD and are available to support this work are:

1. Brookhaven National Laboratory BNL: National Synchrotron Light Source (NSLS) Center for Functional Materials (CFM) facilities relevant to this program are described above in Related Research at BNL Section VIII.A.1 above.  All these facilities will be available to this program.

2. University of Chicago (UC) facilities needed for this program include UC Engineering Center (UCEC): Electronics Development Group (EDG), Central Machine Shop, HEP computing cluster, HEP web pages and web/database support.  These will be available during the Phase I research.  Extensive description of the UC facilities and current LAPPD related research may be found in reference [8]
XI. Consultants and Subcontractors

Our primary subcontractor on this program will be Professor Henry Frisch of University of Chicago who will co-ordinate activities of other LAPPD team members that include Dr. K. Attenkofer of Brookhaven National Laboratory,  Rich Northrop (UC): Senior Mechanical Engineer; Joseph Gregar (ANL), Head Scientific Glass Blower, ANL glass shop (former National President of the American Scientific Glassblowers Society), Mat Wetstein (UC), Grainger Fellow, Andrey Elagin (Postdoctoral Fellow, Enrico Fermi Institute).  Their addition to our team substantially strengthens the expertise needed for the successful development of a method to economically and practically produce microchannel-plate-(MCP) based photodetectors (MCP-PMT) that does not require a costly vacuum-transfer technology.
XII. References

� The SEY coatings of the MCP’s have low sticking power compared to the antimony layer, which is highly reactive; further control can be provided by differential heating of the cathode and amplification surfaces; the antimony can be cleaned after sealing by a number of desorption methods; and lastly, the cesium and potassium deposition are the same as in photomultiplier fabrication, for which the dynodes see the vapors much as the MCP will. 


�  A proposal to develop cathodes with QE’s comparable to or better than the best alkali cathodes, QE’s> 40%, is being submitted separately. If that development program is successful, we would want to transfer it to tubulation.
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