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(ABSTRACT)

The use of a microchannel plate as an optical encoding device has
many advantages. These include large surface area and large-scale
signal averaging.

This instrument was designed to obtain and interpret the information
generated by the optical transform of a microchannel plate. It will
be shown that a large amount of information about solution

interactions and properties can be obtained from such an instrument.
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Thesis

This thesis is intended to demonstrate that microchannel plates can be
used as dispersive light scatterers which can be incorporated into an
instrument capable of yielding useful chemical information. It explores the
techniques of spatial transforms as applied to complex diffraction scatter,
and is intended to serve as a platform for future studies involving similar

devices.

I. Introduction

I.A. Experimental History

Analytical chemistry has long drawn on other scientific disciplines
from which to develop its techniques. These principles have formed the
basis of much of the new instrumentation, especially in areas such as
spectroscopy. Many of the optical theories were developed first by
physicists, and were later applied by chemists. Applications include such
diverse techniques as colorimetry and inductively coupled plasma
spectroscopy.

The problem with a dependence on other disciplines is that many
useful instrumental developments tend to go unnoticed. Most scientists are
forced to specialize, and as a result, need to filter the flood of information

generated by scientific research. This leads to gaps in the transfer of



information between scientists in different fields. This thesis intends to
deal with some of these intellectual "orphans,” with applications in the
areas of optical transforms and optical data processing methods.

Since the advent of computer-oriented transforms, operations such as
Fourier convolution have become commonplace. The development of
computationally intense algorithms, such as the fast Fourier transform,
should not eliminate the search for simpler ways of transforming and
manipulating data.

An optical transform is analogous to a computational algorithm like
a Fourier transform. It changes the data into another format, or domain.
This allows the data to be more readily filtered and/or analyzed. Unlike
the computational transforms that have seen extensive use, optical
transforms require no complex mathematical calculations. The transform
and its inverse are performed in three-dimensional space by lenses, filters,
and gratings in the optical path.

Optics have always played an important role in analytical chemistry.
Absorbance, fluorescence and many other techniques accepted as standards
today use the photon as a source of information. Light scattering,
however, is often something that an analytical chemist will try to avoid. A
great deal of work has been done, both in physics and chemistry, to
eliminate this problem. Techniques such as Electrophoretic Light
Scattering and Laser Doppler Electrophoresis use scattering to provide
vital information, but these techniques are an exception.

One methodology that is particularly suited to optical transforms and

light scattering is optical computing. An early definition of optical



computing (/) describes a process that uses a transform grid to manipulate
and filter images (the more modern context, which implies a computer that
uses photons instead of electrons, is in some ways an extension of this
definition).

An optical computer will be capable of greater sensitivity if the
regularity of the transform grid increases. A microchannel plate (MCP) is
well suited for this application, as it is designed to be highly regular in
construction. An MCP is a thin disk approximately 1" in diameter
containing approximately three million small channels. For many years,
MCP's have been used in a variety of applications. They have been applied
to problems in physics and used in various types of electron-counting
detectors.

When an MCP is illuminated, it creates a unique pattern based on the
optical properties of the design and materials of the MCP. With MCP's,
the processes of diffraction and refraction in the channels create an optical
transform grid. This grid pattern changes as the contents of the channel
change. This can encode chemical information by means of an optical
transform as the light passes through the plate. Reasons for using such a
transform include making the data more accessible to the scientist,
compressing the data obtained, and being able to see the data from a new
perspective. At this time, no chemical application has been developed to
take advantage of their unique optical properties. Current research in the
literature is concerned with the amplification properties of MCP's.

The potential of the MCP as an optical transform device has been

neglected. It will be demonstrated that the light transformed by the MCP



does contain useful information, and that the information can be retrieved.
The optical computing potential of the MCP also needs to be explored and

analyzed.

L.B. Experimental Goals
The goal of this research is to explore the utility of a microchannel

plate as a chemical sensor. It is intended that the chemical information be
generated by the optical computing potential of the MCP.

There are two primary areas of focus in this research. First, a
method must be designed to reduce the information produced by the MCP
system so the data can be analyzed. Second, a chemical system must be
chosen with some physical or chemical property that can be related to
changes in the output from the MCP instrument. As a result, the validity
of a novel optical instrument could be established. This instrument creates
new possibilities for exploration of many types of chemical and

instrumental techniques.

L.C. Future Applications

This work with microchannel plate speckle analysis creates a
platform for a number of potential studies facilitated by the unique
geometric configuration of an MCP. The large internal surface area of the
channels makes it possible for light to interact with surface-adsorbed
molecules or monitor an interaction of analytes with such adsorbates.
These interactions could involve liquid or gaseous analytes. Of particular
interest are biochemically specific reactions, such as antigen-antibody or

enzyme-substrate conjugate systems.



Light can interact with these analytes either by being guided through
the channels of the MCP, or through the bulk glass of the plate, coupling to
the analyte through the evanescent field. This research can be viewed as a
feasibility study which demonstrates the techniques required to reduce the
complex pattern of light emanating from an illuminated microchannel plate

to a simple pattern containing analytical information.



II. The Microchannel Plate

ILLA. Design and Production

ILLA.i. Multifiber production
Microchannel plates (MCP's) are produced in a manner similar to

fiber-optic tapers. First, soft glass cores are clad in a harder lead silicate
glass. This cladding is Coming 8161, a potash rubidia lead glass with a
density of 3.97 g/cm3 and a refractive index of 1.66 (at 589 nm). Corning
8161 contains 22% lead and 11% potassium. Seven of these fibers are
placed together in a hexagonal bundle (Figure 1), which is then drawn and
fused. The resulting cluster is referred to as a multifiber. This fusing
procedure is repeated with multifibers and multi-multifibers approximately
2,000 times.

The end product, referred to as a boule, contains some three million
fibers (2). This boule is approximately one inch in diameter. It is then
sliced at an angle to its long axis (5° to 15°, depending on the application).
Wafers produced in this fashion have an array of fibers which are at an
angle to the faces of the plates. Any wafers that do not meet the stringent

criteria are removed from the production process as rejects.

II.A.ii. Plating Process

At this point in the fabrication process, the soft glass core of each
fiber is etched away. The resulting hollow channels are reduced at high
temperatures in a hydrogen atmosphere. This creates a semiconducting

layer of or containing lead on the interior of the channels and on the faces
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of the plates. Electrodes are then vapor-deposited on the faces of each
plate (Figure 2).When a large potential difference (~1000 V) is applied
across these electrodes, each channel becomes an electron multiplier
(similar in function to a continuous resistive strip dynode). An electron
striking the walls of the channel will create a chain-reaction cascade of
electrons in much the same way a photomultiplier tube does (Figure 3).
The current gain from the MCP can range from 107 to 10%, depending on
the voltage across the channels (3).

The electrical properties of a channel multiplier are a function of the
ratio of length to diameter in the channel, or o (3). An MCP depends on
this ratio, and is designed to have an aspect ratio that maximizes the value
of a. An MCP configured as a channel multiplier is not limited to electron
multiplication. It will act also as an amplifier for high-energy photons and
many types of charged particles.

The physical dimensions of MCP's are not well documented. The
plates supplied for this research had the arrays cut at a 5° angle. The
thickness of the MCP was 0.0158" (0.401 mm). By simple trigonometry, it
can be calculated that each 10 pm diameter channel was 0.403 mm in
length. The surface area of a open cylindrical tube is given by S = ntdh.
For an MCP channel, the individual facial surface area is 1.27 x 108 m2.
Given that there are 3 x 10° channels in a plate, the total internal surface
area of an MCP is 0.0380 m?2, or 58.9 in2. This is equivalent to a square
piece of paper 7.67" on a side. If all the channels in an MCP were placed
end to end, they would form a 10 um glass capillary 1.2 km in length. An
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individual channel has a volume of 31.6 pL. The combined volume of all
channels in a plate is 95.0 puL.. These unique and interesting dimensions

contribute to the optical response of an MCP, and will be explored later.

II.B. Applications of MCP Multipliers

IL.B.i. Image Intensification

One of the most common uses for MCP electron multipliers is in the
area of low-level image intensification. By using an MCP system to
increase the output of a photocathode, the amount of photon intensity
needed to acquire an image is dramatically reduced (Figure 4). Many
difficulties created by low-light situations have been solved by the
application of image intensifiers (/0). Microchannel plate intensifiers are
used in fairly standard applications, by amplifying the photoelectrons
produced by a photocathode and displaying the output image onto a
phosphor screen.

Military applications of this technology have achieved a high level of
public visibility. The night-vision goggles used by the American Armed
Forces are an example of "classical" image intensification. The use of
MCP-intensified image acquisition systems reduces the amount of
illumination necessary for recognition of military objectives, as seen in a

demonstration by ITT at Virginia Tech.

II.B.ii. Mass Spectrometry

Microchannel plates have been used to create amplifying detectors
for mass spectrometers (MS) (as depicted in technical literature from
Galileo Electro-Optics, Sturbridge, MA). For this application, the MCP's

11
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are manufactured in a slightly different fashion. As the boule is generated
by the repetition of drawing and fusing, the active area of the boule can be
shaped. One design used for MS detectors is an MCP with a rectangular
active area. The long axis of this rectangle is along the axis of ion
dispersion. As mentioned earlier, MCP's are capable of amplifying signals
consisting of charged particles. This allows the generation of an amplified
signal directly from the output of the MS. Since the MCP's active surface
has been tailored to the application, spatial information from the

mass/charge dispersion is preserved.

I1.B.iii. Atypical Applications
In addition to electronic and detector technology applications there

has been interest recently in developing MCP's for use in the phase
separation of superfluid helium (He IT) (4). The sintered metal-powder
plugs currently in use have been shown to give unpredictable results. The
theoretical basis for these phase separators is the thermomechanical
"fountain” effect. When a plug of He II forms in a channel, the fountain
effect causes it to act as a source from which the evaporating He could
escape, as steam escapes from boiling water.

MCP's have two advantages. First, the channels are of a uniform
size, leading to consistent fountain effects. This is not true for the metal-
powder plugs. Second, MCP's can be coated with resistive or conductive
films, which allow the creation of temperature gradients within the
channels. These gradients permit the plates to be used as pumps, using the
heat from the resistors and the low vapor pressure of He II to boil the

liquid and thereby create a fountain pump.

13
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III. Experimental history/Moiré theo

III.A. The Microchannel Plate as Pattern Generator

When illuminated, the MCP generates a light dispersion that is
referred to as a "speckle” pattern (Figure 5). This pattern contains
information generated by the refraction, diffraction, and reflection of light
among the channels in the MCP. Preliminary observations strongly
indicated that the speckle pattern was dependent on the medium in the
channels, and that these relationships might be established by further
exploration.

The key to further exploration of this phenomenon is the ability to
compare changes in the channel medium to properties measurable by other
means. By using an aqueous solution to fill the channels, a reproducible
medium is created. Aqueous solutions also allow a wide range of physical
properties to be generated by means of concentration changes. For this
reason, the MCP holder fabricated for this instrument was designed for
liquid flow as the primary method of sample introduction.

When a solution is placed in the channels, visible changes take place
in the speckle pattern that is generated. The relationship between the
material filling the channels and macroscopic pattern changes is encoded by
the MCP. The information contained in the complex matrix of optical
information created by the MCP must be analyzed. Once a method is
found to decode the data, information about the analyte solution might be
obtained by performing appropriate calibration-curve experiments.

These concepts were the determining factors in designing a series of

experiments to explore the capabilities of MCP's as chemical sensors. The



Figure S: Speckle pattern produced by
illumination of an MCP
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first experiments to be done must ascertain that reproducible information is
generated by the chosen chemical system. These experiments will verify
the functioning of that system, as well as giving specific information about
the preliminary changes observed in the MCP output. Repeated
experimentation will yield important information for designing and
optimizing an experimental technique.

In order to gain a broader spectrum of information, two different
primary chemical systems with different properties were chosen. An
organic, water-miscible system (glycerol/water) was chosen as a contrast to
the inorganic aqueous electrolyte solution (calcium chloride/water). The
choice of organic and inorganic analytes was made for two reasons. These
analytes provide an opportunity to study the changes in McPMD response
with respect to surface interactions. These types of interactions will be
different for organic and inorganic systems. In addition, these two analytes
provide an opportunity to study the effects of these surface interactions
when compared to refractive index changes as functions of analyte
concentration.

Once reproducibility has been established, the relationship between
pattern changes and solution properties must be established. There are
several properties which can be investigated — e.g., absorption, viscosity,
surface tension, wetting ability, density and refractive index. Refractive
index (RI) has effects that are the simplest to visualize, and provides a
useful benchmark as the independent variable. Refractive index can be
varied over a comparatively large range. Although refractive index was

monitored to study instrument optimization and performance, the

16



instrument was not designed to monitor refractive index exclusively. The
primary experimental goal was to understand light propagation in the

channels and develop a platform for further studies.

INI.B. Optical theory
An overview of the problems involved in MCP optical research and

the experimental goals have been established. At this point, an exploration
of the optical theory involved in MCP pattern analysis is appropriate. By
examining the theories of optical computing, a better understanding of
MCP pattern generation can be obtained. In addition, the principles of
moire deflectometry provide an insight into the methods used to decode the

information in the speckle pattern.

III.B.i. Optical Computing

According to Jenkins and White, an optical computer can be defined
as a system of lenses and gratings that perform an optical transform
(Figure 6) (7). This transform is accomplished by means of two diffraction
"operations,” performed by gratings at each end of the optical system. A
lens focuses the grating's image onto the transform plane (Figure 6) (/). It
is at this location that spatial filtering can be performed by masking parts
of the transformed image before the reverse transform by the second set of
diffractions. These masks can be used to efficiently remove optical noise.

The masks used for spatial filtering can take many forms. By
interfering and removing selected parts of the image in the transform

plane, logical and mathematical operations can be performed. To increase

17
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the functionality of these masks, arrays of liquid crystals are often used so
that various mask elements can be turned on and off by an external means
of control.

Spatial filters can even be created from the interfering noise by using a
negative image of the pattern present in the transform plane (/). Filtering
performed with this method has proven capable of removing a great deal
of optical noise. This type of filtering has been used in the treatment of
photographs sent back from space exploration satellites, and the increase in
clarity is remarkable. The masking methods involved in spatial filtering
will prove useful in this research.

There are many similarities between the transform grid of an optical
computer and an MCP. The array of channels in the MCP act as a regular
transmission grating, creating an output pattern comparable to that of an
optical computer. An analysis of the MCP speckle phenomenon can
proceed from the groundwork created by the principles of optical

computing.

III.B.ii. Moire Deflectometry
An understanding of MCP pattern relationships permits the selection

of a suitable method of pattern deconvolution. Deflectometry is an optical
technique that can be viewed as the step-sister of interferometry. Instead
of measuring the differences in optical paths to derive information,
deflectometry uses the diffractive properties of light to create patterns of
light and dark very similar to an interference pattern. It was hoped that a

solution to the problem of complex MCP pattern analysis might be one of
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