The Development of Large-area, Fast, Time-of-Flight
Detectors

PROJECT SUMMARY

We propose a program to develop a basic family of economical robust large-area photo-detectors that
can be tailored for a wide variety of applications that now use photomultipliers. Advances in materials science
and nano-technology, complemented by recent innovations in microelectronics and data processing, give us an
opportunity to apply the basic concept of micro-channel plate detectors to the development of large-area econom-
ical photo-detectors with quantum efficiencies and gains similar to those of photo-tubes, and with inherent good
space and time resolution. The new devices are designed to cover large areas economically, being a sandwich of
simple layers rather than an assembly of discrete parts. The plan of R&D that follows is intended to solve the
critical technical issues and to deliver proto-types that are ready to be commercialized within 3 years.

The initial use of glass capillary MCP substrates and conventional photo-cathode technology provides
a proven solution for each of these components on the critical path. Mechanical assembly and the extension of
existing photo-cathode technology to large area planar applications, while formidable tasks, are within the scope
of current industrial practice. We have the capabilities and facilities at Argonne, the Space Sciences Laboratory
(SSL), and our industrial partners to extend the known technologies.

We have also identified three areas in which new technologies have the potential for transformational
developments. First, the development of higher quantum efficiency photo-cathodes based on nano-science mor-
phology with customized work-functions and the adaptation of techniques from the solar-energy sector would
allow large area detectors and possibly cheaper assembly techniques. Second, Atomic Layer Deposition (ALD)
provides a powerful technique for control of the chemistry and surface characteristics of new photo-cathodes. ALD
also can be used to form the secondary emission surfaces of the channels one molecular layer at a time, including
controlling the geometry of the electron cascade itself, to enable functionalization of channel-plate substrates with
high gain and low noise. This capability allows the separation of the properties of the substrate material from the
amplification functionality. We have experience in self-organized nanoporous ceramic (Anodic Aluminum Oxide,
AAO) that would provide low-cost batch-produced substrates, and also are investigating substrates made from
glass capillaries. Lastly, we have already demonstrated that fast waveform sampling using CMOS ASICs at both
ends of transmission line anodes allows the coverage of large areas with small numbers of channels, permitting
excellent time and space resolution and a built-in noise identification and reduction mechanism. Design work has
started on an ASIC with 2-4 times the number of channels per chip than present chips.

Large-area, robust, and affordable photo-detectors would be transformational in a wide variety of ar-
eas. Possible applications include cheaper and more precise Positron Emission Tomography (PET) cameras in
medical imaging, scanners for transportation security, and particle detectors in high-energy neutrino and collider
physics, astrophysics, and nuclear physics. There would also be many possibilities for new products and spin-off
technologies. Because the new devices are planar, relatively thin, and physically robust, they will require less
volume and infrastructure in large-area applications for which photomultipliers are presently the current solution,
providing additional economies and offering new measurement opportunities.

To meet the challenges we have assembled an experienced cross-disciplinary team that integrates ex-
pertise and facilities of national laboratories, universities, and industry, and that includes expertise in both the
basic and the applied sciences.



a stand-alone module of a typical size for collider or medical imaging applications, and a large panel for low-rate
large-area applications. A brief summary and acknowledgments are given in Sections 5 and 6, respectively.

The work plans for each of the sub-areas of development are described in Section 7. Section 8 describes
the management structure. The milestones, organized by task and effort, are presented in Section 9. The budget
for each of the three years is presented in Section 10, and Section 11 contains the budget justification.

Appendix A describes several applications for which large-area photo-detectors with good space and
time resolution would be transformational. Additional detail on the front-end electronics, photo-cathodes, MCP
substrates, and Atomic Layer Deposition is given in Appendices B-E. Lastly, biographical sketches are presented
in Appendix F.

2 The Critical-Path to Large-Area Fast Detectors: the
Needed Three Developments

We see three areas in which our expertise can be applied to develop economical large-area MCP-PMT ’s. They are:
1) the scale-up and modification of photo-cathode production technology for larger area planar devices; 2) imple-
menting solutions to the ‘first-strike’ problem of developing substrates that satisfy the geometry for channel-plate
amplification, are low cost and scalable to large areas, and that may also allow new geometries with higher photon
detection efficiency and improved single photo-electron resolution; and 3) solving the time/amplitude/transverse-
size complementarity problem. We have spent the last several years solving the third problem, and the solution,
transmission-line anodes to preserve the signal amplitude and shape with cheap fast low-power waveform sampling
on both ends, is the breakthrough that enables the creation of large-area photo-detectors[37, 24].

We bring to these efforts the resources of the Advanced Photon Source (APS), the Center for Nanoscale
Materials (CNM), and the Electron Microscopy Center (EMC) at Argonne, as well as the expertise in the five
Divisions. Each of the other institutions in the collaboration brings extensive experience in one of the three critical
areas, with decades of experience with photo-cathodes at SSL, industrial expertise represented by Arradiance in
emissive materials, Muons,Inc in MCP-PMT simulation, and Synkera in self-organized nanoporous ceramics, and
long and successful track records by Chicago, Hawaii, and Argonne in electronics systems.

2.1 Photo-cathodes
2.1.1 Conventional Bialkali Photo-cathodes

There have been major advances in photo-cathode development in recent years [1]. Figure 3 shows the recent gains
in quantum efficiency by Hamamatsu versus wavelength (left-hand panel), as well as the spectrum of Cherenkov
light as observed through water [39] as a reference input spectrum. The technique is very advanced, giving QE
of over 40% in the UV /visible spectral regions today. In addition, photocathode processing is low cost and has
good yields [36].

We plan to use conventional bialkali photo-cathodes in an 8" x 8" format and a conventional transmission
geometry as the primary choice. SSL has a long history of successfully producing photo-cathodes [40, 41, 42].
The SSL group has produced conventional photo-cathodes larger than 5” square,and has the facilities to go to
8” square, the size we are considering as our basic sub-assembly. The 8” size will also fit in process equipment
routinely used by the semi-conductor industry.

The strategy for the bialkali photo-cathodes will be to optimize the SSL bialkali quantum efficiences
on development-size (32.8mm) window samples to increase the present quantum-efficiency from ~20% to 30% or
more in small samples, and to achieve uniformity in large samples. Once we have achieved the required quantum-
efficiency, we will extend the process to the 8’ x 8” format. Work will continue in collaboration with the materials
science efforts at Argonne in characterization and simulation, to improve the quantum-efficiency beyond 30%,
which is now routinely available from industry(See Figure 3).

We will also explore the quantum-efficiency and stability of opaque photo-cathode geometries by putting
cathodes directly on ALD treated substrates in the 32.8 mm development format (see Section 2.2. In principle,
opaque photo-cathodes combined with anti-reflection coatings and photon internal capture techniques developed
by the solar cell industry should give an increase in quantum-efficiency [43].
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Figure 3: Left: Quantum efficiencies for Hamamatsu bialkali photocathodes, showing the
recent developments. Right:The spectrum of Cherenkov light in water, and the quantum
efficiency of the Hamamatsu 20” photo-tube used in Super-K (from Ref. [39])

2.1.2 R&D on Nano-scale Photo-cathodes

In parallel with getting our bialkali quantum-efficiency up to industry standards, we will devote effort to develop
advanced photo-cathodes using the facilities and strengths in nano-materials at Argonne. The effort will share
characterization and test facilities, standard substrates, standard measurement criteria, and expertise with the
mainstream effort on bialkali photo-cathodes. The effort will be a coordinated effort between the Advanced
Photon Source, Materials Science, Energy Systems, Math and Computer Science, and High Energy Physics
Divisions at Argonne and which will take advantage of unique user facilities at the Argonne Advanced Photon
Source (APS), Center for Nanoscale Materials (CNM), and Electron Microscopy Center (EMC). In particular,
our goal is to develop novel photo-cathodes that appear ‘black’ to photons in the required spectral region, have
high electron emissivity, and can be applied to large panels using Atomic Layer Deposition (ALD) or Chemical
Vapor Deposition (CVD), as briefly described below and in Appendix C. A list of references is also attached to
Appendix C.

The development of a radically new photocathode material based on nano-technology has the potential
for comparable or higher quantum efficiencies (QE’s) by optimizing the cathode surface morphology and dielectric
constant, and thus tailoring the near-surface electric field so that it significantly enhances photo-electron emission.
This approach can become an alternative to lowering the surface work-function of a conventional photo-cathode
by fine (and expensive) tuning of its already complex chemical composition. Additional gains in overall detector
efficiency may be obtained by using nano-engineered photon-trapping surface geometries with reduced reflection
losses, thus benefiting from technologies now standard in the solar cell industry.

The goal for higher quantum efficiency using nano-technology is based on evading the fundamental
limitations of conventional transmission photo-cathodes, which are that the electron escape depth is typically
smaller than the photon absorption length. This leads to low photon-to-electron conversion eficiency, high energy
spread, and a wide angular distribution. Using nano-technology one can optimize the surface technology as
shown in Figure 4. What is attractive about nano-technology is that various methods exist to grow different
morphologies so that there is a wide range of possibilities(See Figure 5). It is relatively cheap and scalable to large
production quantities, and is inherently industrially compatible. Electronic properties can be widely manipulated.
However electronic properties and structure are strongly dependent on specific growth conditions, and the basic
understanding is not yet solid. A development program thus must have the ability for rapid throughput for
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Figure 4: Some basic ideas for developing highly efficient cathodes [44]: using non-normal
incidence, back reflectors, total internal reflection, tuning of feature size to minimize re-
flection and maximize absorption, and control of secondary emission by morphology.

testing many different parameters in parallel, facilities for hard-science characterization and measurement, and
theoretical and simulation expertise for rational design. All of these have been developed in other contexts at
Argonne, and the leaders of these programs have joined forces in the present effort.

Reproducible material synthesis is impossible without accurate characterization. Emission of photo-
and secondary electrons is extremely sensitive to materials properties such as surface composition and structure,
including contamination and aging. For characterization we will need structural and electronic probes, an au-
tomated fast test capability, local probes for work-function measurements, and the ability to make timing and
emission angle measurements. For simulation we will need both static and dynamical models and band-structure
calculations. We have access to the Center for Nanoscale Materials at Argonne for initial production.
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Figure 5: Examples of effects caused by morphology, from a simulation including both the
emission characteristics (work-potential- chemistry) and electron optics, including dynamic
effects (nano-technology and static/RF-electron simulation). The left-hand panel shows
simulations of several geometries; the right-hand panel shows simulations of aerogel and
surface pyramid morphologies.

2.1.3 Characterization Facilities

There are programs already underway at Argonne in the APS and HEP Divisions on the development of high-
performance photo-cathodes. The authors of the present proposal include experts on the physics of photo-
cathodes, the material fabrication and processing of the photo-cathodes, surface and material properties of the
photocathode using various techniques such as x-ray diffraction and photo-emission, and the characterization of
the photoelectrons generated from these photo-cathodes, such as the distributions in energy and angle. This
will allow us to apply the revolution in surface chemistry due to the application of sophisticated surface analysis
facilities and theoretical knowledge implemented in simulations to large-area MCP-PMT ’s.
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We are uniquely able to perform advanced characterization of efficiency vs composition using several
highly-evolved facilities at Argonne. Figures 6 and 7 provide a succinct description of the facilities for sputter-
depth profiling and sample volatilization, electron-microscope mapping, and nanometer-scale analysis.
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Figure 6: The SARISA-class instruments to be used for characterization and testing of
photo-cathode and electron-emitting materials (from I. Veryovkin [45]).

2.2 The First Strike Problem

2.2.1 Introduction to Amplification in Micro-Channels

The second problem on the critical path is to make arrays of channels that have the required characteristics
for high efficiency and gain, low noise, a good transit-time-spread, and good amplitude resolution for single
photo-electrons. These characteristics include providing a well-defined surface for the first-strike for the incoming
photo-electron, large open-area-ratios, and an interior surface with electrical and physical properties to sustain a
cascade with enough gain and current capability, while maintaining an acceptable dark current.

We have strength and experience in the technologies needed to attack these problems at Argonne,
Arradiance, SSL, and Synkera. Many of the problems have been studied by members of our team [46, 47, 48, 49,

SARISA-class analytical instruments: how they work
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Figure 7: An explanation of how the SARISA-class instruments work (from I. Very-
ovkin [45]).
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7.6 Amplification Stage: Substrates, Coatings, Scaling

The adaptation of capillary-based glass substrates from industry is being coordinated through Argonne and
Chicago. In parallel, the development of AAO substrates with funnel geometries will be a joint effort of Argonne,
SSL, and Synkera. The ALD development for the substrate resistive and emissive coatings is the responsibility
of Argonne, in collaboration with Arradiance and Synkera.

7.7 Anode

The basic R&D for the anode has been done in the last several years by a collaboration of Chicago, Argonne,
and Fermilab. Extending this to larger areas, including possibly using glass as a cheaper substrate, will be done
by the same group, in close consultation with the experts at SSL. RF simulations of the anode that have been
developed at Chicago, and that agree very well with measurements made with the Argonne laser test stand [67],
will be used to design and validate new anode designs.

7.8 Front-End Electronics

The front-end wave-form sampling electronics is relatively advanced based on the work at Chicago, Hawaii, Orsay,
PSI, Saclay, and SLAC. Work has started at Chicago and Hawaii to move the design of the waveform sampling chip
to the more modern 130 nm IBM CMOS process that will support up to 32 channels per chip. The development
of the FPGA-based control and DAQ system will be done at Argonne, Chicago, and SSL. The clock distribution
system work will be also done at Argonne in a collaboration of the HEP and APS Divisions.

7.9 Mechanical Assembly

We are pursuing two parallel paths for the mechanical package. The first is the logical extension of widely-used
and well-understood ceramic package, with metal-to-ceramic seals. This work will be done at SSL, where there
is tooling and extensive experience. A second effort to develop an all-glass mechanical assembly using techniques
developed for large flat panel screens is being started at Argonne, Chicago, and Fermilab, with consultation by
SSL. As different applications will have different requirements on robustness (the SSL experience in successfully
making devices that withstand rocket launchings is one example), required area, and cost, we foresee pursuing
both these paths to the completion of a (8” x 8"’ ) prototype.

7.10 Integration

Integration of these efforts, including managing the budgets, schedule, and reviews, will be the responsibility of
Argonne.

8 Management

8.1 Overview

The management of this program will be done through the HEP Division of Argonne.

8.2 Industry/Lab Partnerships

We see the efforts in ALD and AAO as a partnership between the national laboratories and industry. We are in
the process of establishing the formal protocols on IP and deliverables, with one NDA in place with Synkera, one
being negotiated with Arradiance, and a joint SBIR submitted with Muons,Inc.

8.3 Reviews

We expect regular reviews of the program by the DOE. We will also establish internal review committees (‘god-
parents’ [68]) from inside the collaboration, with outside experts added as needed, with the responsibility to
regularly review progress in the individual areas.
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8.4 Transparency/Dissemination

We aim for a unified, transparent effort with built-in reviews and documentation. We have already put a structure
in place, with a web page (http://hep.uchicago.edu/psec/), a regular weekly meeting, a blog for results and presen-
tations, two broadly-attended workshops per year since 2005 [25], and several formal collaborations and MOU’s.
We report our work at IEEE, Real-Time, and other technical conferences, with papers in the proceedings [69].
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9 Milestones

9.1 Year 1l

1. Photo-cathode Group Siegmund, Attenkofer, Insepov, Pellin, Yusof
(a) Demonstrate a quantum efficiency > 25 % with a bialkali photo-cathode on a solid glass plate, with
acceptable dark current;
(b) Produce a 8" x 8" conventional photo-cathode with photo-cathode quantum efficiency. > 25 %.
(¢) Screen and test flat and morphology-based negative-electron-affinity materials and compare to sim-
ulation.

2. Glass Substrate Group Tremsin, Frisch,Siegmund, Hau, Pellin, Sullivan

(a) Develop and characterize 32.8mm glass substrates with 10-40 micron pores diameters L/D of 40, a
bias angle of 8 degrees, and an open area ratio > 80% suitable for an MCP;

(b) Acquire and test 8” x 8" plates;

(c) Evaluate the process economics.

3. Advanced Substrate Group Wang, Routkevitch, Pellin

(a) Achieve straight pores in AAO with diameter > 0.7 microns (no-funnel option), 40 <L/D< 100, and
open-area ratio > 60 %;

(b) Demonstrate the feasibility of making AAO funnels suitable for photo-cathode deposition;

(¢) Produce blanks of 32.8mm AAO plate for tests and MCP development.

(d) Evaluate the process economics.

4. Atomic Layer Deposition Group Elam, Insepov,Sullivan, Libera, Wang
(a) Systematically characterize the leading ALD materials for Photo-emission and Secondary Electron
Emission (SEE);
(b) Demonstrate gain > 1000, non-uniformity to < 25% with ALD on a 32.8mm glass capillary substrate
MCP, with acceptable dark current;

5. Testing Group Adams, Veryovkin, Attenkofer, Genat, May, Nishimura, Ramberg, Ronzhin, Va’vra,
Varner, Wetstein, Zinovev
(a) Set up test protocols for the various test facilities and make appropriate modifications to accomodate
up to 8’ x 8" plates.
(b) With the Simulation Group, set up data-base for systematic codification of test results.
(c) Expeditiously test the functionalized development units from the ALD and Photo-cathode Groups

6. Simulation Group Tvanov, Beaulieu, Abrams, Genat,Insepov, Roberts, Tremsin, Tang

(a) With the Test Group, set up data-base for systematic codification of test results.
(b) Systematically compile existing data on materials and define the needed measurements for charac-
terization by the Emissive Materials Group;
) Complete the MCP simulation code including space charge;
) Validate the simulation with commercial tubes;
(e) Complete a first-generation glass-substrate-based MCP-PMT simulation;
(f) Complete a first-generation AAO/ALD-based MCP-PMT simulation;
) Optimize funnel and pore shapes for an MCP-PMT with opaque photo-cathode.

7. Mechanical Assembly Group Stanek, Northrop, Anderson, Forbush, Genat, Ronzhin,Sellberg, Siegmund,
Tremsin, Wetstein, Zhao

(a) Identify candidate materials, vendors, and construction methods for the 8” x 8” and 4’ x 2’ modules;

(b) Complete an initial mechanical/electrical design for proto-type glass and ceramic 8” x 8” modules,
and construct mechanical proto-types (no photo-cathode yet);

(¢) Measure the vacuum, residual gases, out-gassing rates, and surface chemistry of proto-type modules;

(d) Assemble a complete Development(32.8mm) AAO/ALD or glass capillary MCP-PMT with conven-
tional photo-cathode for testing.

(e) Evaluate the process economics.
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10.

Electronics Group Varner, Genat, Anderson, Bogdan, Drake, Frisch, Heintz, Kennedy,

Nishimura, Rosen, Ruckman, Tang
(a) Construct and test a 8” x 8" proto-type transmission-line anode (e.g. velocity, time resolution,

cross-talk, attenuation);

b) Construct a first-generation clock distribution system;

c¢) Construct a first-generation DAQ system;
)
)

A~ o~

d) Construct a first-generation anode PC card with existing sampling chips [23, 22];
(e) Submit a first IBM-8RF chip with timing control, sampling capacitor chain, and ADC blocks.

Integration Group Drake, Genat, Anderson, Byrum, Frisch, Ronzhin,Sanchez,Siegmund, Tremsin, Wetstein

(a) Install the first-generation clock distribution system and DAQ computer in the integration area;

(b) Integrate the first-generation DAQ and MCP with first-generation front-end card with existing sam-
pling chips;

(c¢) Integrate the individual tests into a user-accessible system suite.

Management Group Frisch,Siegmund, Byrum, Pellin, Weerts

(a) Identify the senior staff member at Argonne responsible for tracking costs, schedules, responsibilities,
and reviews;

(b) Identify co-leaders for each of the groups.

(c¢) Establish the project in the appropriate project manager software;

(d) Establish preliminary major decision points for photo-cathode, geometry, substrate, module size,
mechanical assembly, and cost;

(e) Select internal review committees and schedule reviews;

(f) Survey and clarify IP and future production relationships with industry;

(g) Evaluate the process economics for each major component.

27



9.2

1.

10.

Year 2
Photo-cathode Group Siegmund, Attenkofer, Insepov, Pellin, Yusof

(a) Construct a facility for production and vacuum transfer of 8’ x 8” conventional (bialkali) photo-
cathodes with quantum-efficiency > 25%.

(b) Demonstrate advanced photo-cathode quantum efficiency >35%;

(¢) Continue and refine the development and characterization of novel materials for Photo-emission
and Secondary Electron Emission (SEE): Higher quantum efficiency (QE), nano-structures, photon
trapping usingwavelength tuning;

Glass Substrate Group Tremsin, Frisch,Siegmund, Hau, Pellin, Sullivan
(a) Achieve open-area ratios > 80% and channel sizes < 20 microns;
(b) Optimize the process economics for large areas.

Advanced Substrate Group Wang, Routkevitch, Pellin

(a) Achieve straight pores with diameter >1 micron, 40 < L/D<100, and open-area ratio >70% (no-
funnel option ) or >90% (funnel option)”

(b) Demonstrate gain > 1000, non-uniformity to < 15% in an advanced plate.

(¢) Perform initial scale-up and develop cost projections for 8”x8” AAO with large pores.

. Atomic Layer Deposition Group Elam,Sullivan, Insepov, Libera, Wang

(a) Demonstrate gain > 1000, non-uniformity to < 15%

(b) Optimize process economics for batch production

(¢) Develop multi-dynode stripe coating of channel SEE layers for narrowing gain and transit-time
spreads;

Testing Group Adams, Veryovkin, Attenkofer, Genat, May, Nishimura, Ramberg, Ronzhin, Va vra,
Varner, Wetstein, Zinovev
(a) Expeditiously test the functionalized development units from the ALD and Photo-cathode Groups
(b) Set up to test completed MCP-PMT ’s in development and 8” x 8" sizes in the Argonne laser
test-stand and MTEST.

Simulation Group Ivanov, Beaulieu, Abrams, Genat, Insepov, Roberts, Tremsin, Tang

(a) Validate simulation of morphology-based emissive materials
(b) Include dynamic effects in MCP simulation
(c) Completion of ‘end-to-end’ simulation package.

Mechanical Assembly Group Stanek, Northrop, Anderson, Forbush, Genat, Ronzhin,Sellberg, Siegmund,
Tremsin, Wetstein, Zhao

(a) Construct working glass and ceramic 8" x 8” MCP-PMT ’s with gain > 5 x 10°
(b) Finish design of 4’ x 2/ module.

Electronics Group Varner, Genat, Anderson, Bogdan, Drake, Frisch, Heintz, Kennedy,
Nishimura, Rosen, Ruckman, Tang

(a) Construct and test 4-foot PC card with Varner and Ritt chips

(b) Construct clock distribution system for MTEST test-beam

(¢) Construct DAQ system for MTEST test-beam

(d) Construct second-generation front-end card for MTEST test-beam
(e) Submit second IBM-8RF chip (4-channel)

Integration Group Drake, Genat, Anderson, Byrum, Frisch, Ronzhin,Sanchez,Siegmund, Tremsin, Wetstein

(a) Integrate first-generation DAQ and 8” x 8” MCP with anode and front-end
(b) Continue development of system test suite

Management Group Frisch,Siegmund, Byrum, Pellin, Weerts
(a) Review of Progress
(b) Review of Major Decision Points on Photo-cathode, Substrate, Module Size, Assembly, and Cost
c)
d)

(¢) Re-evaluate process economics for each component
(d) Get another Program Director
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9.3 Year 3

1. Photo-cathode Group Siegmund, Attenkofer, Insepov, Pellin, Yusof
(a) Produce a 8" x 8” conventional photo-cathode with photo-cathode quantum efficiency. > 35 % with
acceptable dark current;
(b) Continue the characterization survey of novel materials for Photo-emission and Secondary Electron
Emission: higher quantum efficiency , nano-structures, wavelength tuning.

2. Glass Substrate Group Tremsin, Frisch,Siegmund, Hau, Pellin, Sullivan

(a) Evaluate the process economics for large-area, psec timing, and medical applications.
(b) Setup for industrial-scale production of plates optimized for the ALD coating process and robust
mechanical assembly;

3. Advanced Substrate Group Wang, Routkevitch, Pellin

(a) Evaluate the process economics for large-area, psec timing, and medical applications.
(b) Fabricate scaled substrates in quantities and sizes sufficient for 6 working proto-type modules;
(c) Continue exploring advanced processes and pore geometries for cheaper production and higher QE.

4. Atomic Layer Deposition Group Elam,Sullivan, Insepov, Libera, Wang
(a) Evaluate the process economics for large-area, psec timing, and medical applications.
(b) Achieve single-photo-electron resolution out to 4 pe’s.
(¢) Continue the characterization survey of novel materials for Photo-emission and Secondary Electron
Emission: higher quantum efficiency , nano-structures, wavelength tuning.

5. Testing Group Adams, Veryovkin, Attenkofer, Genat, May, Nishimura, Ramberg, Ronzhin, Va vra,
Varner, Wetstein, Zinovev
(a) Transition to industrial-style testing.
(b) Continue to test innovations on a small scale.

6. Simulation Group Tvanov, Beaulieu, Abrams, Genat,Insepov, Roberts, Tremsin, Tang
(a) Continue development of codes for field-emission-based photo-cathode and secondary emission ma-
terials.

7. Mechanical Assembly Group Stanek, Northrop, Anderson, Forbush, Genat, Ronzhin, Sellberg, Siegmund,
Tremsin, Wetstein, Zhao
(a) Build a quantity of 8” x 8” and 4’ x 2’ modules; 1°
(b) Design and optimize quantity assembly procedures;
(¢) Continue to interface to applications through Psec Workshop Series [25] and mutual collaborators.

8. Electronics Group Varner, Genat, Anderson, Bogdan, Drake, Frisch, Heintz,
Kennedy, Nishimura, Rosen, Ruckman, Tang
(a) Design production generation clock distribution;
(b) Design production FPGA DAQ/control card,;
(¢) Submit 16(32)- channel IBM-8RF chip.

9. Integration Group Drake, Genat, Anderson, Byrum, Frisch, Ronzhin,Sanchez,Siegmund, Tremsin, Wetstein

(a) Assemble a 4-module system;
(b) Test 4-module system.

10. Management Group Frisch,Siegmund, Byrum, Pellin, Weerts
(a) Establish production hand-off of modules to industry;
(b) Establish paths to application-specific modifications of the generic devices;
(¢) Set up a lab/industry /university group charged with exploring other applications and transforma-
tional developments.

10FEnough to establish quality control, uniformity, and enough to use in preliminary applications.
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Photocathode Technology for the Near UV — Visible Regime

Alkali photocathodes have been employed for many decades as the principal detection
method for visible photon wavelengths in photo multiplier tubes (PMT) (Sommer, 1980) due
to their high quantum efficiency (QE) and economical production with high yields. The
photocathode is responsible for converting the optical photons to free electrons, which are then
accelerated into an amplifying structure to achieve gain. A perfect cathode will show a very
high absorption in the spectral range of interest, a high electron yield, low thermal noise, low
reflection losses, and fast time response. The optimum photocathode has also to meet a wide
variety of engineering, process and materials compatibility, and lifetime requirements. To a
large degree these properties will determine the demands on the vacuum system, the
complexity of the mechanical detector assembly, and therefore the cost efficiency of the full
detection system. The project will have to meet additional challenges by scaling up the
production processes to large areas and ensuring the necessary quality control.
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To convert photons to free electrons the cathode has to provide a high absorption
probability for photons, a fast and low loss path for photoelectron(s), and a minimal surface
escape barrier for electrons to escape from the surface. Over the years a wide range of
materials has been discovered which fulfill these three tasks. Bialkali cathodes (for example
Na,KSb), Multialkali photocathodes (Na,KSb(Cs)), and GaAs type photocathodes with
various dopants (P, In) are typical for the near UV, visible and near IR regimes. For alkali
photocathodes operating through the simple photoelectric effect, a fraction of the produced
primary photoelectrons can leave if their residual kinetic energy is larger than the work
function (the energy barrier between the surface state and the free vacuum levels). The lowest
photon energy which can be principally detected must be higher than band gap plus the work



function of the cathode material. One substantive difference between cathode types is the
noise, expressed in terms of a dark counting rate. Bialkali cathodes are comparatively quiet at
room temperature (Fig. 5) (10 to 100 events cm™ sec”) compared with semiconductor or
multialkali cathodes (1000 to 50000 events cm™ sec™'). This means <10,000 events cm™ sec”
for an 8”-square panel using bialkali, versus >4 MHz for a “red” cathode.
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The spectrum of Cherenkov light in pure water is shown in Fig. 1. This closely matches the
response curve of bialkali photocathodes, which is also shown. Recent state-of-the-art bialkali
cathode technology provides at least 20%-25% electron efficiency over the visible spectral
range. Present state-of-the-art bialkali cathodes, developed by Photonis and Hamamatsu a few
years ago (Mirzoyan et al. 2006), have reached peak levels in excess of 40% (Figs. 3, 4). A
combination of recapturing transmitted photons, the optimization of the thickness and
composition of the cathode efficiency during the production process, and the use of anti-
reflective layers under the cathode (Fig. 6) are responsible for these improvements.'?

Standard bialkalis fabricated in the Space Science Center (SSL) facilities have similar
efficiency (20%) to those that have been traditionally produced. These types of cathode have
been made on substrates up to 4” in diameter (Fig. 7, 8). Increasing the size and efficency of
bialkali photocathodes in the geometry desired for our project requires somewhat different
implementation than used for the Hamamatsu and Photonis PMTs, as a large planar geometry
is uniquely different from ‘“tulip’ shaped PMT enclosures. A program of optimization, and
accommodation can be envisaged which addresses the needs of this program. Small standard
size (25mm cathode) and 32.8mm MCP tubes can be employed to establish the correct
cathode implementation techniques, and then large test articles can be made to investigate the
scale-up issues such as cathode uniformity.
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Fig. 7. Large ultrahigh vacuum process tank Fig. 8. Large 7” fiber optic used for the
capable of accommodating 10” photocathodes  entrance window of a bialkali cathode tube.
at SSL.

The choice of the correct input window is part of this process, where borosilicate glass is
acceptable but not as good as fused silica for transmission concerns. Application of anti-
reflective coatings is extremely important (Fig. 6) to minimize losses over the wavelength



range of interest, and if used under the cathode must be applied before the cathode processing.
In situ manipulation of the cathode material deposition follows fairly well defined rules,
although optimization of the metals deposition can have substantial effect on the end result.
Recapture of transmitted photons requires geometrical design considerations. In our case a flat
geometry can be enhanced by the use of highly reflective coatings of electrode material on the
top of the MCP, which is directly below the window/cathode. Lastly, attempts were made a
number of years ago to deposit bialkali cathodes directly onto MCPs to provide an “opaque”
cathode. Opaque cathodes generally have higher efficiencies than semitransparent cathodes
because the absorption depth can be made far deeper than the photoelectron emission depth,
though use of acute angle surfaces and/or rough surfaces. Normal MCPs are poor substrates as
they contain many contaminants. However, the MCP substrates under consideration for this
program are chemically inactive. Therefore tests of bialkali photocathodes directly deposited
onto the MCP (glass/AAQO) surface and down several pore diameters will be investigated.
Once these techniques have been investigated in small format geometry, we can apply the
results to larger areas and evaluate the efficiency, stability and uniformity of large area (8”)
substrates and geometries.

Photo—electron Photo—elegtron

Photon absorption L E—Field
electron source [l L
> Glass substrate

Photons
(from the back)

Photon
TCO—-coating (ZnO?7)

Cross section of pillar:

Work function adjustment
For example CsO

Absorber—Metall layer:
AL or GaAs

Figure 8: Schematic structure of a morphology-based photo-cathode; the glass substrate
(quartz) is coated on one side with a transparent conductive oxide (TCO) which will
ensure an equipotential surface. This surface is covered by pillars, each working as an
individual NEA-cathode. The structure will act like a photon trap reducing reflection
losses and increasing the effective absorption thickness of the cathode.



In parallel to this established route we want to explore a novel photocathode concept based on
a nano-structured morphology. This morphology will increase significantly the surface-to-
volume ratio, allows a wide range of band-structure engineering tools to optimize
noise/efficiency for a given spectral range, reduce optical reflection losses, and to improve the
lifetime of the cathode under relaxed vacuum conditions by reducing ion-etching effects.

By changing the cathode from a flat film to a structured morphology such as pillars, the
effective thickness of the cathode will be increased and the reflection losses minimized.” One
example for such new technologies is the so-called “moth-eye” technology developed for solar
cells* where the insects’ eyes are covered by nanostructured coatings. This creates layers in
which the refractive index gradually changes from one to the value of the insects’ optical
nerve. The resulting effect is very little light is reflected out of the eye. This technology can be
transferred to cathode technology. In our case the support structure forming the morphology of
the cathode should be transparent and slightly p-doped to avoid charging effects. Each pillar
is coated with a nearly intrinsic optically dense semiconductor layer 50-100nm thick, which is
terminated with 5-10nm of negative electron affinity (NEA) material. The semiconductor
structure of the pillar follows a PIN-diode structure, creating a strong radial electric field in the
active area of the pillar resulting in effective electron emission. For similar structures field
strengths of about 4V/um are reported.” As shown in Figure 8, the light will penetrate the
glass substrate from the backside, and hit one of the pillars. Either the photon will be absorbed
in the active area and converted in a photoelectron or it penetrates the pillar and will be
absorbed on the backside or on a neighboring pillar. We want to emphasize that the photon
will be mainly absorbed in active areas since the support structure is transparent. A moderate
field perpendicular to the cathode surface (along the pillar main axis) will extract the electrons
from the cathode. Preliminary simulations, shown in Figure 9 based on a not-yet-optimized
geometry, show that the transient time of the electron through the cathode is insensitive to the
emission angle of the electron. Therefore the timing characteristics will be only slightly
broadened (by less than 3.5ps for the given simulation). An interesting aspect of this geometry
is that the active area of the cathode is not directly exposed to the positive ion bombardment
from the MCP channels since the surface is parallel to the electric field lines. Due to the
electric field distribution most of the ions will hit the non-active top of the pillars resulting in
no damage.

To design the photocathode coating we will utilize knowledge from planar cathode design.
The optical absorption layer, for example 300nm GaAs, is combined with a second strongly #-
doped thin semiconductor layer. This negative electron affinity (NEA) layer has a reduced
work function in comparison to the bare absorption layer and, similar to a pn-transition of a
diode, introduces an electric field perpendicular to the surface.” 7 This field breaks the
symmetry and creates a force on the thermalized electrons. The carriers are pushed towards
the surface, increasing the electron emission.® Typically the NEA layer is formed from a Cs-O
thin film of about 10nm-50nm. By changing the stoichiometry of Cs and O the defect
concentration can be optimized to result in a strongly n-doped film.* The optimization process
requires an in-situ measurement of the cathode efficiency during the production process.” The
introduced electric field permits increasing the absorption layer thickness of the cathode. In
addition, the oxide layer is insensitive against oxidation. Over a wide spectral range (250nm-
700nm) efficiencies of 20%-26% are reported for planar GaAs-CsO cathodes.'® The bandgap



of the intrinsic-absorption layer can be widely tuned from 0.4eV to nearly 2.2eV by changing
the composition of GaAs to InyGa(j.x)As or AlGa(_xAs compositions. The layer can be built
up either homogeneously or in a layered structure to allow optimization for multiple
wavelengths. The noise behavior will depend mainly on the bandgap for intrinsic materials. A
comparison with Si-PIN detector technology shows that a bandgap of about 1.2eV results in a
negligible noise behavior at a temperature of about 0C. In the case of real materials it will
mainly depend on defect densities and interface reconstruction effects, which yield to n-doping
creating free electrons. This effect can be minimized by growing excellent film structures and
by compensation doping, as it is done in PIN-diode and Si-drift detector technology.

The development of the morphology-based NEA-cathode is based on extensive efforts using
nano-technology to create cathodes for other applications like solar cells, and light emitting
devices. We propose to develop the structures on the basis of TiOy-nano rods. TiO; based
materials provide a large variety of morphologies. Various low and high temperature
processes have been reported which results in well-defined morphologies on various

pesie . PC simulation, E___=2 eV, E,=3 V/um
Length =10 pm
o=5 degrees

—— o0, tpass=9.9 ps
—— 0=5", tpass=9.6 ps
o=15° tpass=96 ps
—— o=45° tpass=9 6 ps
—— ¢=60° tpass=13.2 ps
/

=R

Figure 9: Simulation of the electron path through pillars dependent on various emission
angles; the geometry is not optimized. The simulations show that the transient time is
insensitive to the emission angle of the electron.

substrates.'"” '* This material is compatible with atomic layer deposition (ALD) which permits
growing a Cr-doped TiO, top layer.” The ability of coating complex morphologies
homogeneously makes ALD an enabling technology. The TiO,/Cr layer will be p-doped to
provide the necessary optical transparence, conductivity to avoid charging effects, and the first
layer of the PIN-structure. Alternative p-doped layers may be AlGaAs doped with Si.
Multiple variations exist for the growth of the optical absorption and the NEA layer.
Following state of the art NEA-flat-cathodes designs, we will use GaAs and CsO layers.'* We
will also explore alternatives such as Ge-based optical absorption layers with Si/Cs/O NEA
layers.'>'® For highly UV-sensitive cathodes we suggest an Au-CsO combination.'” All these



layer combinations will be compatible with ALD or similar deposition techniques.'**' We

want to emphasize that these activities will fully utilize the materials sciences competency of
Argonne National Laboratory’s Center for Nano-scale Materials, Material Science Division
and Electron Microscope Center, as well as the test facilities of the Advanced Photon Source

and the computational facilities of the Mathematics and Computer Science Division.
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15 Appendix D: Anodized Aluminum Oxide Plates

15.1. Introduction

A microchannel plate (MCP) is a solid-state electron amplifier that contains an array of micropores
(channels) typically imbedded in a lead silicate glass. The surface is chemically treated to enhance
secondary electron emission from the walls of the channels.[1] A typical commercially available
MCP is built with a channel diameter between 6 and 25 microns, and a channel aspect ratio, i.e. the
ratio of length to diameter, between 40 and 100 . The smallest channel diameter of which we are
aware in a commercial MCP has a channel diameter of 2.3 microns, as shown in Figure 1a.[2]

The typical lead glass MCP is fabricated through a multi-step process starting with melting of new
glass materials, fiber drawing , slicing, polishing, and chemical processing.[2] It is elaborate and
expensive, and does not seem suited to scaling up for large-area detection applications. New
approaches to MCP fabrication that bypass the limitations of glass technologies and enable
scalable low-cost manufacturing of larger-area MCPs with high spatial/temporal resolution and
improved lifetime are needed.

Nanoporous anodic
aluminum oxide (AAO) has
been identified as a possible
alternative for glass as the
substrate for MCPs, due to
its similar hexagonally close
packed arrays of cylindrical
and uniform pores that are
perpendicular to the surface

Figure la. 2.3 microns Figure 1b. SEM image of an AAO

(Figure 1b). . The. diameter commercial MCP from template with 80 nm pore diameter
of the pores in typical AAO g e Electro-Optics. and 143 nm pore-to-pore distance

fabrication can be controlled
in the range from ~10 nm to ~ 250 nm, with corresponding pore-to-pore spacing from 30 to 600 nm.
Contrary to glass MCPs, AAO can be prepared in a simple wet chemistry process, attracted further
interest as a candidate for new MCP design and development.

AAO has been used as a protective layer over aluminum surfaces in very large scale applications
for corrosion prevention as well as metal finishing and decoration. Due to the interest from the
areas of nanoscience and technology, starting in 1990-s AAO has been recognized and widely used
as templates for nanoscale material synthesis [3-9] In addition, the control of AAO nanostructures
has reached a new level recently.[10] Synkera has been using AAO extensively as a
nano/microfabrication platform for the development of a variety of products, from membranes for
gas separation and nano/ultrafiltration to gas microsensors, BlIoMEMS and energy conversion
materials [11] and has significant related experience.

Although the promise of using AAO for MCP development was recognized in the late 1960-s [12]
and further explored in the 1990-s [13], it has not been fully implemented for a number of reasons.
First, the typical AAO pore diameter (10 to 250 nm) is too small for creating functional MCPs: (i)



in channels <0.5 um, the space charge would be excessive for achieving the required gain and high
local count rate, (i) in small pores the electron path is too short to acquire the energy sufficient for
secondary electron generation. Second, even for 250 nm channels, the MCP would have to be thin
for common aspect ratios and thus unable to withstand the required voltage and too fragile. And
finally, no reproducible and controllable processes for uniform modification of the resistance and
secondary emission properties were available for high aspect ratio nanopores.

15.2.  Challenges in realizing large area low cost MCPs from AAQO

The general challenges in realizing large area MCPs for targeted large-area, low-cost detectors are:

e Scaling substrate to large sizes in a batch process to keep the cost down

e Achieving a channel diameter in the range where adequate amplification occurs

¢ Enabling processing temperatures up to 900°C if photocathodes are to be integrated
directly onto the MCP surface

Although several alternative technologies could be considered for this task (including
capillary-based glass substrates, porous Si-based, microsphere, and fiber mat plates, etc), using
intrinsic pores of AAO is highly attractive due to a number of inherent advantages, such as low
cost, scalability, uniformity and thermal range. However, for AAO to be the substrate of choice
for functional large area ceramic MCPs, several specific challenges listed below have to be
addressed with our approaches outlined in parentheses.

e Developing AAO with a pore diameter > 0.5 um. (The largest pore diameter
demonstrated in the open literature is 250 nm; Synkera has demonstrated feasibility
0f 0.4 - 0.6 um channels in small prototypes. New electrolytes and anodization
methods need to be developed for achieving larger diameters).

e Retaining a channel structure satisfactory for electron amplification and minimized
spontaneous field emission. (Increasing pore size often leads to a heavily distorted
and convoluted network of pores. Surface patterning demonstrated by ANL, and
stable anodization regimes under development at Synkera could be used to alleviate
this issue).

e Maximizing the open area ratio and achieving a funnel shape to maximize the
efficiency of the first strike. (Controlled anodization and etching approaches).

e Realizing required channel resistance and secondary emission coefficient. (ALD
was confirmed to be the method of choice, Section 14 appendix E).

e Scaling the processes involved in large pore formation to the required size (87x8”).
(Scale-up of the AAO with large pores is far from trivial; issues of uniform current
density distribution, heat dissipation and others will be addressed).

e Achieving mechanical integrity in the scaled 8x8” size for a given MCP thickness.

(Will require proper support in the detector body; an Al rim and internal frame
structure could be used).

e Demonstrating targeted cost saving

While there are significant challenges remaining in the development of AAO-based MCPs, if
realized, it would represent a technical breakthrough and a significant market opportunity for a
new generation of large-area ceramic MCPs at a cost below that of other methods.



15.3. Current Status

Conventional AAO has been prepared in sulfuric acid (10-30 nm pores), oxalic acid (40-100 nm
pores), and phosphoric acid (larger than 100 nm pores). These pore diameters are one to two
orders of magnitude smaller than those of the current MCP. In order not to deviate too much away
from a region of the channel sizes that is known to be working very well in MCPs, we plan to bring
the AAO pore size closer to the micron and sub-micron region. The prior work related to
overcoming the challenges in achieving required AAO channel dimensions, ordered structure and
scale, is described in the following subsections.

15.3.1. The bottom-up approach to achieve large Pore Sizes

In order to prepare pores in the 100 to 500 nm
region, we will take the hard anodization
approach  recently reported in  the
literature.[10] Although the method has been
used in industry for surface coating, it is not
common in the research community. The
reason is that the pore structure is not
well-ordered and is difficult to control. This
method utilizes a DC anodization potential
between 110 and 160 V. Temperature control
during anodization is very important to avoid
melt-down of the Al surface. Using this P
approach (hard anodization), ANL has shown

‘ ‘ Figure 2. AAO after second anodization at 140
a highly ordered pore array with a pore v yith Al removed: photograph (left), AFM

diameter of 240 nm and a pore distance of 350
nm and have successfully prepared an 17
diameter AAO membrane (Figure 2).

image of 5x5 p* scan (right), and pore size
measurements (bottom).

We plan to utilize our newly explored methods to design and develop new AAO based
microchannel plates with larger (0.5-1 um) pores. To address the challenge of the large pore size
for the application of AAO for MCPs, Synkera has been developing new anodization electrolytes
and anodization methods that allow significantly expanded boundaries of AAO pore dimensions.
To date, Synkera has demonstrated feasibility of channels with diameter up to 0.5-0.6 pm and
pore-to-pore distance as high as 1.2 um (Figure 3a, left). The surface of this AAO has a
cone-shaped entrance, a “funnel’, which when enhanced by chemical etching, can be exploited to
create a surface that would increase the efficiency of the “first strike”. AAO of this type
withstands processing temperatures up to 1100°C without loss of integrity and is being used for the
development of the preliminary prototypes of 25 mm MCPs.

15.3.2. AAO Scale-Up

In related prior work on AAQO-based gas separation membranes, Synkera successfully scaled the
processes and produced free-standing AAO membranes with active areas as large as 8” x 14”, on
an Al rim (11”x18”) for mechanical support (Figure 3b). We will use this relevant AAO scale-up
approach and experience to scale the large-pore anodization processes to support the fabrication of
scaled 8”x8” MCP substrates.
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Figure 3a. Surface view of the AAO with ~ Figure 3b. The world largest AAO membrane (with
pore diameter in the 0.4—0.6 pm range conventional pores) supported on an Al rim,
(Synkera). Note the funnels surrounding produced at Synkera Technologies Inc.

each pore opening (the circular areas

covering most of the surface).

15.3.3. Pore Ordering

To complement the bottom-up approach and to reach required pore ordering with a pore-to-pore
distance in the 0.5-5 micron region, we propose to combine novel anodization processes that
intrinsically support a large pore period, with patterning of the surface of Al to guide the pore
initiation process. Pore ordering in AAOs is desirable because device testing results may be
readily compared with that from simulation.

We have access to sophisticated facilities that allow exploration of pore ordering. The 2-10 micron
pore diameter is where the current MCP operates, and it will be useful to get into this region so that
in-depth comparison between porous lead silicate and ALD coated AAO membranes can be done.
The following techniques for surface patterning are available to us at the Argonne Center for
Nanoscale Materials (CNM): 1) Focused ion beam (FIB), 2) Photolithography, 3) Laser writer, 4)
Nanoimprint and indentation techniques. These methods are briefly discussed here.

1) The FIB is a patterning tool. One can generate nearly any patterns in three-dimensions. A
hexagonally closed packed (hcp) pattern has been generated over Al (Figures 4a and b) with use of
FIB to drill holes on the surface. These holes on the surface will then be used to develop pores
through anodization with pore-to-pore distance at exactly 0.5 micron. The pattern is perfect but the
main drawback 1is
that FIB is a serial
technique and it is
expensive and time
consuming for a
large area.
However, for a
small area (cm?),
this is a perfect tool
for making a
prototype for initial
testing and proof of
concept experiment.

i Fiue 4a. hcp patern fabricated at Fire 4b. me hcp pattern over
2) Phptohthographv. ANL/CNM over Al with use of FIB, Al showing 500 nm pore distance,
This is a very good 10 um scale bar. 500 nm scale bar.




tool for large areas. To prepare the desired pattern, one needs to first develop a photomask. For
large scale applications, once the desired pattern is set, this technique will be very useful.

3) Laser writer. This is a fast prototyping tool. No photomask is needed. One can generate a set of
patterns with variable parameters quickly. For our current exploratory research, the laser writer is a
useful tool.

4) Nanoindentation. We will first generate a set of patterns with use of a laser writer. After
developing the pattern, the features can be coated with a layer of ultra-nano-crystalline diamond
(UNCD) to prepare a hardened stamp. The pattern can be repeated over a large area with such a
stamp. Other bottom-up approaches, such as nanosphere imprint [14], could be also used for this
purpose. The textured surface will then be anodized in the conditions that match the pore period of
the pattern to fabricate the desired pore structure. We have all these top-down fabrication processes
available to us. In addition to the use of a single piece of equipment, new processes will be
developed to utilize several techniques together in order to achieve the goal of making large area
detectors.

15.3.4. Pore shape design and development

According to simulation, a funnel shaped pore opening is beneficial to enhance the initial
photoconversion and secondary electron emission. Work along this direction has not been reported
in the literature. The desired pore configuration for this proposed work is a funnel shaped opening
followed with a narrow straight pore. It should be noted that the pore opening in AAO has
naturally conical shape, especially if pre-anodization step described above was used to
pre-organize the pore lattice. This shape could be further enhanced during the pore widening by
chemical etching. Thus, early in the project we will further explore this effect in order to form the
desired surface topology. Additional approaches to pore shaping can be explored as well, if
needed.
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