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ABSTRACT 

Advantages of optics over electronics in signal processing derive from the 

fact that many operations, such as addition, multiplication, correlation, and filtering. 

can be performed in parallel on two-dimensional data samples. However, this 

advantage is attainable only if information can be input/output or processed at 

sufficient speed and space bandwidth. Although acousto-optic devices have been 

used to provide impressive throughput, they are inherently one-dimensional and do 

not possess any information-storage capability beyond the acoustic transit time 

(~50 Ils). Hence, a high-resolution high-speed two-dimensional transducer (or 

spatial light modulator, SLM) with real-time update capability is required. 

Unfortunately, none of the existing SLMs perform well enough to fully utilize the 

inherent speed and parallelism of the optics. 

This dissertation addresses the development of an SLM that has the 

potential to meet most of the performance requirements of advanced optical 

information-processing applications -- the photoemitter membrane light modulator 

(PEMLM). At the heart of the PEMLM is a microchannel plate (MCP) with a 

flexible membrane covering each pore. In operation, the write image incident on a 

photocathode, which is placed on the input side of the MCP, creates an electron 

image. This electron image is then amplified by the MCP and deposited onto the 

membrane array. The membrane elements, which are electrically and mechanically 

isolated from each other, are deflected by the induced electrostatic forces. These 

deflections represent the stored information. Readout of stored information is 

accomplished by sensing the phase changes induced in an optical-readout beam 

ix 



x 

reflected from the deformed membrane array. A sandwich-type electrostatic grid 

structure positioned between the MCP and membrane greatly enhances the 

versatility of the PEMLM by facilitating the use of secondary emission for active 

electron removal and various intrinsic operations. 

The theoretical analysis and experimental characterizations performed on 

prototype devices indicates that PEMLM is capable of higher throughput than most 

other SLMs, with expected resolutions approaching SO lp/mm over 107 resolution 

elements and framing rates greater than 1 . KHz. MCP gain provides quantum

limited sensitivity. The PEMLM also promises information-storage times of minutes 

to hours, greater than 211' phase modulation, good image quality, and an option for 

serial addressing. In addition, the PEMLM can intrinsically perform operations such 

as intensity thresholding, contrast modification, edge enhancement, binary logic, 

synchronous detection, and image addition/subtraction . 

.... 



CHAPTER I 

INTROOUCfION 

Over the past two decades, the ability of optics to handle two-dimensional 

(2-D) data formats and to perform operations in parallel has spurred interest in the 

development of optical computing and information-processing architectures as an 

attractive complement to the conventional electronic computer. However, impacts 

have been made only in a limited number of areas such as the reconstruction of 

synthetic-aperture radar imagery, RF spectrum analysis, and signal correlations, 

mainly because of the lack of high-quality 2-D spatial light modulators (SLMs) to 

carry out the data input/output and processing in an optical processor (Houston 

1986; Fisher 1985; Tanguay 1983). 

An SLM is a device in which the intensity, amplitude, phase, or 

polarization of a read-out light beam is spatially modulated in response to optical 

or electronic input information. The initial development of 2-D SLMs was 

motivated by applications such as projection and flat-screen displays, incoherent-to

coherent conversion for optical Fourier-transform and matched-filtering systems, 

optical synthetic-aperture radar processors, and as a reusable substitute for 

photographic film. Limited success in these applications has led to the use of 

SLMs for more advanced tasks such as arithmetic processing (+,-,x,: ) between 2-D 

data fields, nonlinear intensity processing, binary logic, and adaptive optical

wavefront compensation. Currently, SLMs are being developed to implement 

powerful optical-computing and signal-processing architectures, which attempt to 

exploit the speed and parallel-processing capabilities of optics to tackle the immense 
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information-processing challenge presented by areas such as robot vision, advanced 

communication and radar signal processing, modeling of complex physical systems, 

and a variety of symbolic-precessing and artificial-intelligence applications. 

For an optical processor to have a wide applicability and to properly 

exploit the capabilities of 2-D optical systems, the 2-D SLM should provide a 

minimum set of performance features (Fisher 1985). Some performance targets for 

the near future include : 

(1) Frame rate > 1 KHz 

(2) Space-bandwidth product:!! 106 

(3) Storage time > minutes 

(4) Dynamic range > 15 dB 

(5) Spatial nonuniformity < 5% 

(6) Quantum-limited sensitivity. 

Other important performance parameters for a good SLM include low operating 

voltages, wide choice ·of optical wavelength for reading and writing, straightforward 

fabrication, long operating life, ease of use, and ability to perform special-function 

operations. 

A large variety of candidate SLMs have been proposed based on such 

diverse physical modulating mechanisms as electro-optical, photorefractive, magneto

optical, liquid-crystal reorientation and scattering, deformable membrane, acousto

optical, and thermoplastic effects (Fisher 1985; Flannery 1973). However, most of 

these exist only as laboratory prototypes, and some are not even being actively 

developed anymore. As for the commercially available devices such as the Iiquid

crystal light valv:e (LeL V) (Efron, Braatz, Little, Schwartz, and Grinberg 1983), 

Litton magneto-optic device (LIGHT -MOD) (Ross, Psaltis, and Anderson 1983), 

microchannel spatial light modulator (MSLM) (Warde and Thackara 1983; Fisher 
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1981). and thermoplastic devices (Colburn and Chang 1978). many researchers feel 

that none of them presently perform sufficiently well for serious applications. 

Thus. SLM development is still an active research area in the field of optical 

information processing. Interested readers should consult recent SLM review 

articles <Warde and Efron 1986; Fisher 1985; Tanguay and Warde 1985; Tanguay 

1983; Casasent 1978) for more information. 

One particillarly promising SLM that has the po.tential to offer most of the 

performance features required for advanced. optical information-processing 

applications is the photoemitter membrane light modulator (PEMLM). The PEMLM 

consists of a photocathode. a microchannel plate (MCP). a sandwich-type 

electrostatic grid structure. a deformable membrane mirror array. and a transparent 

electrode. as illustrated in Fig. 1.1. In PEMLM operation. a 2-D write image 

incident on the photocathode creates an electron image. which is subsequently 

amplified by the MCP (an array of tiny semiconducting glass pores, each 

functioning as a continuous-dynode electron amplifier) (Leskovar 1977). and is 

. deposited onto the membrane array. The membrane elements are deflected by the 

electrostatic forces induced by the deposited charges. A coherent read-out beam 

reflected off the mirror array is thus phase modulated by the information encoded 

on the membrane elements. The monolithic grid structure placed between the 

membrane array and the MCP output electrode. as depicted in Fig. 1.1. facilitates 

the use of secondary emission to remove electrons from the membrane. The grid 

serves both to control the energy of incident electrons and to collect the secondary 

electrons from the membrane. 

The PEMLM offers the potential for higher throughput than most other 

SLMs. with expected resolutions approaching 50 Ip/mm over more than 107 

resolution elements. and framing rates greater than I kHz. thus providing more than 
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lOll resolution-elements/sec. The MCP provides quantum-limited sensitivity. and 

full-depth modulation can be achieved with an optical energy of less than 

800 nJ/mz. The PEMLM also promises information-storage times of minutes to 

hours. greater than 2w phase modulation. good image quality. and the option for 

serial addressing with an electron beam. In addition. the PEMLM can intrinsically 

perform operations such as intensity thresholding.' contrast reversal/enhancement. 

edge enhancement. binary logic. synchronous detection (Barrett. Gmitro. and Chiu 

1981; McEwan. Fisher. and Lee 1985). and image addition/subtraction. 

The PEMLM is similar. both in device structure and operating principles. 

to the MSLM. In the MSLM. the MCP deposits electrons on an electro-optic 

crystal instead of a membrane array. Thus. ~e PEMLM is expected to have 

performance . features similar to those which have been demonstrated with the 

MSLM (Warde. Weiss. Fisher. and Thackara 1981). However. some· basic 

differences between the two devices exist because of the properties of the phase

modulating mechanism. In the PEMLM. the resolution is determined by the MCP 

channel spacing. and the halfwave charge density (the charge density required to 

. produce a w phase shift in the read-out beam) is a function of the membrane 

properties and device structure. In the MSLM. on the other hand. the resolution is 

limited by the fringing of the electric field in the electro-optic crystal. and the 

halfwave charge density is determined by the crystal material and thickness (Warde 

and Thackara 1982). Although both devices are subjected to a resolution-speed 

trade off. the PEMLM's resolution-speed product is potentially two orders of 

magnitude better than that of the MSLM. because of the smaller halfwave charge 

density and better resolution characteristics. 

The PEMLM also shares characteristics with other SLMs that employ 

deformable membrane arrays addressed by electrons (Van Raalte 1970). discrete 
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electrodes (Preston 1969), photoconductors (Reizman 1969), or silicon integrated 

addressing circuits (Pape and Hornbeck 1983). However, the speed of the 

electronically addressed devices is often limited by the serial or line-addressing 

mechanism. Some of these devices offer potential advantages relative to the 

PEMLM, such as lower operating voltage, no vacuum requirement, and the 

possibility of building special-function processing into the addressing circuitry. 

The PEMLM without a grid was first investigated by Somers about a 

decade ago (Somers 1972; Somers 1973). • Although the original PEMLM 

demonstrated the potential of attractive characteristics of high sensitivity ar,J large 

space-bandwidth product, it was of limited use because of its incapability for active 

erasure. In this dissertation, the PEMLM is significantly enhanced by the 

incorporation of a monolithic grid structure that allows secondary electron emission 

to be exploited for both electron removal and achieving versatile intrinsic 

operations. 

Major thrusts of this dissertation research were demonstration of the 

feasibility of the monolithic grid structure in removal of membrane electrons, 

improvement of the readout image quality, and a thorough experimental 

characterization of the present device to better understand its operating principles. 

Techniques were also investigated for polishing the MCP surface Clatter to improve 

the performance of the device. Time constraints precluded the fabrication of a 

high quantum-efficiency visible photocathode, which could have resulted in a more 

versatile device with higher sensitivity and speed. 

The next chapter uses a simplified parallel-plate model to provide a 

qualitative description of PEMLM operational details, including secondary-emission 

electron dynamics and intrinsic operating modes. A more detailed understanding of 

PEMLM operation is provided by a more exact computer model in which the 
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potential distribution and membrane shape of each PEMLM resolution element is 

numerically calculated. Expected performance objectives based on the theoretical 

model are discussed. Intrinsic image-processing operations achievable with the 

PEMLM are described in the last section of that chapter. 

Chapter 3 analyzes the schlieren readout optics that can be used to 

convert the phase modulation of the readout beam into an intensity image. The 

analysis is shown for 1-0 membrane arrays, and an extension to the 2-D case is 

given in Appendix B. The sensitometry transfer functions for various membrane 

shapes are also illustrated in this chapter. Although the derivation is based on the 

PEMLM, the results are applicable to other SLMs that use deformable materials as 

a phase-modulating mechanism. 

Chapter 4 describes the fabrication procedures for the prototype PEMLMs. 

Experimental results are presented in Chapter 5. These results include 

demonstrations of the effectiveness of the monolithic grid structure in membrane 

electron removal, a complete characterization of the current device, and 

demonstration of some of its intrinsic image-processing operations. Finally, a 

summary and suggestions for future developments are given in Chapter 6. 



CHAPTER 2 

OPERATING PRINCIPLES 

In operation, the input illumination incident on the photocathode generates 

an electron image which, after amplification by the MCP, is accelerated toward the 

membrane mirror array by the electric field in the region between the MCP output 

electrode and membrane. The bombardment of the membrane with this electron 

flux creates a net membrane charging current which can be made to flow either 

toward or away (via secondary emission) from the membrane. Information can 

thus be written by electron deposition or removal. This information remains on 

the mirror array as stored charges that produce membrane deflections 'as a result of 

the interaction between the membrane charge and the surrounding electric fields. 

Schlieren imaging optics provides a means for making the membrane deflection 

visible as an intensity image. When the stored information is no longer of interest, 

it is erased by uniformly illuminating the photocathode and operating the PEMLM 

in an inverted "write" mode. The information can also be passively erased by 

membrane charge leakage. The basic theory of PEMLM operation is presented in 

this chapter; the schlieren imaging system will be analyzed in the next chapter. 

To begin, the mechanics of membrane deflection is reviewed. Then a 

simplified parallel-plate model is used to explain the qualitative operating details of 

the PEMLM with a grid, which includes the internal electron dynamics and 

operating modes achievable with the PEMLM. This is followed by a more exact 

computer model of the PEMLM, and the results of the numerical calculation are 

compared with the parallel-plate model. 

8 

Finally, based on the model results, 
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expected performance objectives and intrinsic image-processing operations are 

discussed. 

Membrane Mechanics 

The dynamic deflection, Z(r,e,t>, of a freely suspended circular membrane 

is described by (Kreyszig 1975) 

P(re t) = M aaZ + 1M .az _ T(il2Z + ! az + 1 a2Z) 
, , atZ at a~ r ar ~ aez , (2.1) 

where P(r,e,t) is the driving force per unit area (N/ma), T is the membrane tension 

(N/m), M is membrane mass density (kg/rna), 1 is the damping constant (Hz), r is 

the radial position from the membrane center, and e is the angular position. The 

dynamic response of the membrane is characterized by. oscillations that decay with 

a time constant of 21. The lowest frequency of oscillation is (wo2_-y2/4)1/2, where Wo 

is the resonant frequency of the membrane element (Feynman 1963). 

In the case of the PEMLM, the rate of change of the driving. force is 

usually much slower than the membrane'S intrinsic response. The membrane will 

dynamically follow the driving force, i.e., aaz/at2 5!! az/at 5!! O. The azimuthal 

symmetry of the device further simplifies Eq. 2.1 to 

(2.2) 

With a uniform pressure, a membrane of radius R assumes a parabolic-

shaped deflection 

- Z(r) = Zm (1- f), where (2.3) 
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Parallel-Plate Model 

A simplified electrostatic-force model, which is useful in obtaining 

functional relationships between the device parameters and performance features, 

consists of a thin charged sheet between parallel conducting electrodes, as illustrated 

in Fig. 2. I a. With a surface charge density a on the membrane, grid voltage V c. 

and transparent-electrode bias voltage Vb. the uniform pressure experienced by the 

membrane is 

(2.4) 

where d = dx + dt• and dt and dx are. respectively. the effective grid-to-

membrane and membrane-to-transparent-electrode spacings. Note that in a real 

device. dx is approximately the actual spacing between the transparent electrode 

and membrane. and dt ranges from almost zero at the membrane edge to a 

maximum value at the membrane center. The effective spacing dt must thus be 

computed from the more exact model that will be discussed later in this chapter. 

By combining Eqs. 2.3 and 2.4. it can be shown that the maximum 

central deflection of the parabolic-shaped membrane can be expressed as 

R~a [( 2dx ) 2fo 1 Zm = - 1 - - a - - (Vb - V ) 8foT d d c· (2.5) 

The second term in Eq. 2.5 is due to the externally applied bias voltages. and the 

first term. which corresponds to attraction to the nearest electrode. is usually much 

smaller than the second term. Note that an uncharged membrane (a = 0) 

experiences no deflection. As depicted in Fig. 2.1a. the membrane is at potential 

Vt relative to the grid. or V g relative to the MCP output electrode. These 

voltages can be express~d in terms of effective grid-to-membrane capacitance 
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voltages can be expressed in terms of effective grid-to-membrane capacitance 

and effective membrane-to- transparent -electrode capacitance 

Cx = foA/dx' where A is an effective membrane area. More specifically, 

(2.6) 

and (2.7) 

Note that the difference between V g and V t is the externally applied grid voltage 

V c' Equation 2.6 shows that V g is determined by the voltage division of Vb and 

V c between Cx and Ct and the deposited charge density u. 

By using Eq. 2.6 to solve for u and then substituting in Eq. 2.5, Zm 

becomes 

The equivalent circuit of the parallel-plate model. shown in Fig. 2.1 b, aids 

in understanding PEMLM dynamic behavior by modeling the electrical response of 

a single resolution element. In Fig. 2.1 b, Rl corresponds to the resistance of the 

charge-leakage path from the membrane surface to the grid electrode, and Rs is the 

internal resistance of the transparent electrode. The membrane charging current is 

modeled as a current source ig whose magnitude and direction depend on the 

voltage across Ct (the functional relationship between ig and V g will be discussed 

in the next section). Detailed analysis of a similar circuit can be found elsewhere 

(Fisher 1981); only the essential behavior of the circuit will be discussed here. 

There is an initial rapid capacitive voltage division of any voltage changes 

between Cx and q with a time constant of 11 = (Rl I I Rs)(Cx IICt), where XIIY 

denotes 11(1 IX + l/Y). This is followed by a slower transition to a resisti ve-

dominated steady state with 12 = (Rl + Rs)(Cx + C t ). The steady state voltages 
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Fig. 2.1 Simple PEMLM Electrostatic Model . 

(a) Parallel plate capacitor model; (b) equivalent circuit. 



Vxs and Vts are 

and 

Vxs = Vb + Vc - igRl 

Vts = -igRl . 
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(2.9) 

(2.10) 

For typical device parameters. Rs « Rl. Cx « Ct. 11 and 12 can be approximated 

by 11 2! CxRs and 12 2! CtRl' Note that when ig = O. any voltage across Ct 

eventually decays to zero due to the finite leakage resistance Rl' 

Electron Dynamics 

Secondary electron emission from the membrane plays an important role in 

the operation of the PEMLM. For a PEMLM with a grid. the MCP and grid 

together can be visualized as a current source. ip• that supplies primary electrons 

with a broad energy distribution to charge the membrane array. Secondary 

electrons are generated at the membrane by bombardment with high-energy 

primaries. Those secondaries with sufficient energy to escape from the membrane 

create a reverse current is. The net membrane charging current is thus 

ig = ip - is. as illustrated in Fig. 2.1a. The magnitude and direction of ig depend 

on the potential V g in the gap between the MCP and membrane. and as shown in 

Eq. 2.8. knowledge of V g is also required to determine the membrane deflection. 

The relationship between ig and V g thus assumes an essential role in analyzing the 

operating characteristics of the PEMLM. 

Due to the similarities in their constructions. the PEMLM is expected to 

have similar secondary-electron-emission characteristics to the MSLM. Explicit 

theoretical equations for the ig as a function of V g have been derived for the 

MSLM (Fisher 1981). based on a model that includes the primary-electron energy 

distribution. the secondary-emission characteristics of the electron target. and the 

energy distribution of the secondary electrons. Thus only a brief discussion of 

how the relationship can be derived will be given here. 

---------------
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Energy Distribution of Primary Electrons 

The energy of an MCP output electron depends on the channel distance it 

travels before exiting at the output electrode. Since most MCPs have slanted or 

curved pores to prevent positive ion feedback. virtually all the incident electrons 

impact a channel and lose memory of their initial energy. Therefore. the output 

electrons have an energy distribution ranging from zero to qVm• where -Vm is the 

MCP bias voltage and q is the electron charge. A representative electron energy 

spectrum is shown in Fig. 2.2 (Fisher 1981). Here N(Va) is the number of the 

primary electrons ejected from the MCP per unit time with energy between qVa 

and q(Va + dVa). As Fig. 2.2 shows. N(Va) is heavily biased toward low energy. 

i.e .• more than 70% of the electrons have an energy below SO eV. 

Secondary-Electron -Emission Coefficient 

Figure 2.3 shows the secondary-electron-emission coefficient. 6(Ve), as a 

function of incident electron energy. Vet at the target surface for a typical insulator 

(for example. the nitrocellulose membrane). 6(Ve) is the ratio of secondary 

electrons emitted to primary electrons incident on the target. Between the first and 

second crossover energies, qVI and qVII. each primary electron generates more than 

one secondary. The secondary emission coefficient peaks at 6p which occurs at 

Ve = V p' The details of this curve depend on the target material, target surface 

condition. and the geometry of the experimental setup. Typical values for an 

insulating target are: 20 < VI < SO volts. 1.5 < 6p < 20. 200 < V p < 600 volts, and 

VII is on the order of a few KV (Kazan and Knoll 1968). 

Energy Distribution of Secondary Electrons 

For most target materials, the energy spectrum of the secondary electrons 

resembles a Maxwellian distribution which peaks in the region between 1.3 and 
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2.5 eV. Most of the secondaries have an energy less than SO eV and the energy 

distribution has little dependence on the energy of the incident electron (Kazan and 

Knoll 1968). 

ig vs V g Relationship 

Before the primary electrons reach the membrane. they are accelerated by 

the potential V g across the gap between the MCP output electrode and membrane. 

The energy spectrum of the electrons hitting the membrane is thus a shifted version 

of Fig. 2.2. The theoretical relation for ig vs V g can be obtained by 

superimposing the shifted energy spectrum on the secondary-emission-coefficient 

curve. Fig. 2.3. for the membrane material and calculating ig from the direct 

current ip and the reversed secondary current is. For example. when V g < V c. 

(2.11) 

Here qVe is the energy of the primary electrons striking the membrane surface. 

Note that the is component of Eq. 2.11 expresses the cross correlation between 

Figs. 2.2 and 2.3. The zero limit in the integral takes into account that. when V g 

is negative. primary electrons with energy less than IqV g I are repelled back to the 

grid and MCP electrodes. It is assumed that the primary electrons being collected 

on the grid electrode are negligible. A conceptual curve of ig vs V g is shown in 

Fig. 2.4. 

The behavior of ig vs V g will now be discussed in more detail. Note 

that Fig. 2.4 is divided into six regions. In region I. where the membrane 

potential is very positive compared to the grid voltage (i.e .• V g » V c). the effective 

secondary current is zero because all of the secondary electrons are attracted back 
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to the membrane, and ig = ip . 
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As V g becomes close to V c' some of the 

secondaries have enough energy to escape from the membrane and be collected on 

the MCP and grid electrodes. This results in a smaller or even negative ig. The 

shape of the ig vs V g curve in this region is determined by the energy spectrum 

of the secondary electrons. When V g = Veq, one secondary electron escapes to the 

grid for each primary electron incident on the membrane, resulting in zero ig. For 

regions with V g < V c' all the secondary electrons escape from the membrane, and 

the net gap current is given by Eq. 2.11. 

In region II, most of the primary electrons hit the membrane with an 

energy higher than the first crossover energy, qVI in Fig. 2.3, thereby creating a 

large reverse current. In region III, where V g is small, a major portion of the 

primaries do not have enough energy to generate secondary electrons, but instead 

are deposited onto the membrane, causing ig to change sign. Low-energy MCP 

electrons are repelled back to the MCP and grid electrodes by the negative 

membrane potential in region IV. The higher-energy electrons that cause secondary 

emission then dominate, and ig becomes negative again. As V g goes more negative 

into region V, fewer MCP electrons have sufficient energy to create secondaries, 

resulting in another sign reversal. Finally, when Vg < -Vm' no primary electrons 

have enough energy to get to the membrane, leading to a "lock-out" condition. 

For a PEMLM without a grid, ig vs V g follows the upper path in region II of 

Fig. 2.4, where the positive gap potential (V g > 0) causes all the secondary 

electrons to return to the membrane, resulting in positive ig . 

Figure 2.4 also provides dynamic information about V g' Positive ig 

indicates that electrons are accumulating on the membrane. causing V g to become 

more negative. as represented by the left-pointing arrows. in Fig. 2.4. Negative ig 

corresponds to electron removal and hence right-pointing arrows. Stable 
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equilibrium conditions of static V g occur where ig is driven back to the ig = 0 

axis from both directions, for example, at V g = Veq. 

Operating Modes 

Because of its large leakage resistance, the PEMLM is normally operated in 

a framed mode with sequences of "write", "store", and "erase". As illustrated in 

Fig. 2.4, ig can be either positive or negative, depending on the operating 

conditions. A PEMLM with a grid is normally operated in region I of Fig. 2.4 

for electron deposition and in region II for electron removal. 

Electron-Deposition Write Mode 

The electron-deposition write mode begins with the application of a large 

bias voltage Vb to the transparent electrode. This causes V g to increase into 

region I by capacitive voltage division, corresponding to the third term of Eq. 2.6 

(there is no membrane deflection yet, because u is still zero in Eq. 2.5). The write 

image is then applied and V g starts to decrease toward Veq because of negative 

charge accumulation on the membrane. The membrane will stop charging when 

V g reaches equilibrium at Veq. In practice, the electron-deposition process is 

usually terminated by turning off the MCP or by blocking the write illumination 

after a fixed charge-integrating time, two Fixing tw results in a gray-scale 

response, with the membrane charge proportional to the write-light intensity Iw, 

i.e., 

(2. I 2) 

where 11 is the photocathode quantum efficiency (number of photoelectrons 

generated/number of incident photons), G is the MCP gain, h is the Planck's 

constant, and II is the input optical frequency. F(V g) is the normalized theoretical 
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shape of the ig vs V g' i.e., Fig. 2.4. For electron-deposition, V g > V c' and F(V g) 

e! 1. 

To erase the electrons deposited on the membrane, V g is capacitively 

lowered into region II by decreasing Vb, and flooding the photocathode with 

uniform illumination until V g is driven to Veq. Note that from Fig. 2.4 the grid 

voltage V c should be kept well above Vo for the electron removal to be efficient. 

For a PEMLM without a grid, decreasing Vb brings V g into region IV, where the 

secondary current is much smaller, resulting in very slow erasure or no erasure if 

V g goes to the "lock-out" condition of V g = -V m in Fig. 2.4. 

Electron-Depletion Write Mode 

In the electron-depletion write mode, the writing and erasing are 

interchanged. A frame begins with all the membrane elements having the same 

initial pre-charge. When the write image is applied, Vb is switched to a lower 

potential, bringing all the membrane elements into region II of Fig. 2.4. Then V g 

is shifted toward the equilibrium potential by electron removal. The negative 

change in Vb should be chosen so that V g is not driven into regions III-VI of 

Fig. 2.4.. To erase the information, simply switch Vb back to the original value 

and flood the photocathode with uniform illumination. 

A more sophisticated variant of the ramped electron-depletion write mode 

has been demonstrated with the MSLM (Fisher 1981). In this mode, Vb is 

decreased at a constant rate, Vb, to achieve nonlinear operations on the input 

image. Figure 2.5 illustrates the membrane response to the write intensity for two 

PEMLM configurations (Fisher, Ling, and Lee 1984). This response is characterized 

by an adjustable threshold intensity of 
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Dashed curve is for R=20 Jlm. dt=12 Jlm. dx=4 Jlm. and T=2.5 N/m; solid curve 
is for R=lO Jlm. dt=6 Jlm. dx=IO Jlm. and T=lO N/m. 
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(2.13) 

where F(V gp) is the most negative value of ig on the ig vs V g relation. For 

write irradiance Iw less than It. the membrane charge is proportional to 

InO - Iw/It) (Fisher. Ling. and Lee 1984). The threshold intensity is precisely set 

by the choice of the ramping rate. This mode of operation can be employed to 

achieve nonlinear operations such as hard-clip thresholding and binary logic. 

UV -Photoemission Mode 

Besides secondary emission. electrons can also be removed by 

photoemission from the membrane. In this operation. the MCP is off and the 

membrane array is illuminated with the UV write image (from either the input or 

output side of the PEMLM). The photoelectrons generated at the membrane are 

attracted to the transparent electrode and grid electrode. thereby write positive-

charge information on the membrane array. Erasure is accomplished by turning on 

the MCP and uniformly illuminating the photocathode. This mode of operation can 

also be used as an erasure mechanism for the electron-deposition write mode. 

However. the electron removal rate is much slower than that of secondary emission 

because of low quantum efficiency and lack of the MCP gain. 

Discussion 

The equivalent c~rcuit of the parallel-plate model shows that the PEMLM 

responds to any changes in Vb and V g with time constant 1, 5!! RsCx• and the 

membrane charge relaxation time is approximately 12 5!! R1Ct. For typical device 

parameters. 1, (5!!1O-7 sec) is usually several orders of magnitude less than 

12 (~IO sec). Furthermore. 1, is also smaller than the membrane response time 

(5!!1O-6 sec) and much smaller than the membrane write time (~1O-2 sec). which 
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implie that the electrical response of the device hardware structure does not limit 

the PEMLM's speed. Figures 2.6a, 2.6b. and 2.6c illustrate operating examples for 

the electron-deposition, ramped electron-depletion, and UV photoemission modes by 

showing the cycling of Vb, V c. and V g' The time scales for various voltage 

transitions are also shown in the figures. 

The combined write and store time should be significantly less than T2 in 

order to fully utilize the dynamic range of the framed operating modes. However. 

if the leakage resistance can be made small by employing conductive membrane 

materials, a continuous operating mode (Fisher 1981) becomes possible. In this 

case, the membrane charge is proportional to the input irradiance for all temporal 

variations within the device's bandwidth, 1/T2• 

The PEMLM is also capable of bipolar operation; Vb can be decreased 

into negative values to write positive charges on the membrane. In practice. the 

maximum absolute usable value of Vb is limited by the point-emission breakdown 

between membrane and transparent electrode. Bipolar operation provides a means 

for doubling the usable range of Vb. thereby also doubling the dynamic range of 

membrane deflection. 

More Exact PEMLM Model 

The parallel-plate model described earlier in this chapter neglects the effect 

of the spatial variation of V g across the MCP pore. The membrane-to-MCP gap is 

not a parallel-plate capacitor, but is better modeled by the geometry of Fig. 2.7. 

The open areas in the electrodes result in a fairly complex field distribution in the 

region between the MCP and transparent electrode. There are field lines 

originating on the transparent electrode and terminating on the inside walls of the 

MCP pores. When uncharged, the membrane has little effect on this field 
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distribution, so a local membrane potential V g(r) can be defined where the 

membrane plane cuts the field lines. From this potential distribution, effective local 

spacings dx(r) and dt(r) can be defined such that the capacitive voltage division 

equation is satisfied, i.e., 

(2.14) 

To the extent that the electron current density is spatially uniform across 

each MCP pore, the membrane initially acquires a uniform charge density. As 

electrons continue to collect, V g(r) follows the ig vs V g curve (Fig. 2.4) until the 

equilibrium potential is reached. Thus, the membrane eventually becomes an 

equipotential surface with a nonuniform charge distribution. During the charging 

process, the membrane deforms according to Eq. 2.2. 

Computer Model 

The potential distribution and membrane shape of each PEMLM resolution 

element can be found by simultaneously solving Poisson's equation and Eq. 2.2 for 

the boundary conditions shown in Fig. 2.7. Because of the complexity of the 

geometry, the potential distribution and membrane shape for a given charge density 

distribution must be evaluated by iterative numerical calculations. A more detailed 

description of this approach is given in Appendix. A. 

Effective Membrane Capacitance 

Figures 2.8a and 2.8b illustrate the charge-free potential distribution due 

to Vb or V c' respectively, for a device with 25 p.m channel diameter and 100 p.m 

membrane-to-transparent-electrode spacing. Note that Figs. 2.8a and 2.8b have 

opposite spatial distributions in the region between the MCP output electrode and 

the transparent electrode, which can result in a more uniform V g(r), as shown in 
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Fig. 2.8c. when Vb and V c are both applied. These potential distributions indicate 

that dt/dx ratio ranges from about 1/20 at the center to 1/40 at the edge of the 

membrane element. Note that the region in which the potential is not uniform has 

a width of about R. where R is the channel diameter. The effective membrane-to

transparent electrode capacitance can be directly calculated from the actual gap 

spacing. and the effective membrane-to-grid capacitance can be obtained from the 

average membrane potential calculated from V g(r) and the capacitive-voltage

division equation. 

Another useful parameter that measures the effect of MCP channel 

diameter in PEMLM operation is the average ratio of dt(r) to membrane diameter 

R. The potential calculations for various device geometries indicate that this ratio 

is on the order of 1/8 for dx larger than 1.5R. The calculations also show that 

the effect of doubling the mambrane-to-transparent-electrode distance can be 

compensated for by doubling Vb' 

Membrane Shape 

Calculated shapes for a uniformly charged membrane (0' = 12 /lC/m2
) are 

shown in Fig. 2.9a for Vb = 0 V. V c = 0 V; Fig. 2.9b for Vb = 2 KV. 

Vc = 0 V; and Fig. 2.9c for Vb = 2 KV. Vc = 100 V. The numbers under each 

figure are the central membrane deflections calculated from the parallel-plate model 

using the average effective grid-to-membrane capacitance. The membrane deflection 

in Fig. 2.9a. which corresponds to the first term in Eq. 2.5. is negligibly small. 

The central deflection and membrane shape in Fig. 2.9b indicate that the parallel

plate model is a reasonable approximation in predicting the effect of V b in 

deforming the membrane. but V c tends to flatten the membrane shape and produce 

a smaller membrane deflection than Vb' 
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Fig. 2.9 Shapes of Uniformly-Charged Membrane for Three Bias-Voltage Conditions 

(a) Vb = OV, Vc = OV; (b) Vb = 2KV, Vc = OV; (c) Vb = 2KV, Vc = 100V. 
Zm is the central membrane deflection calculated from parallel-plate model. 

(a = 12 /lC/m2
, R = 25 /lm, ds = 5 /lm, anddx = 100 /lm) 
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Figure 2.10 illustrates the membrane shapes for various spatially uniform 

charge densities and for the spatially uniform equilibrium-potential case. Note that 

the membrane shape stays approximately the same for small charge densities. 

The electron-removal process is more difficult to simulate because the 

shape of the ig vs V g in region II of Fig. 2.4 is a function of V g(r). However. 

some basic insights can be inferred from the potential calculation. After the 

membrane reaches the equilibrium potential. Vb is decreased for electron removal. 

Since dt/dx is spatially variant across the membrane. reducing Vb is equivalent to 

subtracting a spatially nonuniform potential from Veq' In some instances. parts of 

the membrane will operate in regions III and IV of Fig. 2.4. resulting in incomplete 

electron removal. 

Performance Objectives 

By neglecting the electrode attraction (the first term in Eq. 2.5) and 

assuming the grid is grounded. the charge density required to achieve a given 

central-modulation depth Zm is approximately 

4Td 
um = R2Vb Zm (2.15) 

Note that um is a function of the externally applied voltage Vb (the higher the 

applied bias voltage. the less the charge required to achieve the given deflection. 

and thus the faster the device responses). Since um is a result of the time 

integration of the membrane-charging current ig• it can be related to the write time 

tw and the write irradiance Iw as in Eq. 2.12. Now Eq. 2.15 becomes 

(2.16) 

This equation explicitly expresses the effect of device parameters on PEMLM 

performance. 
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25 p.m 

• u = 10 p.C/ml 

• u = 20 p.C/ml 

A Equilibrium Potential 

Fig. 2.10 Membrane Shapes for Various Charge Densities 
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Sensitivity 

A good measure for the sensitivity of the PEMLM is the input exposure 

required to produce a ." phase shift in the reflected readout beam, i.e., the 

halfwave sensitivity S.". For the electron-deposition mode, F(Vg) = I, and S." is 

(2.17) 

Here a." = Td)./RzVb is the halfwave ch~rge density and), is the wavelength of the 

readout light. As a specific example, a." for a typical PEMLM with 

T = 1.2 N/m, d = 100 p.m, R = 12.5 p.m, Vb = 2 KV, and Vc = 0 V is 

240 p.C/mz, and the halfwave modulation can be achieved with a single MCP using 

a write exposure of only 1.2p.J/m2 (for). = 0.6328 p.m, 11 = 0.1, and G = 10'). 

An irradiance of 1.2 mW /mz is needed to obtain this modulation in 1 msec. It 

should be noted that with this irradiance level the dynamic range and signal-to

noise ratio of the PEMLM are limited by the quantum noise of the input light. 

Write/Erase Time 

From Eq. 2.16, the electron-deposition write time to obtain a modulation 

depth of Zm is 

4Td hv 
tw = RZVb l1GqIw Zm· (2.18) 

In this expression (1}GqIw)/hll = Jp is the MCP's primary current density. Most 

MCPs operate linearly until th~ output current is approximately 10% of the strip 

current flowing in the walls of the pores (Wiza 1979). MCPs with strip current 

density as high as 100 p.A/cmz are presently available. This implies a linear 

output current of 10 p.A/cm2
• For the same PEMLM parameters as in the previous 

section, the halfwave write time is approximately 2.4 msec, assuming that the input 

irradiance is not a limiting factor. Since the primary current density saturates at 

-----------. - ..... 
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approximately 150% of the strip current density (Fisher 1981). the write time can 

be significantly reduced by increasing the write light intensity. if a linear response 

is not a requirement. Halfwave electron-deposition times as short as 100 psec are 

theoretically possible. Since the membrane intrinsic-response time is on the order 

of a few p.sec (Preston 1969. and see Chapter 5). the major constraint on device 

speed is expected to be the maximum available membrane charging current from 

the MCP. 

Based on the secondary-electron-emission characteristics previously 

discussed in this chapter. secondary-current density as large as (or even larger than) 

the primary current density is possible if V c is large enough to bring all the 

primary electrons over the first crossover energy of the membrane material. Thus. 

the electron-removal time is expected to be on the same order as or even shorter 

than the electron-deposition time. 

Charge-Storage Time 

The charge-storage time is a function of the membrane-to-grid capacitance 

and the resistivities of the membrane film. mirror metallization. and insulating 

dielectric structure. The charge-storage time is expected to become smaller as the 

resolution of the device is increased. because Ct decreases with decreased 

membrane diameter. However. the thickness of the insulating dielectric layer can 

be varied to obtain the desired storage time. Typical storage times range from 

minutes to hours. 

Intrinsic Image-Processing Operations 

A . variety of sophisticated image-processing operations such as image 

addition/subtraction. contrast modification. edge enhancement. intensity thresholding. 

binary logic. and synchronous detection are potentially achievable with the PEMLM 
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by exploiting its secondary-electron-emission characteristics. 

Image addition occurs when successive image are written without an 

intervening erase cycle. Subtraction can be achieved by writing the second image 

with the opposite charge polarity. 

Contrast modifications. such as enhancement or reversal. can be 

implemented on both stored and real-time images. The contrast of a stored image 

can be reversed by adjusting Vb to change the direction of membrane deflection or 

by adding a bias phase to invert the contrast produced by a schlieren readout 

system (see Chapter 3). The electron-deposition mode produces real-time contrast 

reversal relative to the electron-depletion mode. Large real-time contrast 

enhancement can be obtained by operation just below It of the dashed curve of 

Fig. 2.5 in the ramped electron-depletion mode. 

Edge enhancement is a useful operation for feature extraction in pattern

recognition applications. It can be produced at a gray-level step in the input 

imagery by slightly defocusing the input image onto the photocathode and operating 

the PEMLM in the ramped electron-depletion mode through a full modulation cycle. 

The input image regions both above and below the threshold intensity result in the 

same output intensity. However. because of the defocusing. the edge regions 

produce intermediate deflections which result in a bright contour in the dark 

background or vice versa. The input image threshold level can be arbitrarily 

selected by adjusting the ramping rate of Vb. For binary input images. edge 

enhancement can be achieved simply by defocusing the input image and electron

writing the membrane through a complete modulation cycle. 

The ramped electron-depletion characteristics of Fig. 2.5 (solid curve) are 

analogous to a Schmitt trigger and provides a basis for real-time regenerative logic 

operations on two simultaneously applied inputs. OR. NOR. and NOT are 
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performed when It is set for 10 < It < lit where 10 and 11 are the 0 and 1 light 

levels respectively. NAND and AND result when It = 1.5 10 (Fisher. Ling. and 

Lee 1984). The intrinsic storage capability of the PEMLM provides data latching 

and memory functions. 

Many applications in optics exist where a synchronous (or lock-in) 

detector can be used to detect temporally modulated signals. or to improve the 

signal-to-noise ratio of a detecting system. By exploiting its electron addition and 

subtraction capabilities. the PEMLM can be used as a spatial array of lock-in 

amplifiers or synchronous detectors. If the PEMLM is rapidly alternated between 

charge accumulation and depletion at ~ rate w with continual application of the 

write image. static portions of the image produce no net membrane charge. Image 

regions flashing in step with the PEMLM at a rate w can. however. produce a net 

integration of positive or negative charge. and thus be detected. 



CHAPTER 3 

SCHLIEREN READOUT OPTICS 

The electron image is converted into spatial deflections of the membrane 

elements, and readout of the deflections is performed by a coherent light beam 

reflecting off the mirror array. Each membrane element acts as a phase modulator 

that locally changes the readout beam's wavefront according to the input intensity 

at the location of the membrane element. The readout wavefront is thereby 

modulated by a periodically sampled version of the input intensity distribution. 

An example of the readout wavefront is. illustrated in Fig. 3.1. 

In applications where the PEMLM is used as an adaptive wavefront 

corrector (Fisher 1981), the phase information in the readout beam is of interest. 

However, in most applications, such as optical computing and image processing. 

amplitude- or intensity-modulated images are desired. The most commonly used 

methods to convert a phase-modulated wavefront. as shown in Fig. 3.1, into an 

intensity image are interferometric and spatial-filtering techniques (Malacara 1978). 

In the interferometric technique. a reference wavefront. usually a plane 

wave derived from an optical flat, is introduced to interfere with the signal 

wavefront. This results in an interference fringe pattern with an intensity variation 

determined by the phase information in the signal wavefront. Unfortunately, this 

technique is extremely sensitive to any vibrations in the optical system, and the 

readout image is superimposed with the interference pattern associated with the 

nonflatness of the MCP output surface, which makes the signal information harder 

to recognize. On the other hand, the spatial filtering technique uses simple spatial 
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Fig. 3.1 One-Dimensional Model of Deformed Membrane Mirror Array 
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filters in the Fourier-transform plane of the phase modulation to generate intensity

modulated images. This technique is easy to use and is relatively insensitive to 

10w-spatiaHrequency flatness distortion of the MCP. 

Figures 3.2a and 3.2b illustrate the single-lens and double-lens systems 

that can be used to implement the spatial-filtering technique. Identical intensity

modulated images can be obtained from either system, although the single-lens 

system in Fig. 3.2a introduces an additional quadratic phase factor (see Appendix 

B.l). Since the single-lens system is easier to implement and yields the desired 

intensity images, it is used throughout this dissertation for the experimental 

characterization of the PEMLM. 

A theoretical analysis of the single-lens schlieren readout system of 

Fig. 3.2a follows. The objectives here are to obtain a basic understanding of the 

sensitometry of the readout optics and to relate some of the readout image 

characteristics to PEMLM device parameters such as membrane shape, membrane 

duty fraction, and MCP non flatness. To simplify the analysis, only 1-0 membrane 

arrays are considered here; however, qualitatively similar results are expected for 

2-0 membrane arrays. Although the analyses is derived for the single-lens system, 

only a slight modification is necessary for the double-lens system. The results of 

the analysis are in general applicable to other SLMs that employ conducting 

deformable membranes (Hornbeck 1983) or cantilever beams (Brooks 1985) as the 

phase modulating mechanism. 

A brief review of wave propagation in the single-lens and double-lens 

systems is given in Appendix B.I. Sensitometry transfer functions for 1-0 

parabolic membrane elements and an extension of the sensitometry analysis to 2-D 

membrane arrays are also presented in Appendix B.2 and B.3, respectively. 
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Fig. 3.2 Schlieren Readout Optics 

(a) Single-lens system; (b) double-lens system. 

----------------------------_ .. _ .... -_ .. _---- - ... 
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Schlieren Imaging System 

As depicted in Fig. 3.2a, a collimated laser beam reflected off the 

membrane mirror array is passed through an imaging lens and is then viewed at 

the image plane of the membrane array. The phase modulation in the reflected 

beam is converted into an intensity image by blocking part of the information, by 

means of a spatial filter, located in the focal plane of the imaging lens. To 

demonstrate the imaging capability of the schlieren system, it is assumed that the 

envelope of the modulated wavefront can be partitioned into L segments, with each 

lth segment having Nl identical membrane elements, as illustrated in Fig. 3.1. The 

phase modulation, u(x), in the readout beam can then be expressed as (Gaskill 

1978) 

L L Nl 

u(x) = L ul(x) = L [Rect( ~) ei2kglh(X)]_ L li(x-xrmp-p). (3.1) 

1=1 1=1 m=1 

Here h(x) is the shape of an individual membrane element and is assumed to be 

the same for all membrane elements, gl' is a scale factor that expresses the amount 

of deflection for the membrane elements in the lth segment, k=21f/'A, 'A is the 

wavelength of the readout beam, p is the spatial period of the membrane array, xl 

is the center of the first membrane element in the lth image segment, and - denotes 

a convolution. 

By introducing a Rect function for each of the L image segments, the 

limits on the summation of the delta functions (i.e., over m in Eq. 3.1) can be 

extended to too. Then the expression for the readout wavefront can be rewritten 

as: 
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(3.2) 

Here. 

00 

comb( ~) = Ipi L ll(x-mp). (3.3) 

m=-oo 

The expression inside the {} brackets in Eq. 3.2 represents an infinite array of 

membrane elements. but the preceding Rect function allows only the Nlelements in 

the Ith image segment to contribute to the summation over m. 

With complex constant terms neglected (Goodman 1968). the light 

distribution. Um. at the focal plane of the imaging lens is given by the Fourier 

transform of Eq. 3.2. i.e .• 

L 
Um = L [e-i271't(XI+NIP/2) NIP SinC(NIPt)] • 

1=1 

(3.4) 

Here fF denotes the Fourier transform operator and t is the spatial frequency of x. 

The position on the focal plane. x'. is related to spatial frequency by x· = Aft 

where f is the focal length of the imaging lens. 

The Comb(pt) factor in Eq. 3.4 results in a repeating spatial spectrum. the 

nth order of which is given by 

L 
Un(t) = L Sn(gl) [e-i2l1't(XI+NIP/2) NIP SinC(N1Pt)] • ll(t-n/p). (3.5) 

1=1 

where 
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S ( ) - ! I p/2 i2kglh(x) -i2wnx/p d n gl - e e x. 
p -p/2 . 

(3.6) 

Here, Eq. 3.6 is the Fourier transform factor of Eq. 3.4 evaluated at ~ = nIp; the 

IIp factor comes from the definition of the Comb function. 

If a spatial filter is placed at the Fourier plane to pass only the nth 

diffraction order, the intensity distribution at the image plane is equal to the 

magnitude squared of the Fourier transform of Un m to within a constant, i.e., 

(3.7) 

or 

(3.8) 

There are no cross terms in Eq. 3.8 because the L Rect functions do not spatially 

overlap if the spatial filter is large enough to transmit all of the light in the 

diffraction order of interest. The phase modulation described in Eq. 3.1 is thus 

converted into an intensity image with the intensity of the lth image segment 

determined by the sensitometry factor ISn(glW, 

Sensitometry Transfer Functions 

The ISn(glW factor in Eq. 3.7 is the normalized membrane deflection-to-

output-intensity sensitometry transfer function of the particular spatial filter used to 

read-out the phase image. The transfer function corresponding to an arbitrary 

membrane shape can be found by numerically integrating Eq. 3.6. However, 

sensitometry relations for simple membrane shapes such as a flat-piston or a 

parabola are given here to provide some basic insights to the schlieren imaging 

system. 
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Flat-Piston Membrane Elements 

For flat-piston membrane elements of width a, hex) in Eq. 3.6 can be 

written as 

hex) = 1 

= 0 

for Ixl S;; a/2 

for -p/2 < x < -a/2 and a/2 < x < p/2 

Then Eq. 3.6 results in following sensitometry transfer functions : 

for n = 0, 

for n = ii, i2, i3 

(3.9) 

(3.10) 

(3.11) 

Here d = alp is the duty cycle of the membrane array and a is the membrane 

diameter. Note that readout images with n F 0 have same sensitometry, except that 

the image intensity drops off as l/n2. 

illustrated in Figs. 3.3a and 3.3b for d = 1/2 and d = 3/4. These sensitometry 

relations agree well with the experimental results published by Pape and Hornbeck 

(1983). Note that the interference between the light reflected from the membrane 

elements and from the. regions between the elements gives rise to the minima in 

ISo(g.rW and ma~ima in IS1(g.rW, when g.r is equal to ),/4. The best contrast images 

are obtained with a 50% duty-cycle membrane mirror array. These curves also 

show that image contrast inversion can be obtained by moving from a zero-order 

to a first-order schlieren filter, or with a given schlieren filter, by adding a 

uniform membrane charge, which results in a "A./4 deflection of all the membrane 

elements. 

Parabolic Membrane Elements 

Exact integration of Eq. 3.6 for parabolic membrane elements is also 

possible. The resulting transfer functions can be expressed in terms of Fresnel 

integrals (Hecht and Zajac 1974), but the expressions are too complicated to be 



(a) 

(b) 

Fig. 3.3 Sensitometry Transfer Function for Flat-Piston Membrane 

(a) Zero-order filter; (b) first-order readout. 

44 



45 

included here (they are presented in Appendix B.2). The results of a numerical 

evaluation of the sensitometry transfer functions based on these Fresnel integrals are 

shown in Figs. 3.4a and 3.4b for parabolic membrane elements with a 50% duty 

cycle and >"/4 depression (the membrane recesses uniformly into the MCP channels 

when deposited onto the MCP, see Fig. 4.2). These curves show that a larger 

membrane deflection of >"/3.7 is required for full-depth intensity modulation than in 

the case of piston membrane elements. The contrast ratio (the ratio of maximum 

to minimum image intensity) also falls off with multiple-wave membrane deflection. 

Note that the sensitometry function is symmetric with respect to the direction of 

membrane deflection. Contrast reversal still exists between the zero-order and 

first-order readout images, but the technique of obtaining contrast-reversed images 

by uniformly charging the membrane elements may be impractical because of the 

reduced contrast. 

Effect of MCP Nonflatness 

The effect of MCP nonflatness on the readout image quality can be 

modeled by including the complex factor r(x) = a:(x)eit/l(x) in the modulated readout 

wave. Here t/l(x) is the phase introduced by MCP non flatness and a:(x) represents 

any spatial nonuniformity of the membrane reflectivity. The readout wave now 

becomes u'(x) = r(x) u(x), where u(x) is given by Eq. 3.1 or by Eq. 3.2. The 

Fourier-plane light distribution can be written as 

U'(~) = R(~) • Um • (3.12) 

where U(~) is the same as in Eq. 3.4 and R(~) is the Fourier transform of r(x). 

Equation 3.12 corresponds to repeating spectra located at ~ = nIp. Each 

diffraction order has a frequency bandwidth of approximately 2/min(Nl)p + BWR, 

where min(Nl) is the number of elements encompassed by the smallest image detail 
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(a) 

(b) 

Fig. 3.4 Sensitometry Transfer Function for Parabolic Membrane 

(a) Zero-order filter; (b) first-order readout. 
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and BWR is the bandwidth of R(~). The MCP distortion is generally slowly 

varying, so that BWR «lIp. Thus, the widening of the spectra caused by the 

MCP distortion is small compared to the distance between the neighboring 

diffraction orders. If the aperture of the schlieren filter is about 'Af/p wide, it 

should be able to pass most of the light contained in the nth order spectral term 

R(~)*Un(~)' the resulting image-plane amplitude is r(x)'vn(x) and the output intensity 

is 

(3.13) 

where Eq. 3.9 is an expression for Ivn(xW. The eil/l(x) MCP nonflatness factor 

thus has no effect on the readout image. 

Discussion 

The analysis above suggests that the schlieren imaging technique is easy to 

use, versatile, relatively insensitive to the MCP nonflatness, and capable of 

producing high-resolution intensity images from the membrane mirror array. Some 

of the schlieren performance characteristics in PEMLM application are discussed in 

more detail below. 

Contrast Ratio 

The sensitometry analysis shows that the contrast ratio of the schlieren 

readout optics is a function of the membrane shape and the duty fraction of the 

membrane array. Although the membrane shape generally is a fixed parameter of 

the modulator design, some latitude exists in the duty cycle of available MCPs. 

The optimum duty cycle to maximize the contrast for a particular membrane shape 

can be found through numerical simulation of the sensitometry. For example a 

75% duty cycle will give the largest intensity modulation depth for parabolic 

membrane elements with quarter-wave depression. 
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It should also be noted that the intensity of the first-order readout image 

can be doubled without affecting the sensitometry relation by adjusting the filter to 

pass both the ±1 diffraction orders. 

Resolution and Image Quality 

As Eq. 3.5 indicates. the distance between the adjacent diffraction orders 

in the focal plane of the imaging lens is "'Af/p. For a filter not to transmit light 

from the neighboring spectral order. the radial width of the aperture should not 

exceed "'Af/2p. The highest spatial-frequency information that can be imaged 

through such a filter without degradation is I /2p. This coincides with the limit 

imposed by the sampling theorem (Gaskill 1978) due to the sampling of the 

periodic membrane array. The resolution of the PEMLM is thus determined by 

the MCP channel spacing if a proper filter is used in the schlieren imaging system. 

Higher spatial-frequency components of the input image are under-sampled by the 

MCP and result in overlapping information in adjacent diffraction orders in the 

Fourier plane. 

As discussed previously. the schlieren readout system is insensitive to 

low-spatial-frequency phase distortion as long as the spatial filter is large enough to 

pass all the light contained in the desired diffraction order. Since this order is a 

result of the convolution of the Fourier transform of the MCP output surface and 

the input information. high-frequency MCP surface-figure distortions can become 

visible when the input image also has high-resolution details. 



CHAPTER 4 

PEMLM FABRICATION 

According to their functions, the device components of the PEMLM can 

be divided into five stages: electron generation, amplification, acceleration, charge 

storage, and light modulation. This chapter presents the fabrication details and the 

basic optical, mechanical, and electrical requirements for each PEMLM device 

component. 

Photocathode 

In response to write-light illumination, the photocathode generates a 

photoelectron image that serves as a source for the MCP electron amplification. 

The working wavelength on the input side of the PEMLM is thus determined by 

the spectral response of the photocathode material. There is a large variety of 

photocathode materials with a wide range of quantum efficiencies and wavelength 

responses. For wavelengths in the mid-ultraviolet to soft X-ray region, the input 

metal electrode of the MCP can be directly used for electron generation. For 

wavelengths between about 300 nm and 1200 nm, a separate photocathode must be 

employed. In this case, the photocathode material is carried on a glass substrate 

and is proximity-focused onto the MCP input electrode, or an electrostatic lens can 

be used to focus the electron image from the photocathode to the MCP. 

Fabrication of high-quantum-efficiency visible photocathodes usually 

involves baking the device components and housing chamber at high temperature 

(250-350°C) to achieve the ultra-high vacuum required for the photocathode to 
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survive. Moreover, the procedures for making such a cathode are fairly complex 

and require stringent fabrication environments. Therefore, it was not attempted in 

this research. Instead, the inconel MCP input electrode was used as a UV 

photocathode. This reduced the quality of the required vacuum, which allowed the 

device components to be housed in a demountable vacuum chamber for easy access 

for experimental modifications. The lower vacuum requirement also allowed the 

existing nitrocellulose membrane technology (Kesting 1971) to be directly employed 

in this application. 

Microchannel Plate 

The microchannel plate serves a dual purpose in the PEMLM. It provides 

an amplified current for charging the membrane and functions as a substrate for 

carrying the the monolithic grid structure and membrane mirror array. The 

PEMLM performance characteristics such as write/erase time, sensitivity, resolution, 

and output image quality are determined by the type and quality of _ the MCP used. 

As discussed in Chapter 2, a major PEMLM speed constraint is the 

maximum charging current density available from the MCP. Since the membrane 

charging current generally cannot exceed the MCP strip current, MCPs with higher 

strip currents are desirable. In addition, the electron gain should be spatially 

uniform. This is particularly important in gray-level imaging and analog 

information-processing applications. 

Because the grid structure and membrane are directly deposited on the 

MCP output electrode, the overall optical quality of the mirror array is determined 

by the surface figure of the MCP output surface. This surface must be reasonably 

flat and free from high-spatial-frequency structures to ensure a high quality device. 

The channel spacing also determines the resolution of the final image. 

Commercially available MCPs can offer a useful spatial resolution of 15 to 

---------- - ---------------- - ---
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50 Ip/mm (IO-pm to 32-pm channel spacing ) in formats up to a few inches in 

diameter. Unfortunately, most of them do not have sufficient optical quality for 

PEMLM application. For best results, the MCP should either be pre-selected or 

polished before incorporating it in the PEMLM. 

The microchannel plates employed in the prototype PEMLMs were imaging 

types with 25-pm channel diameter, 25-mm diameter active area (commercially 

available from Galileo Electro-Optics, Varian, or Hamamatsu). These MCPs offered 

a gain of about 10· with less than 5% nonuniformity at 1 KV bias voltage. 

Grid Structure 

The monolithic grid structure was built on top of the MCP output 

electrode in a sandwich-type configuration, as shown in Fig. 4.1a. A thick layer 

(~5 pm) of Si02 was first sputtered onto the regions between the MCP pores. 

During sputtering, the MCP was slightly tilted and rotated to prevent the Si02 from 

going too far into the pores. The exact thickness of this layer was not of 

particular importance, as long as it could SUppoft a few hundred volts without 

breakdown. An aluminum electrode was evaporated onto this Si02 layer, at a 

large angle (>70°) to avoid shorting the aluminum layer to the MCP output 

electrode. Because of the oblique evaporation, aluminum overhangs were produced 

at the exit edges of the pores, as illustrated in Fig. 4.1a. These overhangs served 

the purpose of collecting secondary electrons from the membrane. Another Si02 

layer was then sputtered on top of the aluminum electrode, providing additional 

resistance between the membrane and grid electrode. The thickness of this layer 

could be varied to control the image storage time. Masks were used to cover part 

of the MCP output electrode during the grid fabrication so that electrical contacts 

could be made to the grid and MCP output electrode simultaneously. A top view 

of the sandwich structure is shown in Fig. 4.1 b. 
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MCP Output Electrode 

(a) (b) 

Fig. 4.1 Monolithic Grid Structure 

(a) Side view; (b) top view. 
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Fig. 4.2 Cross-Sectional Sketch of the Membrane Transfer Apparatus 
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An alternative grid design is to incorporate a fine metal mesh as the 

electron accelerating grid and another mesh as the membrane-supporting substrate. 

However the monolithic design described above is much easier to fabricate, more 

robust, and offers a more rigid support for the membrane array without degrading 

the quality or resolution of the readout image. 

Membrane Mirror Array 

The membrane elements function as electrical capacitors for storing charge 

and as a deformable mirror array for modulating the phase of the readout beam. 

Thus, the membrane elements must be highly reflective and be able to integrate 

charges and deform independently (i.e., electrically and mechanically isolated). 

The basic membrane requirements for PEMLM application include : (1) the 

ability to form a strong and lasting bond with the supporting substrate; (2) usefully 

small tension (which increases device speed); (3) uniform thickness and material 

properties; (4) high electrical resistivity; (5) high damage resistance to electron 

bombardment; (6) high secondary emission coefficient; and (7) compatibility with 

fabrication of visible photocathodes (i.e., tolerance of high temperature). 

Nitrocellulose was chosen as the membrane material for two reasons. 

First, techniques for producing thin nitrocellulose films in a form that is suitable 

for PEMLM application already existed. Second, the nitrocellulose membrane meets 

all the requirements described above, except for being able to tolerate the bakeout 

temperature for a visible photocathode device. 

The nitrocellulose membrane was fabricated by casting a small volume 

(2!10 Ill) of nitrocellulose solution (consisting of 3.5 g of 20% viscous nitrocellulose 

from Hercules, 12.5 ml ethyl acetate and 12.5 ml pental acetate) on a distilled 

water surface. A film of a few hundred angstroms (2!40 nm) thick was obtained 

after the solution was spread out on the water surface and the solvent evaporated. 
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It was possible to obtain 2" to 3" diameter of uniform thickness film on a 5" by 

5" water surface. The thickness of the membrane could be controlled by careful 

balance between the water surface area and the volume of the nitrocellulose 

solution. The membrane floating on the water surface could be lifted by first 

bonding it to a large aluminum ring and carefully sliding the ring off the water 

surface. The membrane was then rinsed with distilled water and dried under a 

dust-free hood. 

The membrane was transferred onto the MCP carrying the monolithic grid 

structure, using the apparatus shown in Fig. 4.2. By introducing a small vacuum 

in the region between the membrane and the substrate, the membrane was sucked 

onto the substrate and adhered to the regions between the pores. An array of 

mechanically independent membrane elements resulted. These membrane elements 

could be examined under a Michelson interference microscope for contact 

uniformity. Major concerns were the uniformity of bond and membrane depression 

into the channels. Uniform contact was essential in achieving high quality devices 

because any membrane nonuniformity would appear in the readout image, which 

could not be removed by schlieren filtering technique. Figure 4.3a is an example 

of good array. Note that the membrane elements are flat in the pores and are 

depressed into the channels by a fraction of a wavelength. If the membrane array 

was not of sufficient quality, it could be removed by acetone washed in an 

ultrasonic bath, and a new membrane could be mounted by the same procedure 

described above. 

To increase the optical reflectivity, the membrane array was coated with 

about 30 nm of indium by evaporation. Figure 4.3b shows an indium-coated 

membrane array under a phase-contrast microscope. Indium was a good choice for 

the reflective coating on the membrane because evaporated indium film was 
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(a) 

(b) 

Fig. 4.3 Microscope Images of the Mem brane Mirror Array 

(a) Interference microscope; (b) phase contrast microscope. 
Channel diameter is 25/tm. 
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extremely resistive; the resistance as measured on a glass substrate was in excess of 

1016 Ole (Somers 1972). This high resistivity appeared to be due to the island 

structure of the indium coating. The indium coating also provided a relatively 

high reflectivity without introducing excess stress or mass in the freely suspended 

membrane and thus affecting the membrane deflection characteristics. 

Transparent Electrode 

The final device component was the transparent electrode which was 

placed next to the membrane array for the charges on the membrane to react with. 

This electrode was fabricated by sputtering a thin film of indium tin oxide (ITO) 

on a quartz flat. The ITO coating provided a resistance of about 90 Ole and a 

transmittance of about 80%. The coated side of the plate had a lip as shown in 

Fig. 4.4a to fit into the supporting structures. The glass substrate should be of 

high optical quality (better than 1/10 wave of flatness on both surfaces), so that 

the wavefront of the readout beam would not be distorted. Also the surfaces of 

the glass substrate should be either perfectly parallel or have a large tilt, otherwise 

the fringe pattern from the interference between its front and rear surfaces would 

intensity modulate the readout beam. 

Device Assembly 

Device components and the supporting structures were mounted on a 

standard 6" vacuum flange with three stainless steel screws and mating ceramic 

insulating tubings, as illustrated in Fig 4.4a. The vacuum flange had a I" diameter 

window in the center and four high-voltage feedthroughs around the window. The 

supporting structure consisted of several stainless steel plates and teflon spacers. 

Besides holding the MCP and the transparent electrode in places, the stainless steel 

plates also served as electrical contacts to various electrodes; plate #3 was cut into 

-------------------- ------ -------------- ----- -----------
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(a) Test cell; (b) stainless steel plate #3. 
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two sections. as shown in Fig. 4.4b. to provide electrical contacts to the grid 

electrode and MCP output electrode simultaneously. Plates #2 and #3 were 

polished flat and their thicknesses were adjusted so that when there was no spacer 

between them. the transparent electrode just touched the membrane array. Hence. 

the desired gap distance could be precisely obtained by varying the thickness of the 

teflon spacer between plates #2 and #3. Best PEMLM performance results were 

realized by a tilted gap of about 100 pm. The tilt was adjusted to separate the 

zero-order diffraction spot from the specular reflection of the transparent electrode. 

Preliminary testing was done with an ohmmeter to check for the 

appropriate open and short circuit between various components and their terminals. 

The vacuum flange carrying the device components was then sealed onto a vacuum 

chamber. and the pressure was reduced down to about 5xl0-8 torr by an ion 

pump (only 10-6 torr was required to operate the MCP). High voltages were then 

applied to the MCP. grid. and transparent electrode through series resistors. as 

shown in Fig. 1.1. The voltages were increased slowly while monitoring the 

currents flowing through the circuits. The only expected current was the MCP 

strip current in the MCP circuit. Any other DC or transient spike currents 

implied that a short had developed in that particular circuit. Sometimes a short 

could be burned away by applying large current impulses (applying the voltage 

with no series resistor) to the short. Otherwise. the chamber had to be opened 

and the short removed. A picture of the PEMLM chamber is shown in Fig. 4.5. 

Discussion 

The gap between the membrane and the transparent electrode is an 

important parameter of the PEMLM design. The membrane deflection for a given 

applied voltage is approximately proportional to the inverse of the gap distance (see 

Eq. 2.16). suggesting that the transparent electrode should be placed as close to the 
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Fig. 4.5 Photograph of the Prototype PE:MLM 
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membrane mirror array as possible. However. since the output surface of the 

MCP is not perfectly flat. large electric-field nonuniformity can be produced if a 

small gap distance is employed. This field nonuniformity can be imaged through 

the device as spatially-varient membrane deflections and appear as a background 

intensity variation in the readout image. Thus. a large gap is preferable to reduce 

the effect of this field nonuniformity. In addition. a large gap allows a small tilt 

in the gap so that the specular reflection from the transparent electrode can be 

filtered out. (thereby eliminating the fringe. pattern arising from the interference 

between the membrane mirror and the transparent electrode) and supports a higher 

bias voltage without vacuum point emission (resulting in a larger phase modulation 

dynamic range). 

Nonlinear operations such as analog and digital intensity thresholding and 

hard-clipping require a large membrane-to-transparent-electrode capacitance (or 

equivalently a small gap distance) to have a useful threshold intensity level (see 

Eq. 2.13). The MCP flatness becomes critically important with narrow gaps. We 

believe that it is possible to polish the MCP surface to within at least I wave of 

flatness. if precautions are taken to avoid plugging up the MCP pores by the 

polishing abrasive. 

--------------------------------------



CHAPTER 5 

EXPERIMENTAL PEMLM 

In the course of this research. prototype PEMLMs with significantly 

enhanced performances were constructed. A major improvement was the addition 

of a grid structure to the original PEMLM design to make the PEMLM actively 

erasable -- a performance feature that is required for most advanced optical 

information processing applications. Several prototype PEMLMs with framing 

capability have been successfully constructed. Experimental characterizations of 

these devices were conducted to better understand the operating principles of the 

PEMLM and point out the direction for further developments to realize its ultimate 

performance capabilities. 

This chapter presents the experimentally measured PEMLM operating 

characteristics and demonstrates some of its inherent image-processing operations. 

The experimental results presented here were obtained from the measurements 

performed on the latest two PEMLMs; both employed the MCP input electrode as a 

UV photocathode. A sketch of the experimental PEMLM evaluation setup, 

including the write and readout optics, is shown in Fig. 5.1. 

PEMLM Characterization 

The three signal-transducing stages in the operation of the PEMLM are 

1) the input optical information is converted into an electron distribution at the 

photocathode; 2) the electron image is transformed into spatial deformations of the 

membrane mirror array after the amplified electron flux is deposited onto the 
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3) the mirror deformations are then read-out as an optical 

The characterization of the PEMLM concerns the performances of each 

signal-transducing stage and the PEMLM as a complete device as well. For 

presentation convenience, the characteristics of the PEMLM can also be grouped 

into several categories: mechanical properties, electrical properties, sensitivity, 

write/erase time, and optical properties of the readout images. 

Mechanical Characteristics 

The only moving component in the PEMLM is the membrane mirror 

array. Membrane properties related to PEMLM performance are membrane shape, 

mass density, tension, response time, and life time. 

The analysis of the readout optics in Chapter 3 shows that the 

sensitometry of the readout image is a function of the membrane shape. Figure 5.2a 

illustrates the phase-contrast microscope image of a step in a membrane array. 

The uncharged membrane elements in the upper half of Fig. 5.2a have a flat-piston 

shape, with a depression into MCP pores. This depression has a depth of a 

fraction of a micrometer and is a result of the balance between the tension in the 

freely suspended membrane and the contact force along the edge of the pore. For 

charged membranes, the shape of the membrane is a complex function of the 

charge and field distribution and the contact force between the membrane and the 

supporting substrate. The slanted MCP channels resulted in a noncircularly 

symmetric shape in Fig. 5.2a. Since the membrane deflection is generally a small 

fraction of the pore diameter, the shapes of deformed membrane elements are close 

to a piston, as seen in Fig. 5.2b. 

The intrinsic time response of the membrane was studied by uniformly 

charging the membrane elements and then applying sinusoidal or rapidly ramped 



(a) 

(b) 

Fig. 5.2 Phase-Contrast Images of Deformed Membrane Array 

(a) Comparison of charged (upper right) and uncharged (lower left) membrane 
elements; the noncircular asymmetry of the charged membrane elements is due 
to the MCP's bias angle. (b) Shows fiat-piston membrane shape. 
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voltages to the transparent electrode, while monitoring the readout image intensity 

with a wide-bandwidth (>5 MHz) photodetector. 

Figure S.3a shows membrane's response to sinusoidal bias voltages applied 

to the transparent electrode. The vertical axis is the amplitude of the readout 

intensity variation. A resonance occurred at approximately 1.66 MHz, with a 

damping constant of about 0.17 MHz, corresponding to a Q of about 10. The step 

response measurement is shown in Fig. 5.3b; the upper trace shows the 

transparent-electrode bias voltage vs time, and the lower trace is the output from 

the photodetector. The damping time constant and the oscillating' frequency of the 

overshoot are in good agreement with the data obtained from the resonant

frequency measurement. From these measurements, it can be concluded that the 

membrane response is effectively instantaneous for drivi.ng forces slower that a few 

microseconds. The results also indicate that membrane time response is well 

modeled by the second-order differential equation for a damped harmonic oscillator. 

A more detailed discussion of membrane oscillation is given in Appendix C. 

Equation C.3 shows that the ratio of membrane tension, T, to mass 

density, M, can be estimated from the resonance frE:o.tuency wo, using W 0
2 = 4T /MR2. 

For a 2S-llm diameter membrane, 1.66 MHz corresponds to a T /M of 42S0N-m/kg. 

The mass density of a 40-nm thick nitrocellulose membrane with a 30-nm indium 

coating is estimated to be about 2.8xlO-4 kg/m2
, from the densities of bulk 

nitrocellulose (l.66xI01 kg/m3
) (Weast 1972) and indium (7.3xI01 kg/m3

) (Lynch 

1974). These values result in a membrane tension of approximately 1.2 N/m. 

Although no systematic measurement was performed to study the stability 

of the membrane properties under UV illumination and electron bombardment, the 

nitrocellulose membranes were observed to be fairly stable. Except for a small 

initial change (slightly lower voltage was required to write the same modulation 

,--------------------------------------------------
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depth in the bum-in period because of the low initial membrane tension). the 

membrane of one of the devices has been operated for more than IOC write/erase 

cycles without observable degradation in performance. 

Electrical Characteristics 

Greatly simplified. the operation of the PEMLM can be modeled as a current 

source controlled by the input intensity which charges the membrane capacitance. 

PEMLM characteristics related to this membrane-charging mechanism include the 

electron dynamics in the gap between the membrane and grid electrode. and the 

electrical properties of the device hardware configuration. as expressed by Ct. Cx• 

and Rl. 

Electron Dynamics and Framing Capability. The monolithic grid structure 

is a novel design that can be applied in any MCP-based device where control of 

the primary electron energy is required. In the PEMLM. the inclusion of a grid 

results in a ig vs V g relation as discussed in Chapter 2. so that the secondary 

electron emission can be efficiently employed in removing electrons from the 

membrane. Since the nitrocellulose . is an insulating material. it is difficult to 

directly measure the ig as a function of V g. So. a stainless steel collector plate is 

inserted next to the grid. as shown in Fig. 5.4a to study the electron dynamics. 

In this experimental arrangement. V g is equal to the voltage applied to the collector 

plate. Vb. Figure 5.4b shows measured ig vs V g curves for different grid 

voltages. The large reverse secondary currents for V c = 120 V and V c = 150 V 

are obvious. indicating that most of the primary electrons have acquired enough 

energy from the grid electrode to cause secondary emission at the collector plate. 

Note that more electrons are collected with positive grid voltage than with the grid 

grounded. One possible explanation is that the electric field at the output end of 

the MCP pores. caused by the positive grid voltage. pulls more primary electrons 
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out of the MCP channels. The slight difference near V g 5!! 0 V of the curves in 

Fig. S.4b from the theoretical curves of Fig. 2.4 occurs because some of the low 

energy primary electrons are collected by the grid electrode when V g is small. 

Figure S.4c shows the grid electrode current as a function of the collector plate 

voltage. Collection of the secondary electrons on the grid electrode is evident. 

The secondary emission characteristics of insulating targets (such as 

nitrocellulose) are similar to those of conducting targets, except that the first 

crossover potentials are at lower values (20-100 V) and the secondary electron 

yields are much higher (Kazan and Knoll 1968). Thus similar ig vs V g 

relationships are expected to exist in a real PEMLM. 

The effectiveness of the monolithic grid structure in removing electrons 

from the membrane by secondary electron emission is further supported by the 

following experimental results. Figures S.5a and S.Sb show the readout intensity 

variation for identical sequences of write (W), storage (S), and erase (E) operations 

for a PEMLM with and without a grid voltage. The cycling of the transparent

electrode bias voltage to achieve these operations is shown in Fig. S.Sc. In both 

cases, the membrane was initially uncharged, and then written to equilibrium by 

electron deposition. After about equal periods of erasure, Vb was turned on again 

to verify the completeness of erasure. In the case of a device with grid voltage 

equal to 150 V, the final intensity was very close to the initial low intensity level, 

showing that most of the electrons stored on the membrane were removed. In 

fact, any residual charge could be completely removed by decreasing Vb a little 

further into a small negative potential. In the case of a PEMLM with the grid 

electrode grounded, only a small fraction of the stored electrons were erased. 

These experimental results indicate that the monolithic -grid structure has 

been successfully employed to control the energy of the primary electrons and to 
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collect the secondary electrons generated at the target. 

Effective Ct~, and R" The equivalent circuit discussed in Chapter 2 

shows that in PEMLM operation, the bias voltages Vb and Vc are coupled onto 

the membrane through capacitive voltage division between Ct and Cx for 

membrane charging. The magnitude of membrane-charge integration is therefore 

determined by the ratio of Cx to Cx + Ct. The circuit model also shows that the 

stored charges tend to decay through the finite leakage-path resistance, R" with a 

time constant of approximately R,Ct, 

The effective membrane-to-transparent-electrode distance is approximately 

the actual spacing in the gap. However, the effective grid-to-membrane gap cannot 

be modeled as a parallel-plate capacitor, but varies spatially across an MCP pore. 

This implies that the parallel-plate model cannot be relied upon for experimental 

measurement of Ct. However, the computer model described Chapter 2 can be 

used to calculate the average V g from the potential distribution in the gap. Then 

an effective capacitance Ct can be obtained by inserting the average membrane 

potential into the capacitive-voltage-dividing equation (Eq. 2.6). For an MCP with 

2S-llm channel diameter and loo-Ilm membrane-to-transparent-electrode spacing, the 

effective Cx and Ct are approximately 4.3xIO-17 and 1.2x10-15 Farads. respectively. 

These values are further verified by the comparison of the numerically calculated 

and experimentally measured readout intensity levels for a given membrane charge 

density. 

Since the charge-relaxation time constant is approximately equal to the 

product of Ct and R" the leakage resistance can easily be found by measuring 

how fast a stored image decays. The measured R, is on the order of 1016 n. 
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Sensitivity 

All the PEMLMs fabricated so far are insensitive due to the 

incompatibility of high-quantum-efficiency photocathodes with the demountable 

vacuum system. The inconel MCP input electrode used as a UV photocathode 

results in a product of quantum efficiency and MCP gain of about 10-3 at a 

254-nm wavelength. The exposure required to produce a halfwave phase shift in 

the readout beam is about 100 pJ/cm2
• 

Write/Erase Time 

The PEMLM write/erase times were measured by observing the time 

evolution of the readout image intensity with a photodetector during the writing 

and erasing. By focusing the UV lamp onto the MCP input electrode and 

operating the MCP at a higher bias voltage (es1.5 KV), electron-deposition times as 

short as 10 msec were observed, as seen in Fig. 5.6. The primary speed 

limitation was the limit imposed on the charging current by the maximum available 

UV intensity. 

Figure 5.7a shows the readout intensity variations of a series of write and 

erase cycles at different grid voltages, with the cycling of Vb shown in Fig. 5.7b. 

During these measurements, the MCP and Vc were on continuously. These results 

show that the electron removal time is a function of V c' The erase time became 

shorter as V c was increased and became about the same as the electron write time 

when V c was increased to 1 SO V (under this operating condition, two secondary 

electrons escape from the membrane for each incident primary electron). 

Imagery Characterization 

A major portion of this thesis research effort has been devoted to the 

characterization of the PEMLM as an image-sensing and recording device. 
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Time 

Fig. 5.6 PEMLM Electron-Deposition Write Time Measurement 

For full-contrast modulation, horizontal scale is 10 msec per division. 
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Fig. 5.7 PEMLM Operational Examples Showing the Dependence of Electron 
Removal Time on Grid voltage Vc 

(a) Write-erase cycling at various grid voltages; (b) cycling of Vb for the 
write-erase cycles in (a). 
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Characteristics that will be discussed below include sensitometry, phase modulation 

dynamic range, contrast ratio, resolution, and the uniformity of the background 

intensity and device's response. Figure 5.8 shows images of the transmission masks 

used to study the readout image quality of the PEMLM. The masks were 

illuminated with a UV lamp and were imaged onto the MC? input electrode by a 

quartz lens. A 254-nm narrow-band filter was used to reduce the chromatic 

aberration of the input optics and ensure a sharp input image. 

A properly designed schlieren readout system is essential to obtain high 

quality readout images. Because of the non flatness of MCP's output surface. the 

Fourier transform of the membrane mirror array has a fairly complex structure. 

Figure 5.9 is an example of such a diffraction pattern. Note that a ghost image is 

superimposed with the real diffraction pattern, because of the double reflection from 

the transparent electrode. An optimum filter should have apertures that pass all 

the light directly reflected from the membrane mirror array and block all the 

extraneous light. It was pointed out in Chapter 3 that the highest spatial frequency 

that can be encoded on the membrane array is one half of the inverse of the 

channel spacing. assuming that no charge cross-talk occurs between adjacent 

membrane elements. Thus circular apertures with diameters equal to the distance 

between diffraction orders would be sufficient. However. The MCP output surface 

usually has high frequency features such as chicken-wire structure (nonuniformity 

in spacing between sub-groups of channels) and scratches. These structures appear 

on the readout images as background noise if the filter apertures are not large 

enough to include the light diffracted from them. The pictures in Fig. 5.10 

illustrate this phenomenon. For first-order readout. an annular aperture with a 

proper width that passes all six diffraction orders usually gives the best results. 
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Fig. 5.8 Images Used for PEMLM Imagery Characterization 
(transmission masks etched in copper foil) 
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Fig. 5.9 Diffraction Pattern of the Membrane Mirror Array in the Fourier 
Plane of the Imaging Lens 
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Fig. 5.10 Images Demonstrating the Effect of Schlieren Aperture Size 
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Sensitometry. Two types of sensitometry relationships were studied in this 

experiment. Readout intensity was measured as a function of the input exposure 

(or equivalently the membrane charge density) and as a function of the transparent

electrode bias voltage. From these sensitometry measurements, the contrast ratio 

and phase dynamic range were obtained. 

The curves in Fig. 5.11a and 5.11 b show, respectively, the zero-order and 

first-order readout image intensities as a function of the input exposure. To 

demonstrate the maximum dynamic range,· UV photoelectron emission from the 

membrane was employed to deposit a uniform positive charge density on the 

mirror array, and then the MCP was turned on to write electrons onto the 

membrane array. The electron integration was allowed to continue to saturation. 

The grid and transparent electrode voltages were 150 V and 3 KV, respectively, 

for both the photoelectron-emission and electron-deposition processes. 

From these curves and the sensitometry analysis in Chapter 3, the 

maximum phase-modulation dynamic range is estimated to be about 1.511' for this 

particular device. The contrast ratio calculated from the maximum and minimum 

intensity levels is approximately I: IS for both the zero- and first-order readout 

images. The leveling-off of these curves is due to the saturation of electron 

accumulation on the membrane. 

The sensitometry curves, shown in Figs. 5.12a and 5.12b, illustrate that 

the readout image intensity can be controlled by varying the bias electrostatic field 

in the gap through changing the transparent-electrode voltage. These curves were 

obtained by depositing a certain amount of charge on the membrane and then 

varying Vb to change the readout intensity. 

Background Uniformity. Figure 5.13a is the first-order schlieren image of 

an uncharged mirror array. The faint circular rings are caused by the nonflatness 
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Fig. 5.11 Experimental PEMLM Sensitometry as a Function of Input Exposure 

(a) Zero-order readout; (b) first-order readout. 
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Fig. 5.12 Experimental PEMLM Sensitometry as a Function of' Bias Voltage Vb 

(a) Zero-order readout; (b) first-order readout. 
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of the readout window on the vacuum housing chamber. The front and rear 

surfaces of this window function as a low-finesse Fabry-Perot interferometer in the 

readout path. The number of rings shows this window has several tens of waves 

of nonflatness. The glass substrate carrying the transparent electrode can also 

introduc~ similar intensity modulation in the readout beam, but the substrates 

employed in this experiment are high-quality optical flats (1/20 waves flatness, 

parallelism better than I arcsee). The intensity noise from these two plates can be 

significantly reduced by antireflection (AR) coating their surfaces. In some 

instances, the ITO film itself can be deposited with ).,/4 thickness to serve as the 

AR coating. The higher frequency fringe pattern is caused by the interference 

between the wavefronts reflected from the membrane mirror array and transparent 

electrode. This fringe pattern can be further eliminated by employing a larger tilt 

in the gap, at the expense of increased response nonuniformity. 

Response Uniformity. Uniform response is important in recording gray

level images. Spatially uniform photocathodes and MCPs with less than 5% gain 

variation are readily available. But response uniformity of current PEMLMs has 

been limited by the nonflatness of the MCP output surface. Figure 5.13b is a 

first-order schlieren image of a membrane array with all the membrane elements 

written to equilibrium by electron deposition (with uniform UV illumination). The 

intensity variation in the image indicates that the major response nonuniformity is 

due to the tilt in the membrane-to-transparent-electrode gap. This picture shows 

that this PEMLM has a response nonuniformity of about 20% over its I" diameter 

active area. The step in the figure is the image of an aluminum strip covering 

part of the MCP input electrode. 

Experimental images. Figures 5.14a and 5.14b are, respectively, zero- and 

first-order schlieren images of the membrane mirror array with information written 



(a) (b) 

Fig. 5.13 First-Order Schlieren Images of (a) Uncharged and (b) Uniformly 
Charged Membrane Array 

The step in (b) is the image of an aluminum strip covering part of MCP 
input electrode. 
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Fig. 5.14 PEMLM Schlieren Images for Electron- Deposition Write Mode 

Ca) Zero-order readout; (b) first-order readout. 

Fig. 5.15 First-Order Schlieren Images for the Electron- Depletion Write Mode 
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by electron deposition. The diameter of the input image mask is 1/2". These 

pictures demonstrate the contrast reversal between the zero- and first-order readout 

images. Fig. 5.15 shows first-order readout images for the electron-depletion 

mode. To write information in this mode, a uniform electron density was first 

deposited on all the membrane elements, and then deposited electrons in the 

illuminated areas were removed by secondary electron emission. 

Resolution. The resolution of the PEMLM is determined by the MCP 

channel spacing. Figure 5.2 shows that there is very little charge cross-talk 

between adjacent charged and uncharged membrane elements. Because of the 

aberration in the write optics, the resolution measured from the Air Force 

resolution chart in Fig. 5.14 is approximately 10 Ip/mm instead of 15 lp/mm that 

corresponds to the 32-lLm channel spacing of the MCPs employed in the prototype 

PEMLMs. However the sharp images of the Al mask edges demonstrate the high

resolution capability of the PEMLM. 

Decay of Stored Image. The decay of a stored image was observed by 

writing an electron image on the membrane array and then photographing the 

image at different elapsed times. The results of these measurements are shown in 

Figs. S.16a and S.16b. The images in Fig. S.16a were taken with Vb left on 

continuously; in Fig. S.16b, Vb was turned off between photographs. Electrons 

tend to stay on the membrane for a much longer period of time if the bias 

voltages are left on after the charge integration, because the potential across the 

membrane-to-grid capacitance, Vt, is driven to about zero by the electron 

deposition, and any voltage across this capacitor tends to decay to zero with a time 

constant of CtRt. This also explains the intensity change in the background of 

pictures in Fig. S.16a, where the membrane elements become charged when Vb is 

applied. The charge storage time with Vb applied has been observed to range 
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Fig. 5.16 Decay of Stored Images 

(a) Vb on all the time; (b ) Vb off between photographs. 
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from a few minutes to a few hours, depending on the thickness of the second Si02 

layer between the membrane and grid. Note that charge leakage does not 

significantly degrade the resolution because the charges tend to leak to the grid 

electrode, not to the adjacent membrane element. 

Demonstration of Intrinsic Operations 

As discussed in Chapter 2, a PEMLM with a grid is capable of 

performing a variety of sophisticated image-processing operations. Threshold 

response of the ramped electron-depletion mode especially enhances the versatility of 

the device by allowing real-time nonlinear processing of the input information. 

Unfortunately, the large gap distance (or equivalently small membrane-to

transparent-electrode capacitance) in present PEMLMs produces a threshold intensity 

that is too small for applications such as binary logic, real-time contrast and edge 

enhancement, and hard-clip thresholding. However, operations, such as image 

addition/subtraction, stored image contrast modification, edge enhancement of binary 

input images, and synchronous detection, that do not require a ramped electron-

depletion mode were successfully demonstrated. 

operations are presented in the rest of this chapter. 

Contrast Reversal/Modification 

Experimental results of these 

Since the membrane deflection is a result of the interaction between the 

membrane charge and the surrounding electric field, the contrast of a stored image 

can be changed by varying Vb' In Fig. 5.17, the letters UAZ were first written 

to equilibrium by electron deposition with Vb = 1.5 KV, then Vb was switched to 

3 KV and -1.5 KV to demonstrate the contrast changes. Note that contrast 

reversal was achieved by reversing the polarity of the bias voltage which reverses 

the direction of the membrane deflection. Reversed contrast images can also be 

obtained by using different schlieren filters. 
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Fig. 5.17 Contrast Reversal/Modification of a Stored Image 

(a) (b) 

(c) (d) 

Fig. 5.18 Image Addition/Subtraction 

(c)=(a)+(b), (d)=(a)-(b) 
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Image Addition/Subtraction 

Addition of images can be achieved simply by successively recording the 

input images with the electron-depletion write mode, assuming that the dynamic 

range of the device is large enough for multiple image recording. To implement 

the image subtraction, a uniform charge density is first deposited on the membrane 

array to put a bias on the readout intensity, and then the input images are written 

with electron-deposition and electron-depletion accordingly. Figures 5.18c and 

5.18d, respectively demonstrate the addition and subtraction of the images in 

Figs. 5.18a and 5.18b. 

Edge Enhancement 

Figure 5.19 illustrates the edge enhancement of a binary image. The edge 

enhancement was achieved by slightly defocusing the input image and writing the 

illuminated membrane elements by electron deposition through a null on the 

sensitometry curve. The response nonuniformity of the PEMLM is also evident in 

this figure. 

Synchronous Detection 

To demonstrate the synchronous detection capability of the PEMLM, a 

chopper was used to modulate part of the input image and to trigger the write and 

erase operation. During the erase cycle, Vb was decreased to a small negative 

value to get a complete electron erasure. The duty fraction of the PEMLM 

write/erase cycle is the same as the chopper's open-area ratio, and is adjusted such 

that no net charge was accumulated on the membrane for each cycle. The 

synchronous detection is illustrated in Figs. 5.20a and 5.20b. The chopper was 

operated at about 5 Hz, and the open area ratio was 1/5. The letters "L" and "P" 

in Fig. 5.20a were both synchronous with the PEMLM. In Fig. 5.20b, letter "P" 

was continuously illuminated and "L" was in step with the PEMLM. 

-----------------------------_._--_. _._-------------



Fig.5.19 Edge Enhancement 

(a) (b) 

Fig. 5. 20 Synchronous Detection 

(a) "P" and "L" both synchronous with PEMLM; (b) "L" synchronous, 
"P" illumination continuously applied (DC). 
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CHAPTER 6 

SUMMARY AND FUTURE DEVELOPMENTS 

A summary and a comparison of the performances of the prototype 

PEMLMs with a commercially available spatial light modulator, the MSLM, and a 

future PEMLM are given in this chapter. Device parameters that limit the 

performance of present device and the future developments required to optimize the 

performances of the PEMLM are also discussed. 

Summary 

Prototype PEMLMs with a monolithic grid structure were successfully 

constructed. The grid structure, which was fabricated on the output surface of the 

MCP in a Si02-AI-Si02 sandwich-type configuration, was demonstrated to 

considerably enhance the versatility of the device by utilizing secondary emission to 

implement active erasure and various specialized operations. In addition, high

quality readout images were obtained by using a relative large membrane-to

transparent-electrode gap distance and improved schlieren filtering. 

The operating principles of the PEMLM were described in Chapter 2. It 

was shown that the operation of the PEMLM can be visualized as a current source 

charging the membrane capacitors. In this membrane-charging process, the grid 

plays the important role of controlling the energy of the primary electrons so that 

electrons can be either deposited or removed by secondary emission. The bias 

voltage applied to the transparent electrode generates the dominant electric field in 

the gap to deform the membrane array. In addition, this bias voltage indirectly 
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determines the maximum charge that can be stored on the membrane and the 

maximum usable membrane deflection. The operating modes achievable with the 

PEMLM were also presented. 

A theoretical analysis of the schlieren readout optics used to generate 

intensity-modulated images of the membrane mirror array was presenteci in 

Chapter 3. The sensitometry calculations for simple membrane shapes indicate that 

the membrane deflection-to-readout-intensity transfer function is determined by the 

membrane shape and the duty fraction of the membrane array. The contrast of 

the readout image can be changed by uniformly adding charges to the membrane 

elements or by using a different spatial filter. The analysis also showed that in a 

properly designed schlieren readout system the MCP flatness distortion has little 

effect on the final readout image. 

Chapter 4 described the fabrication procedures for the developmental 

PEMLMs. Experimental results characterizing the operation of the PEMLM with a 

monolithic grid structure were presented and discussed in Chapter S. A summary 

of these experimentally measured performance parameters is given and compared to 

the MSLM (Warde. Weiss. Fisher. and Thackara 1981) and an future PEMLM in 

table 6.1. 

PEMLM Performance Limitations 

From these theoretical and experimental investigations. device parameters 

that limit the performance of the current PEMLM design can be identified. Some 

of these factors are discussed below. with suggestions for further improvements. 

Since the write/erase time is inversely proportional to the membrane

charging current. the speed of the PEMLM is usually limited by either the 

maximum available input irradiance or the saturation level of the MCP primary 

current. At present the framing speed is limited by the input light intensity. due 

------------ - ---
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Table 6.1 Comparison of Prototype PEMLM with MSLM and Future PEMLM 

prototype PEMLM ideal PEMLM MSLM 

sensitivity 100 /lJ/cm2 Quantum limited Quantum limited 

write/erase 10 ms 100 ps 50 ms time· 

resolution 15 lp/mm 50 lp/mm 20lp/mm 

contrast ratio 1:15 1:20 1:50 

phase modulation 1.51' > 21' > 21' dynamic range 

response 20 % 5 % 5% nonuniformity 

• The write/erase times are given for the acompanying resolutions . 

. --.... -----
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to the low quantum efficiency of the UV photocathode. In the future, when a 

visible photocathode (fl > 0.1) is incorporated in the device, the maximum charging 

current from the MCP will become a major speed constraint. The MCP output 

current can be increased by operation at a higher bias voltage, at the expense of 

ion-feedback noise, or by fabrication modifications (Fisher 1981). The ultimate 

speed limit is MCP power dissipation. Future PEMLMs will probably employ two 

MCPs in series: a high-gain preamplifier and a large-current pow.er amplifier. 

With this MCP configuration, the framing speed might be pushed to the membrane

response-time limited regime (5!! 5 p.sec). 

As in the case of most SLMs, the PEMLM is characterized by a speed 

and resolution trade-off. Using Eq. 2.18, the product of the halfwave-write time 

and the resolution cell size is t.R2 =JpATd/Vb, which is a device constant for a 

given bias voltage and wavelength. Thus the resolution can be sacrificed for speed 

in applications where resolution is not critical, by using MCPs with larger pores. 

Because of its large electron gain and ability to integrate charges, the 

PEMLM is capable of the high photon sensitivities of image intensifiers. The 

available electron gain ranges from 10' for a single MCP to 107 for two MCPs in 

cascade (Wiza 1979). The minimum usable write energy and irradiance are 

generally a function of the dynamic range, speed, and signal-to-noise requirements 

of a specific application. The photon shot noise limited signal-to-noise ratio (SIN) 

of membrane charge density u is proportional to ns/(ns + nd)1/2, where ns = 

f1AtwIw/hu and nd = flAtwId/hu are, respectively, the number of signal and the 

number of equivalent-dark-current induced photoelectrons, which are collected at 

the input of a single MCP pore with area A (ld 5!! 10-1S W/cm2). For a given 

dynamic range and SIN specification, there is often an optimum value for the MCP 

gain (Fisher 1981). As G is increased, the required write energy, Iwtw, is 

--------- -----
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reduced. However. if G is made too large. the required energy and hence ns 

become too small for adequate SIN. Sensitivity of current PEMLMs is limited by 

the low quantum efficiency of the UV photocathode. With a visible photocathode 

and a high-gain MCP. the sensitivity can be increased by a factor of at least 107
• 

Then the photon shot noise in the write beam could become the limiting parameter. 

Since the MCP channel diameters (~8 pm) are usually much larger than 

the readout wavelength. multiple waves of phase modulation appear possible. 

Currently. the phase-modulation dynamic range is limited by the maximum usable 

level of bias voltage Vb. which in turn. is limited by point emission caused by the 

rough spots on the MCP output surface. MCPs with flatter and smoother output 

surfaces are thus desirable. 

As mentioned in Chapter 3. for a given membrane shape the contrast 

ratio of the readout images can be optimized by selecting a MCP with a particular 

open-area ratio. However. the range of duty fractions of commercially available 

MCPs is limited; significant contrast-ratio improvement seems to be unlikely. 

The response nonuniformity of the PEMLM can be attributed to any 

spatial variations in the device parameters such as quantum efficiency of the 

photocathode, MCP gain. membrane properties (e.g .• tension. thickness, mass density. 

and depression), and gap distance. In current devices, the major source of response 

nonuniformity is the MCP nonflatness. which requires a large tilt to filter out the 

interference between the mirror array and transparent electrode. Better uniformity 

can be achieved by using flatter MCPs or by increasing the gap distance. 

Future Developments 

The above discussion indicates that there is a considerable opportunity for 

the further development of the PEMLM toward its ultimate performance capabilities. 

Major directions for future development are related to improvements of the 
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sensitivity, speed and image quality. These improvements in general require a 

high-quantum-efficiency visible photocathode and a MCP with a flat output surface. 

PEMLM structure modifications for special applications or for a simpler device are 

also possible. 

Visible Photocathode Fabrication 

A visible photocathode transfer system designed and constructed at MIT 

(Dillon 1981) is being investigated for the fabrication of high-sensitivity and high

speed PEMLMs. The system consists of two separate vacuum chambers. The 

photocathode is fabricated in one chamber and then transferred and sealed onto the 

other chamber, which contains the rest of the PEMLM. Fabrication of the visible 

photocathodes is generally accomplished in two steps: the evaporation of an 

antimony film on a glass substrate and the exposure of this film to alkali vapors, 

usually at an elevated temperature (Sommer 1968). 

As mentioned in Chapter 4, ultra-high vacuum is necessary for a high 

quantum efficiency photocathode to survive due to the low work function of the 

photocathode materials (a monolayer of contamination will destroy the cathode). 

Therefore, the fabrication of visible photocathodes is usually preceded by degasing 

the device at high temperature (> 250°C) for a long period of time. The 

nitrocellulose membrane is not compatible with high-efficiency photocathode 

fabrication because of its low decomposition temperature (~1600C). However, 

inorganic polymer membrane materials such as polyphosphazenes (McCaffrey et a!. 

1985), which were developed for high temperature membrane separation 

applications, seem to be more promising. These materials are stable up to 350°C, 

and the membranes can be fabricated in forms that are suitable for the PEMLM. 

Investigations on these materials are currently under way. 
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MCP Polishing 

Polishing an MCP, which consists of more than 106 tiny pores in a glass 

substrate less than 2 mm thick, is not a trivial process. MCP polishing was 

attempted with only very limited success during this research. The abrasive tended 

to fill the MCP pores and the MCP could not be completely cleaned after the 

polishing. However, if the channels can be pre-filled with a suitable material that 

is hard enough to avoid the accumulation of the abrasive and can be removed by 

solvents that are not harmful to the MCP itself, the MCP might be polished to at 

least one wave of flatness. 

With a flat MCP, the gap distance can be significantly reduced which, in 

turn, reduces the required transparent-electrode bias voltage. The reduced gap 

distance should not increase the response nonuniformity because a smaller tilt is 

required, because of the reduced diffraction spot size. Also, as mentioned in 

Chapter 2, the smaller gap enhances the operation of the ramped electron -depletion 

mode. Moreover, the rough spots on the surface figure, which are responsible for 

the point emission between the membrane and transparent electrode, are removed 

by the polishing process. Higher bias voltage can be applied for a given gap 

distance to improve the phase-modulation dynamic range and to lower the halfwave 

charge density (which results in a faster device). The higher bias voltage implies 

that MCPs with a smaller pore size will increase the resolution of the device. 

A more compact PEMLM design is also possible with a flat MCP. The 

MCP plus the monolithic grid structure and membrane array can be directly 

pressed against the transparent electrode with an intervening thin spacer. The glass 

substrate carrying the photocathode can also be placed up against the input 

electrode of the MCP. The resulting PEMLM thus takes the form of a compact, 

robust sandwich. 
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New Device Structure 

In the PEMLM, signal transformations are accomplished by separate device 

components, permitting the independent control of each transformation and allowing 

for modifications of the device for specific applications. For example, an electron 

gun can be employed in the place of photocathode to address the MCP. Since the 

electron-beam technology (a highly developed and well-understood technology) is 

fully compatible with current PEMLM design (Schwartz, Wang, and Warde 1985), 

incorporation of an electron gun should be straightforward. Such an electron

beam-addressed PEMLM offers the capability of processing optical data fields with 

electrical signals, making it ideal for the interface between electronic and optical 

processors. 

It is also possible to simplify the current PEMLM design to a device with 

no transparent electrode. Eliminating the transparent electrode relieves the 

performance limitations imposed by MCP nonflatness. fn this simplified device, the 

grid voltage is responsible for controlling the charge integration and membrane 

deformation. However, the small effective grid-to-membrane spacing indicates that 

the grid voltage might be inefficient in fulfilling its purpose. Further theoretical 

and experimental investigations are required to verify the feasibility of such a 

modification. 



APPENDIX A 

NUMERICAL MODELING OF PEMLM 

Although the parallel-plate model of the PEMLM is convenient for giving 

a functional relationship between the device parameters and performance features, it 

neglects the radial variation of the potential distribution, which could have 

significant effects on the shape of the membrane. This appendix describes a 

numerical method that can be used to calculate detailed potential distribution and 

membrane shape for any given membrane charge density. 

Potential Distribution 

The potential distribution, cfI(r,z,6), inside each PEMLM resolution element 

with a charge-free membrane can be found by solving Laplace's equation in 

cylindrical coordinates (Lorrain and Corson 1970). For the boundary conditions 

shown in Fig. 2.7, Laplace's equation can be written as 

(A. I) 

Note that when r = 0, the second term in the above equation must be evaluated 

by L'Hospital's rule (Thomas 1970), and Eq. A.I becomes 

for r = O. (A.2) 

If the partial derivatives are approximated by the differences between the 

neighboring potential values (Hildebrand 1974), i.e., 

~~ ~ 2~r [cfI(r+~r,z) - $(r-~r,z)] (A.3) 
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(A.4) 

(A.S) 

Laplace's equation can then be rewritten as 

(fr2 + ;r) 4»(r,z) = t&1r2 [ 4»(r+t&r,z) ~ 4»(r-t&r,z) ] + t&~ [ 4»(r,z+t&z) + 

4»(r,z-t&z) ] + 2r~r [ 4»(r+t&r,z) - 4» (r-t&r,z)], for r F 0, (A.6) 

and 

(t&~2 + t&~2) 4»(r,z) = t&;2 [ 4»(r+t&r,z) + 4»(r-t&r,z) ] + 

t&~2 [ 4»(r,z+t&z) + 4»(r,z-t&z) 1. for r = O. (A.7) 

When the membrane is charged with O'(r), the potential at the location of 

the membrane can be evaluated from following boundary conditions (Lorrain and 

Corson 1970): 

[.... ....] '" 
ER (r) - EL(r) . nCr) = O'(r)/Eo' (A.8) 

.... .... 
where ER and EL are the electric field strength at the right and left of the 

.... 
membrane. By using the relation E = -V4», Eq. A.8 can be converted to 

4J(r,z') = ~ [ 4»(r,z'+t&z) + 4»(r,z'-t&z) + O'(r, E~')t&z ]. (A.9) 

where (r,z') are the coordinates of the point where the potential is being evaluated. 

Since there are no charges elsewhere inside this resolution ~lement, Eq. A.6 and 

A.7 can be used to determine the rest of the potential distribution. 

Equations A.6, A.7, and A.9 can be evaluated by an iterative-relaxation 

method (Hilderbrand 1974; Lorrain and Corson 1970), which starts the calculation 
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with estimated potential values at discrete grid points inside the resolution element. 

In each iteration, the estimated potential at each point is replaced by a new value 

calculated from its neighboring points. The iteration is repeated until the desired 

accuracy is reached. 

~embrane Shape 

If the potential distribution is known for a given membrane charge 

... 
density, the pressure per) experienced by the membrane can be calculated from the 

electric fields at the vicinity of the membrane (Purcell 1965), i.e., 

(A. to) 

The radial component of the pressure is neutralized by the membrane tension, and 

... 
the z-component of Per) can be approximated by 

Pz(r) = -;~~ [ cI»(r,z'+~z) - cI»(r,z'-~z) ]. (A. I I) 

The membrane shape can then be obtained by solving 

= - ;~! [ cI»(r,z'+~z) - cI»(r,z'-~z) ], (A.12) 

where T is the membrane tension and Z is the membrane deflection. If the 

derivatives of Eq. A.12 are expressed in terms of differences of membrane 

deflection at N discrete membrane locations, Eq. A.12 results in N simultaneous 

equations, which can be solved for N membrane-deflection values. The solution 

can be found by the standard Gauss' elimination technique (Conte and de Boor 

1980; Hildebrand 1974). 
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A computer program was written to calculate the potential distribution 

and membrane shape. Since the potential distribution and membrane shape are 

mutually dependent, an iterative approach was used to find the appropriate 

membrane shape and potential distribution for a given charge density. The 

program first evaluated the potential distribution for an undeClected membrane with 

the given charge density, then a membrane shape was calculated. The new 

membrane shape resulted in a new potential distribution, from which an updated 

membrane shape could be obtained. This process was repeated until the membrane 

shape and potential distribution reproduced each other. The calculated potential 

distributions and membrane shapes are illustrated in Figs. 2.7, 2.8, and 2.9. 



APPENDIX B 

SCHLIEREN IMAGING SYSTEM DETAILS 

This appendix provides some details of the schlieren readout optics 

analysis. These details include the propagation of a wave field in an optical 

system. sensitometry transfer function for 1-0 parabolic membrane array. and an 

extension of the sensitometry analysis to 2-D membrane arrays. 

Wave Propagation in Schlieren Imaging Systems 

The propagation of a wavefront in schlieren imaging systems is briefly 

reviewed here. Since the major results are well known. they are given here 

without detailed derivation. 

By using the Rayleigh-Sommerfield integral and Fresnel approximation. it 

can be shown that the wave propagation in free space can be modeled as a shift-

invariant system (Goodman 1968). If u.(.t) is the field distribution in plane z = O. 

the optical field in a plane that is parallel to and at a distance z away from the 

z = 0 plane is given by 

or equivalently. 

eikz 
uz(.t) = ~ [uo(.t) •• 

II\Z 
(B. I) 

(B.2) 

where .t is the position vector on the x-y plane. R. is the Fourier transform 

conjugate of .t. and e.~kz eiuz/Xz is the point spread function of ,the free space. 
II\Z 

102 ' 



103 

Using Eqs. B.l and B.2. and knowing that the effect of a lens on an 

optical field is a phase transformation (Goodman 1968). the light distribution in the 

image plane of the schlieren imaging systems in Figs. 3.2a and 3.2b are. 

respectively. 

v(.C) = - e~!~f eiu2f).f [u(-t>.. TU:/Xf)]. (B.3) 

and 

(B.4) 

Here u(t) is the input field distribution in the object plane of both systems and 

T(.(/Xf) is the Fourier transform of the filter function located in the Fourier plane. 

Note that the main difference between these two system is the quadratic factor in 

Eq. B.3. 

Sensitometry Relation for 1-0 Parabolic Membrane Elements 

For a parabolic membrane element of width a and depression Ii. the shape 

factor glh(x) in Eq. 3.1 can be expressed as 

for -a/2 ~ x ~ a/2 

= 0 for -p/2 < x < -a/2 and a/2 < x < p/2 . (B.5) 

Integration of Eq. 3.6 results in following zero-order and first-order sensitometry 

functions (Gradshteyn and Ryzhik 1965) 

dO-d) J k~l [C cos2k(li-gl) - S sin2k(li-gl)] • (B.6) 
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and 

(B.7) 

Here 

Q: = 'll'd 

The results of the numerical evaluation of Eq. B.6 and B.7 are illustrated in 

Chapter 3. 

Schlieren Sensitometry for 2-D Membrane Arrays 

Since the structure of the MCP pore is hexagonal. the centers of 2-D 

membrane elements can be located at the intersections of two families of lines, i.e., 

2x-y-2np = 0 and 2x+y+2mp = 0, where m and n are integers. As illustrated in 



105 

Fig. B.la, the intersections Corm a skew lattice g(x.y), which can be represented as 

00 00 

g(x.y) = L L 6(2x-y-2np) 6(2x+y-2mp). (B.8) 

n=-oo m=-oo 

From the scaling property oC the delta Cunction, g(x,y) can be rewritten as (Gaskill 

1978) 

00 00 

g(x.y) = ! LL ( 
m+n ) 6 x-~ p 6(y-mp-np). (B.9) 

n=-oo m=-oo 

For mathematical simplicity, all the membrane elements will be assumed to 

have same deflection. Then the 2-D waveCront oC the readout beam can be 

expressed as 

[..fi4Y2] ( ) '2k u(x.y) = Cyl D Hex~, ~ e1 glh(x.y) 

Here Hex( ~. ~) is defined as 

Hex(! Y) = 1 p'p 

= 0 

.. ! L L 6( x- m;n ) 6(y-mp-np) 

m n 

for x and y inside the shaded area in Fig. B.l a, 

elsewhere. 

(B.I0) 

(8.11) 

Here h(x.y) is the membrane shape, a is the membrane diameter. and D is the 

diameter oC the readout beam. The Fourier spectrum in the Cocal plane of the 

imaging lens is 

-----------------
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4~2 L L 6( ~- m;n) 6( ~- ~~n) . (B.] 2) 

m n 

Similar to the ] -0 case. the Fourier spectrum of the phase modulation is 

a repeating spatial spectrum located on the reciprocal lattice of Eq. B.2. as shown 

in Fig. B.l b. As in the 1-0 case. ~ = (m+n)/p and ~ = (m-n)/2p are substituted in 

the double Fourier transform expression (Eq. B.12) to evaluate the sensitometry 

transfer function for the (m.n)th-order schlieren readout images: 

Is (g )1 2 = -] If f H( ~ I) ei2kglh(x,y) 
m.n I 4p2 p'p 

-i21rP( m;n x + (m-n)y) 
. e dxdy 12• (B.13) 

Numerical evaluation of Eq. B.] 3 for piston and parabolic membrane 

elements resulted in similar transfer functions to shown in Figs. 3.4a and 3.4b. 

---------------------_ .. _._._--_ .. _ ... _---_._-- - ...... . 
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Fig. B.t (a) Hexagonal and (b) Reciprocal Lattice of Mep Pores 
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APPENDIX C 

MEMBRANE DYNAMIC RESPONSE 

Membrane's dynamic response to the bias voltages applied to the 

transparent electrode can be modeled as a damped harmonic oscillator. Assume 

that the driving force is spatially uniform, then membrane deflection, Z, is governed 

by (Kreyszig 1975) 

(C. 1) 

where M is the membrane mass density, 'Y is the damping constant, T is the 

membrane tension, and P(t) is the driving force per unit area. For a parabolic-

shaped membrane of radius R, the last term on the left-hand side of Eq. C.l is 

-(4Z/R2
), and Eq. C.l becomes 

a2z + 'Y az + ,_. 2Z = P(t) ae at"'o M' (C.2) 

Here 

(C.3) 

is the lowest resonant frequency of the oscillator. 

Techniques for solving Eq. C.2 can be found in any textbooks that deal 

with harmonic oscillations (Feynman 1963; Kreyszig 1975); the membrane's response 

to sinusoidal and rapidly ramped bias voltages will be discussed below. 

108 
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Sinusoidal Response 

The sinusoidal membrane response is characterized by a resonance that 

occurs when the frequency of the driving force. w. is equal to WOo The amplitude 

of membrane vibration falls off as the W is tuned away from WOo The full width 

at half the maximum (FWHM) height of the (amplitude)2 vs Wo curve is 

approximately equal to 'Y. if the damping is small (Feynman 1963). An 

experimentally measured response curve is shown in Fig. 5.4. 

Ramp Response 

The membrane deflection for a rapidly ramped bias voltage. as illustrated 

in Fig. C.la. can be obtained by separately solving Eq. C.2 in regions I. II. and III. 

By having Z(t) and aZ(t)/at continuous at the boundaries of these regions. the 

solutions result in membrane responses shown in Figs. C.2b and C.2c. for two 

different ramping rates. Note that when the driving voltage is ramped fast enough. 

the resonant membrane vibration can be activated and is superimposed with the 

apparent response to the ramp. Figure 5.5 illustrates the experimentally measured 

ramp response of a PEMLM. 
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