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ABSTRACT 

The topic of dissertation is on the development of a miniature imaging device 

named as multi-modal miniature microscope [a.k.a. 4M Device]. Generally speaking, the 

development of an optical imaging device involves three main processes: optical design, 

fabrication and metrology. They are interdependent and often comprise a feedback loop. 

This dissertation will address these three processes sequentially. The 4M device is 

miniature compound microscope consisting of miniature optics, electronic imaging 

device, and mechanical device. Every component is integrated on single silicon substrate. 

The main purpose of 4M device is to provide an imaging capability for the detection of 

pre-cancer without biopsy. It uses a novel optics called hybrid lens that is fabricated by 

using a grayscale photomask and photolithographic technique. The hybrid lens is made of 

sol-gel material and glass substrate. It has 1.2mm of diameter and its surface is conic. 

Given lens design constraints from the fabrication, the series of lens design for 4M device 

are implemented and presented. Each design delivers diffraction-limited imaging 

performance with N.A ranging from 0.4 to 0.7. The 4M device that is currently built has 

0.4 of N.A. The imaging quality assessments of 4M device are also implemented in 

quantitative and qualitative ways. There are two instruments for imaging quality 

assessment: Multi-modal imaging testbed for entire imaging device and Shack-Hartmann 

wavefront sensor for individual element. The qualitative assessment includes multi-modal 

imaging experiments under different illumination modes. The object is a cervical cancer 

cell prepared by Dr. Kortum's Group at Univ. of Texas at Austin. The qualitative 

assessment includes the surface characterization and wavefront measurement of 
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individual optics and the MTF measurement of entire device. The results of imaging 

quality assessment show the potential of 4M device for medical imaging device. They 

also explain the degradation of imaging quality. 
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1. INTRODUCTION 

1.1. BACKGROUND 

Miniaturization has been a dominant trend for the past fifty years in many aspects. 

It inspired the revolutions in integrated electronics that changed every bit of our lives in 

the last century. The spectacular developments of the personal computer in the last 20 

years and the Internet during last decade are indebted to the miniaturization of electronic 

and photonic devices. It is difficult to exaggerate the importance of the miniaturization. 

Its success in some technology areas has inspired attempts to adapt miniaturization to 

other areas. Optical imaging devices cannot be an exception to this irresistible trend. 

Optical imaging devices were previously designed for naked eyes or films. Now, 

observers do not often look as often into an eyepiece or film as they did even recently. 

Instead, they watch high-definition monitors that display images created by an electrical 

imaging device. 

While electronic imaging devices are developed very well and becoming 

miniaturized, miniature optics and miniature imaging devices are under active 

development. The advantages of miniaturization of imaging devices include portability, 

better accessibility to imaging targets and easy adaptation to other devices. This 

dissertation will discuss the design, fabrication, and metrologies of a miniature imaging 

device, specifically, a miniature microscope for medical imaging applications. 

The classical microscope has a long history and extended human perception to the 

microscopic world since its invention. Perhaps the most famous early pioneers in the 
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history of the microscope are Digges of England and Zacharias Janssen of Holland. 

However, Antony van Leeuwenhoek in Holland must also be given credit for the early 

development of the microscope. Although he is not the first person to invent a 

microscope, his microscope was the best in his period. He used it to observe bacteria 

(from teeth scrapings), protozoans (from pond water) and helped to prove the theory of 

blood circulation. [1]. 

Focus Knob 

Objective 
Leeuwenhoek 
Microscope 

(circa late 16008) 

Sample 
Translator 

The First 
Compound 
Microscope 
(circa 1S95) 

Sample Holder 

(b) 

Figure 1.1. Microscopes in 1?"^ century. Figure (a) shows compound 
microscope invented by Zcharias Janssen and figure (b) shows a simple 
microscope invented by Dutchman Leeuwenhoek. Courtesy of Michael 
W. Davidson [2]. 

Holland remained a center for microscope development and the compound 

microscope was developed there around the beginning of the 17'^ century. Due to 

problems of chromatic and spherical aberration, the compound microscope was probably 

less effective than Leeuwenhoek's simple lens, but it was easier to use and became the 

most popular type of instrument by the early 19'^^ century. 

Chromatic aberration remained a serious problem until the middle of the 19*^^ 

century. Once the dispersion of light in glass was understood, and a suitable variety of 
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glasses became available, it was possible for both microscope and refracting telescope 

designers to improve performance. Multi-element objective lenses were perfected. 

Spherical aberration was dealt with as lens designers and lens makers developed the 

mathematics and manufacturing skills to handle non-spherical surfaces with precision. 

It is essential to have a good illumination system for full performance of high 

power objective. The sub-stage mirror and condenser lens with light source became 

common. Koehler in Germany invented the illumination arrangement named after him 

which continues to be the most popular illumination system in various microscopy areas 

even today. 

At the start of the 20th century, microscopes had achieved the theoretical limits of 

imaging performance predicted by the wave nature of light. The microscope had by now 

taken on close to its modem form [see Figure 1.2]. By this time, advances in techniques 

for preparing specimens meant that observers could use thin, flat samples obtained by 

embedding and sectioning or by grinding and polishing. 

Along with the accomplishment of diffraction-limited imaging performance, 

many new technologies were invented and microcopy has evolved into many different 

forms to improve contrast in the same century. Oblique illumination, dark-field 

illumination and its colorful Rheinberg offshoot use scattered light from the imaging 

target. Polarization filters provide information about an object's ability to rotate polarized 

light. 
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Figure 1.2. Modem microscopes in 20th century. Figure (a) shows 
standard microscope using natural light from Carl Zeiss (1930s) and 
figure (b) shows the state-of-the-art microscope from Olympus. 
Courtesy of Michael W. Davidson [2]. 

The best-known of these innovations is the phase-contrast design invented by 

Fritz Zemike and brought onto the market by Zeiss between the two world wars. The 

phase-contrast technique effectively converts subtle phase differences into visible 

amplitude differences. Later developments include the differential interference contrast 

(DIC) method invented by G. Nomarski. An important feature of DIC images is a relief 

appearance or shadow-cast effect. Working with the phase contrast technique, DIC is 

very useful to examine unknown specimens. More detail can be found in other literature 

[3]. 

Fluorescence microscopy, first tried early in the 20th century and manufactured 

around 1960, is another method of introducing visible contrast into an object by rejecting 

unwanted wavelength, usually excitation wavelength, and accepting emission wavelength. 
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The emission spectra also provide information about specimens. Due to this advantage, 

the fluorescence microscope has very wide applications, especially in biology and 

medicine. It has become a useful tool in many areas including cell biology, microbiology, 

bacteriology, hematology, genetics, histology, with particular reference to bone tissues, 

cyto- and histochemistry, and botany [3]. 

By about 1970, the optical microscope had again reached a state which seemed 

incapable of further improvement. But the confocal technique invented by Marvin 

Minsky in the US about 1960 was already in use (though little known), and today's laser 

confocal scanning instruments derived from it have made further advances possible by 

the removal of out-of-focus blur and better penetration of thick samples, that is, optical 

sectioning [4]. 

Further innovation since 1985 has once more taken light microscopy way beyond 

the limits of what was once thought possible. The near field microscope uses a scanned 

probe with an aperture much smaller than a wavelength of visible light. Useful 

resolutions of around 1/40"^ of a wavelength are possible with equipment of this type, the 

scanned aperture being used either to illuminate the object. 

Another recent innovation is the multi-photon fluorescence microscopy that 

solves the problems of photo-bleaching and photo-damage in confocal fluorescence 

microscopy. The multi-photon fluorescence microscope has emerged as a new optical 

sectioning technique. In this type of microscopy excitation is confined to the optical 

section being observed, generally by the process of 2- photon absorption. That is, the 

wavelength of excitation beam is twice that of emission beam. 
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Up to now, the innovations in microscopy had been focused on the improvement 

of resolution or contrast. Microscopy is about to undergo another renaissance due to the 

application of miniaturization techniques. 

The University of Arizona is developing a miniature microscope that can support 

multiple imaging modalities including reflectance imaging, fluorescence imaging, and 

optical sectioning. For this reason, the device is named the multi-modal miniature 

microscope (4M]. The 4M device is being developed to detect curable pre-cancers at the 

early stage. These pre-cancers are characterized by molecular and morphological changes 

such as increased nuclear size and increased nuclear to cytoplasmic ratio. The morbidity 

and mortality of cancers are reduced significantly by early detection of pre-cancer [5]. 

The details of the 4M device will be introduced in the following chapters. The 4M 

device will have broad applicability in many organ sites due to its very compact size and 

capability for microscopic imaging. The first target will be the oral cavity and the cervix. 

The 4M device consists of miniature optics fabricated by grayscale photolithographic 

techniques, an illumination system, an opto-mechanical device and a CMOS image 

sensor. The miniature optics is made of hybrid sol-gel material and designed to be 

refractive in function. These components are all integrated on single silicon substrate, 

called the micro-optical table. 

1.2. GOAL AND OUTLINE OF DISSERTATION 
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Generally speaking, the development of an optical imaging device involves three 

main processes; optical design, fabrication and metrology. They are interdependent and 

often comprise a feedback loop. 

Optical Fabrication 
Design 

Metrology 

Figure 1.3. Development loop associated with an optical imaging 
device. 

However, the loop in Figure 1.3 for the 4M device is incomplete. The optical 

design had never been performed under the constraints given by the hybrid sol-gel 

material and grayscale photolithographic process before starting the development of 4M 

device. The metrology for miniature optics is not developed. The imaging quality 

assessment for miniature imaging device is an unexplored area. One of the key questions 

in the development of the 4M device is to assess and demonstrate the imaging quality of 

4M device as a medical imaging device. In order to answer this question, it is required to 

develop the metrology tools specialized for miniature optics and miniature imaging 

devices. The metrology and imaging-quality assessment play a role of a guide to 
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determine how the development is progressing. These assessments also provide insight 

into the causes of imaging quality degradation and how to improve the imaging quality. 

This dissertation tries to answer the questions encountered during the 

development of the 4M device. The dissertation's main goal is to complete the loop of 

development process in Figure 1.3. 

The optical design of the 4M device will be discussed in chapter 2. It includes a 

review of principles and design of classical microscope objective, the lens design of a 4M 

device based on sequential ray tracing, and the stray-light analysis based on non

sequential ray tracing. 

The fabrication and assembly of miniature optics will be discussed in Chapter 3. 

This chapter will provide a brief explanation of the chemistry of hybrid sol-gel material. 

It will discuss the fabrication procedure of hybrid sol-gel optics and the assembly 

procedure of the 4M device. 

Chapters 4 and 5 will be dedicated to the development of the metrology 

instruments including a multi-modal imaging testbed and a specialized Shack-Hartmann 

(SH) wavefront sensor. The multi-modal imaging testbed was built for measuring the 

first-order properties and measuring the imaging quality of a 4M device in multiple 

modalities. Chapter 4 will discuss the design and construction of the multi-modal 

imaging testbed. While the multi-modal imaging testbed is supposed to assess the 

imaging quality of a 4M device, the SH wavefront sensor tests hybrid sol-gel optics in 

terms of wavefront quality. Chapter 5 discusses the mathematical background of this test 
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method, introduces new methodologies for use in a Shack-Hartmarm wavefront sensor, 

and presents an accuracy and precision analysis. 

Chapter 6 will present the metrology results of a prototype 4M device. It will 

show the first-order properties and the quantitative and qualitative imaging qualities of 

the prototype 4M device. Causes of imaging quality degradation will be discussed based 

on the metrology results of hybrid sol-gel optics using the Shack-Hartmann wavefront 

sensor and a commercial optical profilometer. 

This dissertation concludes with a review of the accomplishments and future 

directions in the development of 4M devices. 
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2. OPTICAL DESIGN: SEQUENTIAL AND NON-SEQUENTIAL DESIGN 

2.1. INTRODUCTION 

This chapter starts by reviewing the mathematical background of the automatic 

lens design, so called optimization. The mathematics behind the optimization is rarely 

addressed in any optics context these days although it was under very active debate thirty 

years ago. Since then, it has been forgotten by optical engineers. However many 

commercial lens design programs have an optimization routine uses same mathematics 

developed at that moment. It may be a good start of the chapter to have a solid 

mathematical background of the optimization. The optical design of 4M device is also 

highly dependent on the optimization. 

The principles and classical designs of a microscope objective are revisited in the 

second section. They are the basis of optical design of the 4M device. We can find out 

how the classical design rules are adopted for miniature imaging devices that is fabricated 

with the novel process. The optical design of 4M device will follow. 

Like other conventional microscopes, the 4M device deals with an object 

producing very weak signal such as cancer cells. The non-sequential ray tracing is 

utilized for the stray light analysis. The stray light is the unwanted optical energy caused 

by scattering and reflection of components and degrades the imaging quality of imaging 

devices. Its behavior is close to random and hard to predict in a real experiment. The non

sequential ray tracing simulates the optical phenomena in a very realistic manner to 

provide the useful information about the stray light. 
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2.2. OPTIMIZATION: DAMPED LEAST SQUARE 

In the period of the personal computer, it is unthinkable that there exist a lens 

design independent on the automatic procedure so called, 'optimization'. Although a lens 

designer must provide automatic lens design code with initial design not very different 

from final design, it is an undeniable fact that optimization speeds up lens design 

procedure tremendously and encourages people who never learned lens design in school 

to create their own designs or modify classical lens designs suitable for their purpose. 

Unfortunately, the splendid development of optimization causes unwanted side effects 

such as lack of understanding lens design theory and overconfidence of optimization. 

Now the definition of lens design must include understanding of how optimization works 

inside lens design codes and how lens designers lead optimization to keep it from being 

lost in hyper dimensional space of merit function. 

We discuss the mathematics behind optimization procedure in commercial lens 

design code. The most popular algorithm for optimization procedure is Damped Least 

Square (DLS) because it has shown excellent performance to find out local minima of 

merit function x'^ that has non-linear dependency [1, 9]. DLS has also been known as 

Levenberg-Marquardt Method to computer scientists, which was suggested by Levenberg 

and implemented by Marquardt [10, 11]. 

Originally Levenberg-Marquardt method was designed to fit data to a "model" 

that depends on adjustable parameters. The model can be set of convenient polynomials 

or Gaussians and the fitting produces appropriates coefficients. The same techniques used 



28 

for fitting can be applied for estimating misalignments in the sense of minimization of 

merit function (also called figure of merit function). Let's start with defining merit 

function. The model function to be fitted is 

and a set {j^, } is the measurement data. The corresponding merit function is 

The vector a contains unknown parameters to be estimated and cr- is the 

uncertainty in measurement. In lens design, a model function would be replaced with 

current values such as aberration or focal length and measurement data would be replaced 

with target values. The parameters consist of radii of curvature, thickness, glass materials 

etc. The optimization minimizes Eq. 2.2 by adjusting parameters in model function. The 

reciprocal of uncertainty cr,. is called as weight applied to parameter. There are 

instances that the weight is negative. The parameter is treated as a Lagrangian multiplier 

that forces the optimization to find a solution within very high accuracy, regardless of the 

effect on the other parameters. The next question is how to minimize Eq. 2.2. It is 

obvious that minimizing results in estimation of parameter vector a for fitting data 

to model in least square sense. If a merit function is enough close to minima, that is a 

y ^ y { x \ a )  Eq. 2.1 

N-\ 2 

Eq. 2.2 
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lens designer starts optimization with a good initial design, it can be approximated by a 

quadratic form 

M-l- 2 
X\a) = 

2 2 

k, l  

{cik (^k,cur)'^ 

Eq. 2.3 

where M is number of parameters and k = 0,1,...., M-\. The gradient of with 

respect to the parameter vector a , which will be zero at the minimum, has 

components 

da,. 

N-\ 

1=0 

y i - y ( X i ; a )  d y ( X i ; a )  

dai 
Eq. 2.4 

By taking additional partial derivatives of Eq. 2.4 the second derivative is 

2 „2 N-\ . 
d y ( x i ; a )  d y ( x i ; a )  _ _  

dai dui^dai 
Eq. 2.5 

can be written in vector form for the simplicity's sake. 

X ^ { a ) K . y  - ~ d -  ( a  - a c u r )  +  ̂ i a  -  a c u r ) - D -  ( a - U c u r ) .  Eq. 2.6 

The vector d  and matrix D  contain gradient and second derivative of merit 

function respectively. The matrix D is called the curvature matrix and equal to one-half 
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times the Hessian matrix. If the approximation in Eq. 2.6 is good and Ucw is close to 

minima, small step of Sa can lead merit function to a minima, equivalently, 

Vx\a,,,+da) = 0. Eq.2.7 

Therefore the condition for minima can be derived by plugging Eq. 2.6 into Eq. 

2.7. 

D - Z = d .  E q . 2 . 8  

—^ 

This equation is solved for the increments vector Sa that, added to the current 

approximation, give the next approximation. Note that the component of curvature matrix 

depend both on the first derivatives and the second derivatives of the model function with 

respect to their parameters. Generally the second derivative term is regarded as negligible 

in practice. There are a few comments for justification of this dismissal [9]. The second 

derivative term in Eq. 2.5 can be dismissed when it is zero, or small enough to be 

negligible when compared to the term involving the first derivative. Another possibility is 

the amplitude of term multiplying the second derivative term, that is, [y,- -y(Xi;a)]. For 

a successful model, this term should be the random error. This error can have either sign, 

and should in general be uncorrelated with the model. Therefore, the second derivative 

terms tend to cancel out when summed over i. In lens design, several authors mentioned 



the reasons for neglecting the mixed second derivatives [12, 13]. There were also several 

attempts to include second derivative term for improving convergence [14, 15, 16]. 

Readers may assume that the task is done by solving Eq. 2.8. It is called the 

inverse-Hessian method. However, what happens if the approximation is poor and is 

far from true minimum? Here the insights of Marquardt and Levenberg are introduced. 

Marquardt has put forth an elegant method, related to an earlier suggestion of Levenberg, 

for varying smoothly between the extremes of the inverse-Hessian method and the 

steepest descent method. The latter method is used far from the minimum, switching 

continuously to the former as the minimum is approached. The steepest descent formula 

is 

costant xSai=di. Eq. 2.9 

where da, and di are f element of vector da and d respectively. 

The method is based on two elementary, but important, insights. It starts with 

asking about the constant in Eq. 2.9. We do not have any clue about what it should be. 

There is no information about the answer in the gradient. Marquardt's first insight is that 

the components of the Hessian matrix, even if they are not usable in any precise fashion, 

give some information about the order-of-magnitude scale of the problem. By looking at 

the dimensionality of the constant which must have the dimensions of a^, Marquardt 

found out the diagonal term of curvature matrix could be a candidate of constant. Since 
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there is concern about magnitude of diagonal terms, the damping factor A, is introduced. 

Therefore, Eq. 2.9 becomes 

I D i i x S a i  = d i .  Eq. 2.10 

where Dn is a l"' diagonal term of curvature matrix. 

Marquardt's second insight is that Eq. 2.8 and Eq. 2.10 can be combined by 

introducing new curvature matrix. 

In principle, the Levenberg-Marquardt method varies smoothly between Eq. 2.8 

and Eq. 2.10 by adjusting diagonal elements of D. When X is sufficiently large, new 

matrix is D is forced to be diagonally dominant and Eq. 2.12 gets similar to Eq. 2.10. hi 

other words, diagonal elements in matrix D are our choice of steepest descent direction. 

Oppositely, if A, is very small, matrix D returns to original matrix D so that Eq. 2.12 is 

equivalent to Eq. 2.8. It is obvious that either Eq. 2.8 or Eq. 2.10 require iterations until it 

reaches local minima. Given an initial guess for the set of fitted parameter vector a, the 

recommended Marquardt recipe is as follows: 

D = ^ ( \  +  X I ) D ,  Eq. 2.11 

where / is an identity matrix. Let's plug Eq. 2.11 into Eq. 2.8. 

b - ^  =  d .  Eq. 2.12 
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I. Cova^uiQ (^) • 

II. Pick a modest value for A, say X =0.001. 

—> , 

III. Solve the linear equations in Eq. 2.12 for da and evaluate + 

IV. If ^ ifl)»increase /I by a factor of 10 and go back to step III. 

V. If ^fa+&J < 2"^decrease A by a factor of 10 and go back to step III. 

The step III uses the normal equation for solving linear equation. Due to this, it is 

often seen to find the parameters wandering around near the minimum in a flat valley of 

complicated topography. Along with damping factor, this is why Levenberg-Marquardt 

Method is also called DLS. 

The actual implementation of DLS in lens design requires some additional steps 

[17]. The gradient vector and curvature matrix should be calculated. Generally the 

calculation is done by using finite differences. The step length used in computing the 

derivative is important because of the probability of local non-linearity. It would be most 

useful to use a derivative step that is comparable with the required parameter change. 

Unfortunately, this change is not available prior to the computation. The usual process is 

to make a parameter step that produces approximately the same amount of model 

function change (aberration change in lens design) for each of the parameter. For 

instance, let's assume radii of curvature as parameters. It is necessary to calculate the 

curvature step to provide a few wavelength of optical path change at the edge of the clear 

aperture. 
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In a result, all of derivatives are more or less the same size or at least within a 

couple of orders of magnitude of each other. Derivatives can be computed using one of 

several formulae. While this may appear to be more rapid in computation, the probable 

cross-coupling between some variables is quite complicated to include in such 

computations. With present high-speed computers, the programming of finite-difference 

derivatives usually is superior to other apparently clever computation schemes. 

One may ask about why DLS is so successful in lens design since its invention in 

1944. There are several good reasons for the success of DLS [18]. First, it is a least-

squares method, and the merit function is defined as a sum of the squares of a set of 

parameters. Second, DLS automatically gives the best set of parameter changes for a 

given distance in parameter space. This best set of parameter changes is very effective 

when a program has to make a series of large changes over much iteration to minimize 

high-order aberrations. Third, although the aberrations are non-linear functions of the 

parameters, near to the minimum the aberrations are linear. Last, a feature of the DLS 

method is that it does have information about the first derivatives of the components of 

the merit function and not just of the merit function itself Thus, the amount of 

information available is much greater than in methods that only consider the merit 

function as a whole, such as the Simplex method. 

2.3. THE BASIC OF MICROSCOPY 
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A simple microscope, that is, single magnifying glass, produces magnified images 

of microscopic objects by locating them at or inside front focal point. Let's assume a 

magnifying glass whose focal length is f. 

Zn 

h' m 
Objcct 

Image 

Figure 2.1. Simple microscope. Object is located inside a front focal 
point so that an image is virtual and magnified. 

Considering object-image relationship, the image height is 

h' = h 
f 

Eq. 2.13 

and the subtended angle by image is 

a'= h 
f 

Eq. 2.14 

where is an object height and z, is image distance. When unaided eyes look at 

same size of object at 10 inch away, the subtended angle by image is 

a = 
h 

•10 inch 
Eq. 2.15 
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The magnifying power is defined by ratio of Eq. 2.14 to Eq. 2.15, that is, the ratio 

of two angles subtended by two images. This definition is a little bit confusing because 

the magnification of other imaging systems is defined by ratio of an image height to an 

object height. However, one must remember that magnification for microscope is 

differently defined from magnification and since many microscopes are designed for 

human eye, it is reasonable to compare two images, one by eyes and the other by 

microscope. The magnifying power is 

, r. 

MP = — 
a V 

1_ J_ 
/ 

10inch,  Eq. 2.16 

If an object is located at front focal points so that a virtual image is formed at 

infinity (z, = oo) and can be seen with a relaxed eye, the magnifying power is 

, 10 inch 
M P =  ^  , Eq.2.17 

Another simplest microscope is a compound microscope that consists of objective 

lens and eye lens [see Figure 2.2]. 
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Figure 2.2. Compound microscope. Objective lens creates real and 
inverted images and eye lens re-images it for eye with comfortable 
angle and more magnifying power. 

The objective lens creates real images and eye lens re-images them at a 

comfortable viewing angle and provides more magnifying power. The magnifying power 

of compound microscope is easily calculated if one regards an eye lens as a magnifying 

glass whose objects are images created by objective lens. Therefore, the magnifying 

power of compound microscope is the multiplication of magnification of objective lens 

and magnifying power of eye lens. 

Ordinary compound microscope has a tube length of 160 mm that is the distance between 

back focal point of objective lens and front focal point of eye lens. Image by objective 

lens is located at front focal point of eye lens. Therefore, the magnification of objective 

z, 10 inch 
MP = — , 

fe 
Eq. 2.18 

where is a magnification of objective and is a focal length of eye lens. 

lens can be replaced by ^ ^ 



38 

, 160 10 inch 
MP^— —, Eq.2.19 

Jo Je 

The resolution of a microscope is determined by diffraction limited PSF and 

resolution of an eye. Once a microscope has certain magnifying power such that image of 

PSF becomes equal to visual resolution, extra magnification is not necessary to provide 

visual information with observer. Let's calculate maximum MP. The diffraction limited 

PSF has a radius of 

Eq.2.20 
NA 

where /I is a wavelength and NA is a numerical aperture in an object space. It is 

equal to Rayleigh criteria for diffraction-limited optics. Eq. 2.20 becomes a lateral 

resolution of a microscope at an object plane. If an object is located at 10 inch away, the 

visual linear resolution is 0.076mm because angular resolution is one minute of arc 

(0.0003 radians). Therefore visual resolution at the object plane is 

_ 0.016mm ^ ^ 
. Eq. 2.21 

MP ^ 

The maximum MP can be obtained by equating and R^. It is 

MP = . Eq. 2.22 
A 
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Given NA of microscope and a wavelength, magnifying power beyond Eq. 2.22 is 

called "empty magnification" because an observer witnesses only magnified dots. In 

other words, the resolving power is determined not by eye but by PSF of microscope 

beyond this magnifying power. 

The natural question occurs what if electronic imaging device is used instead of 

human eyes. A microscope should create real object not virtual object like previous cases 

because electronic imaging device does not have optical power like human eye. 

Therefore the definition of magnifying power is useless here and eye lens is not necessary 

any more. Since electronic imaging device has finite size of pixels, it is unnecessary to 

have a magnification such that image of PSF is bigger than a pixel size. 

2.4. THE LENS DESIGN OF MICROSCOPE OBJECTIVE 

There are several great references discussing about the principles of microscope 

objective design [19, 20]. A microscope is designed for having high numerical aperture 

and magnification. Sometimes it is designed to work with cover glass that introduces 

significant aberration when converging beams is incident. Therefore, its contribution to 

aberration should be considered in design. Common microscope objective has 160 mm of 

image distance that is also equal to tube length. These microscope objectives are designed 

to correct aberration at this specific distance. There are infinity-corrected objectives that 

have an image at infinite distance and require telescope-type eyepiece to view images. 

The advantage of infinity-corrected objectives is to place a beam splitter to split beam 
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path without introducing astigmatism that occurs when converging beam is incident on a 

tilted plate. 

There are the tricks for lens design of microscope objective. One design trick is to 

start lens design from an imaging side to an object side. It is because beam from the 

imaging side is collimated or has low cone angle. Keep in mind that the NA is 

proportional to the difficulty in lens design. 

When a microscope objective has finite imaging plane, the most useful trick is to 

divide a microscope into two parts such as object part and image part. They are assumed 

to collimate beam from an object within a given NA tentatively. Each part is designed 

separately and is combined later with some correction of residual aberration. Let's 

imagine lOX microscope objective. If NA at object space would be 0.25, NA at image 

space should be 0.025. One can start two independent lens designs achieving two 

different NA's with collimated incident beam and combine them. It is careful to match an 

aperture size, balance aberrations, and satisfy first-order properties. 

Let's look at the classical lens design of microscope objective. Of course, the 

simplest microscope objective is single achromatic doublet or triplet that will not be 

discussed here. It is natural to think about using more than one achromate. There are 

couples of possible configurations with two achromats. One of these configurations is the 

Petzval projection lens configuration that consists of two positive achromate, usually, air-

spaced and has zero or low positive astigmatism. Although original Petzval lens was 

designed as a portrait lens for Daguerro-type camera, the modem Petzval lens has higher 

NA and shows excellent performance in small field of view, which is more adapted as 
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microscope objective. Two positive achromats divide optical power, which is a typical 

but powerful trick to calm down secondary spectrum as well as zonal spherical aberration 

and spherochromatism. The aperture stop is located at the first positive lens, which means 

negative astigmatism according to thin lens theory. Therefore, second achromate must 

have positive astigmatism to balance under-corrected astigmatism. Overcorrected 

astigmatism is determined by glass type, surface shape and so on but cemented surface 

has significant influence on it. Considering Petzval field curvature, strong negative 

surface is utilized for cemented surface or broken contact. 

The airspace between two doublets is designed to be small in order to increase 

back focal distance, equally working distance. However, it also reduces Petzval field 

curvature so that the correction of astigmatism becomes more difficult. In order to 

compensate this, field flattener is used near imaging plane but is excluded for microscope 

objective. 

Field Flattener 

Figure 2.3. Modem Petzval Lens. It consists of two achromats and a 
field flattener that compensates Petzval field curvature. However, the 
field flattener is not applicable for microscope design. The blue lines 
are a chief ray and a marginal ray. 
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Another popular classical design is Amici-type microscope objective that utilizes 

an aplanatic surface near an object plane [see Figure 2.4]. The aplanatic surface is nearly 

hemispherical and it satisfies the aplanatic conditions that have neither spherical 

aberration nor coma at all. It can afford high NA by refracting fast diverging beam from 

object to low angle beam so that following lenses can handle astigmatism. 

There are three conditions for aplanatic surface. The first one is to locate an object 

and image at the surface. The second case is that an object and image is placed at the 

center of curvature of the surface. The third case is when an object distance and image 

distance satisfy the following relation. 

where n and n' are refractive index of object and image space and R is radius of 

fl' 
curvature of surface. Ray slope is reduced by factor of — . Here is the example of full 

n 

aplanatic front in Figure 2.4. 

o 
PI 

0 

Figure 2.4. Schematic diagram of full aplanatic front. 



An object is located inside a media such as water or oil whose refractive index is 

higher than air so that it increases NA. The radius of curvature of first surface i?, is the 

third aplanatic condition and reduces ray angle by a factor of refractive index of lens. The 

radius of curvature of second surface, R2 is the second case, that is, virtual object created 

by first surface is located at the center of second surface. The radius of curvature of last 

surface R^, is third aplanatic condition again so that it reduces ray slope further. In a 

result, outgoing beam does not have any spherical aberration or coma. 

Of course, an object does not consist of single point. Amici-type objective has 

excellent performance on-axis aberration but suffers from a strongly inward-curving 

Petzval field curvature that results from excessive positive optical power of 

hemispherical surface. It degrades imaging quality of off-axis significantly. Another 

potential drawback is lateral color due to violation of symmetric configuration that is 

commonly used to reduce odd-order aberrations. Lateral color can be compensated by 

eyepieces. Secondary spectrum can be a problem too but calcium fluoride helps reduce it. 

The biggest disadvantage of Amici-type objective is short working distance as shown in 

Figure 2.4. 

Although most classical design of microscope objective suffers from Petzval field 

curvature, there is fiat-field microscope objective based on the very important principle 

that many positive and negative surfaces are utilized to reduce Petzval field curvature that 

is the summation of optical power of surfaces but still produce specified positive optical 

power. This principle is also used for the design of photolithographic camera lens. It is 
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the reason why there are so many surfaces in most photolithographic camera lens. The 

basis of flat-field objective is reverse telephoto (or retro focus) lens that has front negative 

lens and rear positive lens [see Figure 2.5]. It results in longer back focal distance than 

effective focal length and usually has a problem such as overcorrected astigmatism, 

backward curving Petzval surface, due to strong negative lens. It is often corrected by 

rear positive lens that creates under-corrected Petzval field curvature. This configuration 

is also asymmetric and suffers from odd aberrations such as coma, lateral color, and 

distortion. Each lens is achromatized so that system chromatic aberration is corrected 

overall. 

Figure 2.5. Schematic diagram of reverse telephoto lens. Front negative 
lens overcorrect Petzval surface, that is, backward curving surface. It 
often has back focal length longer than effective focal length. 

The advantage of retrofocus lens is wider field of view than ordinary microscope 

due to balance of Petzval field curvature. In original retrofocus lens design, negative lens 

is meniscus-type because stop is located at rear lens. However, in microscope, this 

requirement is not necessarily satisfied any more because its field of view is much 
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smaller than original retrofocus lens. The basic arrangement in has thick negative 

achromate in front and positive elements consisting two doublets and plano-convex lens. 

It is the unique characteristic that positive lens has relatively large diameter to cover 

converging beams from front negative lens so that flat-field microscope objective look 

bigger than ordinary one. 

Mirror also can be used for microscope. The Schwarzschild mirror arrangement is 

the basis of reflecting microscope objective. It is similar with retrofocus configuration 

because the first element is a concave mirror to provide a negative optical power [see 

Figure 2.6]. It also has back focal distance longer than effective focal length and has 

same advantages as retrofocus configuration. 

Figure 2.6. Typical configuration of Schwarzschild system. The large 
concave mirror focus diverging beam from first convex mirror. Same as 
retrofocus system, its back focal distance is longer than the effective 
focal length. 

One major drawback is that concave mirror should be several times bigger than 

Mirror 

convex mirror in order to cover diverging beams for telescope application. However, it is 
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free from spherical aberration, coma and astigmatism, not to mention chromatic 

aberration with only spherical surface. For an infinite object distance, spherical aberration 

is corrected by mirror spacing of twice focal length/, a convex radius of (Vs -1)/ and a 

concave radius of (Vs +1)/ . It is noticeable that this is a concentric system. Therefore, it 

is free of coma and astigmatism when a stop is located at the common center and an 

imaging surface has a radius off. Like a retrofocus system, it has long working distance 

for convenient use. Since it has no chromatic aberration, it is popular in infrared and UV 

region. The disadvantage of this configuration is the reduction of Strehl ratio, equally, 

area of MTF curve due to the obscuration as most mirror system. 

2.5. FIRST ORDER DESIGN AND ABERRATION CONTROL FOR 4M 

DEVICE 

The design of 4M device does not require advanced or uncommon lens design 

technique. However, there are a couple of things to be considered because a novel lens 

fabrication technique is introduced. The main component of 4M device is a hybrid lens, 

photo-lithographically printed lens that consists of glass substrate and sol-gel material. 

The sag of hybrid lens is limited up to 60 microns [21] and surface shape of each hybrid 

lens is required to be same to reduce the burden of fabrication. Hybrid lens of negative 

optical power is not feasible yet. The symmetry principle that corrects odd aberrations is 

not applicable to 4M device either. According to these constraints, only spherical 

aberration is correctable by hybrid lens and field aberration such as coma and 

astigmatism is inevitable. There is no good solution to relax Petzval field curvature 
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because every element has positive power. However, an object plane is not necessarily 

flat because object is located in aqueous media. Furthermore, final 4M device is supposed 

to have optical sectioning capability so that it can eliminate blurred images by defocus or 

field aberration. Aberrations related to Petzval field curvature such as astigmatism, field 

curvature and distortion could be compensated by optical sectioning capability. In a result, 

coma would be the biggest aberration that limits usable FOV and astigmatism would be 

next. Aspherical surface of hybrid lens also helps a lens designer to reduce spherical 

aberration. 

Figure 2.7 shows 3D plot of 4M device lens design. It is similar to Amici- type 

microscope objective. The first element provides biggest optical power to collect beam 

within designated NA and also creates highest aberrations. Three hybrid lenses have 

same conic surfaces that mainly correct spherical aberration. 

Hybrid Leases 
Imaging Plane 

Water 

Figure 2.7. 3D plot of 4M device lens design. Different color of rays 
indicates different field position. 
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All of lenses used in 4M device are plano-convex and three hybrid lenses have 

same surface profiles for easy fabrication. Lens prescriptions are listed in Table 2.1 and 

the designed first order properties are listed in Table 2.2. 

Table 2.1. Lens prescription data of 4M devices 

Lens Type 
Radius of 
Curvature 

(mm) 

Thickness 
(mm) 

Conic 
Constant 

Diameter 
(mm) 

Material 

Objective 
Lens 

0.85 0.8 0 1 LaSFN9 

Hybrid Lens 3.74 0.21 -2.84 1.2 
Sol-Gel 

and Glass 

Table 2.2. First order design of 4M devices 

Numerical 
Aperture 

Working 
Distance 

Field of 
View 

Magnification 
Working 

Wavelength 

0.4 300 |am 
250|am in 
diameter 

-4 830nm 

In order to be a medical imaging tool, the imaging performance of designed 4M 

device should be comparable to a conventional compound microscope. The optical design 

of 4M devices has been aimed to produce approximately diffraction-limited images over 

entire field of view [see Figure 2.8] in spite of constraints from fabrication. The RMS 

wavefront error over field of view is well maintained below the diffraction-limited value 

that is the straight line in plot (a) except the edge of field of view. Spot diagram in plot (b) 

shows similar aspect that spot sizes at different field positions are limited smaller than 

airy disk size that is the circle around spot diagram. 
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Figure 2.8. Imaging quality of designed 4M Device, (a) RMS 
wavefront is controlled to be near diffraction limited, (b) Spot diagram 
shows RMS radius smaller than airy disk size. 

2.6. ILLUMINATION SYSTEM DESIGN 

As in most microscope designs, the illumination system for 4M Device is a very 

critical issue because of weak signal from imaging target such as cancer cells. Modem 

microscopes have utilized Koehler illumination system since its introduction at early 

century [22]. Koehler illumination system is conceptually simple but efficient in optical 

power delivery and provides relatively uniform irradiance pattern on an object plane. 

Figure 2.9 shows schematic drawing of Koehler illumination system. 
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Light 

Object 
Plane 

Entrance Pupil of 
Imaging system 

Exit Pupil of 
Imaging system 

Figure 2.9. Schematic diagram of Koehler illumination system. 

The condenser in Figure 2.9 images a light source onto the entrance pupil of 

imaging system that will be the exit pupil of 4M device later. Notice that projection lens 

is replaced with the imaging system in Figure 2.9. The red line is a chief ray of imaging 

system as well as a marginal ray of illumination system, that is, the condenser. The blue 

line is a reverse case of the red line. In other words, the blue line is a marginal ray of 

imaging system and a chief ray of illumination as well. Generally speaking, the role of 

two rays is switched each other. In this case, an aperture stop of an imaging system has 

the same brightness as the light source. 

When an image of a light source completely fills an aperture stop, the maximum 

efficiency on image plane is achieved. On a while, the etendue will increase with bigger 

acceptance angle in object space with same size of light source. This requires condenser 

close to a light source as much as possible just before an image of a light source gets 

bigger than an exit pupil. If an image is smaller, there is a room for increase of etendue. If 

an image of a light source overfills an exit pupil, it is obvious that light is partially 
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blocked by aperture. However, it is not the whole story. Let's imagine beam bundle 

hitting at the edge of exit pupil. The center ray of beam bundle is a chief ray in 

illumination system but also marginal ray in imaging system. No ray higher than this 

marginal ray can pass through imaging system. In other words, only half of the beam 

bundle can pass through an imaging system. Considering imaging formation according to 

Fourier optics, image is constructed by spatial frequencies distributed asymmetrically 

[23]. In practice, it is recommendable to keep beam bundle passing through the imaging 

system away from a retaining cells that may cause scattering of beams. Considering this 

trade-off situation between illumination and imaging formation, it is recommended that 

around 80% of the aperture be filled. 

The key advantage of a Koehler system is the superior uniformity of irradiance 

achieved by making an exit pupil of a condenser located at object plane. Beam bundles 

from any field position on light source should be overlapped at exit pupil. This results in 

that any position on exit pupil is illuminated by beams from every field position of light 

source. In general, an exit pupil has the most uniform irradiance unless there is significant 

drop-off of intensity. Therefore, it is an obvious choice to locate an object plane at exit 

pupil of condenser. If a light source is Lambertian, the illumination uniformity on the 

object is maximized. However, the cos'' law still reduces irradiance at points off the 

optical axis. 

Figure 2.10 shows lens design of Koehler illumination adapted to 4M device. 

Different colors of lines indicate different field positions on light source. Unlike above 

explanation, the illumination propagates from image plane to object plane and 4M device 
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collects reflectance from object to form an image. This is also the basis of fluorescence 

imaging modality and optical sectioning. Keep in mind that image plane in Figure 2.10 is 

not an actual image plane but conjugate to final image plane. Since a beam splitter is 

inserted between condenser and last element of 4M device, actual optical path is bent 90 

degree so that optical path is divided into two paths for imaging and illumination. Let me 

call this conjugate plane as the image plane temporarily. 

Light Beam Object 
Source Splitter Plane 

4M Device Image Plane Condenser 

Figure 2.10. Lens design of Koehler illumination adapted to 4M device. 

In order to implement Koehler illumination, the image plane should be located at 

the exit pupil of condenser and light source should be imaged at the aperture of 4M 

device. According to these constraints, Geltech aspherical lens (350140) is selected as 

condenser. Its first order properties are listed in the Table 2.3. 

Table 2.3. First order properties of Geltech 350140 

Numerical 
Aperture 

Focal length 
Center 

Thickness 
Clear 

Aperture 
Material 

0.55 1.45 mm 1.01 mm 1.60 mm C0550 
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2.7. OPTICAL SECTIONING 

Optical sectioning that becomes essential to modem microscopy is added by 

implementing structured illumination [24]. In the optical path for illumination, a 

sinusoidal grating whose spatial frequency is sensitive to defocus is inserted so that 

region blurred by defocus can be detected by contrast reduction. Sinusoidal grating is 

inserted at the image plane in Figure 2.10. Figure 2.11 shows contrast variation due to 

object defocus in 4M device with different spatial frequency. The calculation is done in 

Zemax. As shown, the contrast reduction is dependent on spatial frequency of sinusoidal 

grating. If sinusoidal grating has 75 cycles/mm of spatial frequency, the structured 

illumination loses almost all of contrast with more than 7.5 microns of object defocus. 

The blurred image can be eliminated by discarding region that has no structured 

illumination. 

DEFOruStMICBDN) 

CIEFOCUS 

CONPICUBBTIQN 1 

25 cycles/mm 75 cycles/mm 150 cycles/mm 

Figure 2.11. Contrast reduction due to defocus of object. The contrast is 
most reduced at 75 cycles/mm. The different colors indicate different 
field positions. 
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In reality, it is necessary to take three images to reconstruct original images 

without structured pattern. The next chapter will explain the implementation of optical 

sectioning as well as the detail of theory. 

2.8. THE CONFIGURATION OF COMPLETE 4M DEVICE 

Once the lens design and illumination system is finished, the basic configuration 

of 4M device is completed. Figure 2.12 shows the conceptual geometry of 4M device. 

Every component is mounted on one silicon substrate [a.k.a., the Micro Optical Table, 

MOT] including an imaging sensor and an illumination system. The substrate dimensions 

are 13mm (L) x 10 mm (W). The objective lens is embedded inside the silicon substrate. 

A light source is a fiber-end that delivers beams from exterior source to 4M device. An 

object is located under an aqueous film. The blank lines are geometrical rays traced non-

sequentially in 4M device. 

Hybrid Lenses CMOS active- pixel 

ObjC' 

Scanning Sinusoidal Grating miagc sensor 

Folding Mirror 

Beam Splitter Condenser Lens 

* Micro Optical Table 
Water 

Figure 2.12. Conceptual geometry of 4M device. Every component 
is mounted on one silicon substrate [a.k.a., the Micro Optical 
Table, MOT] including an imaging sensor and an illumination 
system. 



Up to now, the design of 4M device is based on sequential ray tracing that has 

some disadvantages. The sequential ray tracing requires rays traced with respect to the 

pre-determined sequence of objects. It is an efficient concept for the design of the first 

order properties and aberration controls. However, the reflection or scattering from 

optics and opto-mechanical feature exists and have a profound impact on the imaging 

quality. It is called stray light that is usually harmful to imaging quality. The non

sequential ray tracing is required to simulate these phenomena and predict possible 

imaging results. 

2.9. STRAY LIGHT ANALYSIS 

Stray light is any optical power that is incident onto a designated region along any 

optical path that is not considered during the conventional optics design process. For 

instance, stray light often consists of reflection from lenses, scattering or thermal 

radiation from opto-mechanical features. 

Stray light creates ghost images or glare that reduces the contrast of an image 

formed by an imaging system. Especially when a signal is weak or the operating 

wavelength is in the infrared region where opto-mechanical features often become the 

source of thermal radiation, the elimination of stray light becomes a very critical issue. 

Anti-reflection coating on optics or painting with absorbing materials are common 

solutions for reduction of stray light. In macro-scale imaging systems, the insertion of an 

additional stop (i.e., a "glare" stop) can be an effective solution to block stray light from 

reaching a detector. The most common place for a glare stop is at an image of the 
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aperture stop, that is, where beam bundles from every field point are overlapped so that 

the cumulative size of all beam bundles becomes minimal [25]. If a glare stop has same 

size as the image of aperture stop, it does not reduce illumination while it has the best 

chance to block unpredicted, unwanted stray light. Another way to block stray light is to 

put baffles on opto-mechanical features. Baffles often become a useful tool for an optical 

system that does not have internal image of an aperture stop. The baffles are designed to 

block any optical path to a detector from an opto-mechanical feature that is directly 

illuminated. 

However, the methods mentioned here should be based on stray-light analysis. 

The stray light analysis is based on non-sequential ray fracing. The first step of stray light 

analysis is to build optical-system geometries and model a light source precisely. While a 

CAD program integrated into optical ray-tracing code simplifies building procedure of 

system geometries, the modeling of the light source is often the more difficult task due to 

lack of radiometric information. Since radiometric measurement is an expensive and 

complicated procedure, current ray tracing code models the light source by tracing 

millions of rays in a random manner. The next step is to assign optical properties to 

optics and opto-mechanical parts of the instrument. The most important step of stray light 

analysis is to identify so-called critical objects [26]. 

Critical objects are system components seen directly by detectors or the 

components imaged on a detector by optics. Reflection or scattering from these 

components contributes unwanted optical power on a detector. Optical power from these 

phenomena reaches a detector directly or propagates via optics to a detector. Since optical 



path in the former case is a direct connection between critical objects and a detector, 

critical objects are identified easily from a mechanical drawing. However when unwanted 

optical power is imaged or re-imaged by optics or reflected multiple times by opto

mechanical features, it is not enough to look at a mechanical drawing. 

The solution used here is non-sequential ray tracing. This solution has been 

commonly used to imitate an actual situation in an optical system. We chose the code 

ASAP from Breault Research Organization for non-sequential ray tracing because of its 

versatility and fast ray tracing. Notice that the explanation of stray light analysis 

presented here may not be valid in other non-sequential ray tracing codes and can be 

different according to the capabilities of each code. Although millions of rays are 

required to create a final image, it is not necessary to launch such a number of rays for 

identifying critical objects. Since non-sequential ray tracing deals with arbitrary optical 

systems, there is no certain rule for number of rays. There are multiple factors such as 

system complexity, available computing power, available data-storage space, and 

performance requirements. The best number of rays is decided based on the experience 

and intuition of the optical engineer. 

The basic strategy is to store the histories of rays and analyze them with respect to 

each ray's optical path. It is not necessary to trace rays forward, that is, from light source 

to detector. When dealing with a system whose geometry is complicated, one can create a 

light source on the detector plane and trace rays backwards, that is, from detector to the 

optical system. The optical path connecting a detector and the system geometry is then 

revealed directly. 
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After tracing a number of rays, optical paths of rays that reach a detector are 

sorted with respect to optical power that they deliver to the detector. Optical paths for 

signal have to be distinguished from ones for stray light. Each optical path for stray light 

is examined individually. Corresponding rays in a selected optical path are recalled from 

stored ray histories and plotted with entire system geometries in graphic window. Careful 

investigation of these ray tracing plots is necessary to identify critical objects. These 

procedures will be visualized by the example in the next Section. The steps of stray-light 

analysis are summarized in Table 2.4. 

Table 2.4. Summary of stray-light-analysis steps. 

I. Build system geometry correctly and add optical properties. 

II. Trace some number of rays forward or backward with respect to system 

complexity. 

III. Sort optical paths to a detector with respect to optical power. 

IV. Distinguish optical paths for signal from ones for stray light. 

V. Identify critical objects in re-called ray tracing plot window. 

VI. Repeat 1-5 step until finding every critical object. 
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Figure 2.13. Non-sequential ray tracing in 4M device. Black lines 
indicate geometrical rays traced in 4M device. 

When a ray hits a surface, then the ray is split into a reflected ray and a 

transmitted ray according to the index mismatch between different materials on either 

side of the surface. Reflectance and transmittance is calculated by Fresnel formula for 

incoherent beam [27]. 

1 I tan'(^,-^,) 
2 sin'(0,.+0,) tm\e.+d,) Eq. 2.24 

T  =  l - R  

where 6*, is an incident angle and is a transmitted angle. Since the 4M device 

consists of glass lenses and a silicon substrate, only the specular component is considered. 

Due to the simple geometry of the 4M device, rays are traced forward and their 

histories are saved in terms of system components that the rays have encountered. A ray 

history consists of cause of creation and the list of components that a ray passes through 

after creation. Since stray light is secondary (which means that it is created by interaction 

between system components and original optical power from light source) it is important 



to record how and where stray-light is created to distinguish signal and stray light as well 

as to identify critical objects. 

The next step is to sort optical paths of rays that arrive at a detector with respect 

to total flux. Rays that share same cause of creation and propagate through the same 

components are grouped and their optical path is defined by the sequence of components 

that the rays hit. Notice that optical path here is not defined as spatial position and 

direction when rays propagate. Instead optical path is the grouping of rays based on the 

rules mentioned here and is the powerful concept for stray light analysis that puts 

emphasis not on specific spatial position or direction but finding how the ray is created 

and transferred to a detector. 

Figure 2.14 shows the list of optical paths after sorting with respect to total flux of 

each path. The numbers inside the dotted circle indicate proportion that corresponding 

path contributes to flux on a detector. Each path and component is assigned a unique 

number (solid circle). Each path has a record of components, ray splits, and scattering 

that create new rays. Among this list, paths for rays from the object, that is, signal, are 

excluded at first [see Figure 2.15]. Paths for signal start from the object and end with a 

detector via the objective lens and the three hybrid lenses. In Figure 2.15 (a), rays arise 

from the object and are captured by the 4M device. On a while, rays reflected from MOT 

in Figure 2.15 (b) could not reach the object and propagates to a detector via the three 

hybrid lenses. The rays in Figure 2.15 (b) represent stray light. 
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OBJECTS 
PaUL Rays SuniTO Pereenk. Hits Current Preuious Split/Scatter 

f 76 7 .7E-05/ 52 ,3 % -27 23 .000 20 .000 20 ,100 -2H ,001 -29 .001 0 .000 

1 ^ 1 t 1 ,9E-0rf 12 6 •-23 23 .000 20 ,000 20 ,100 -29 ,001 0 ,000 
I  12 1 1 .^E-0i 9 8 »'-25 23 000 20 .000 20 ,100 ,100 -29 ,001 0 .000 
yis/ 12 1 , • IE-OS** A* • -28 23 000 20 000 20. ,100 -2M ,001 -29 .001 0 ,000 

2 5 ,8E-06 3. 9 -29 23 000 20 .000 -2^. ,001 -29 ,001 0 000 
3 3 .6E-0S 3 .1 -28 23 ,000 20 .000 -2^ ,001 -29 .001 0 ,000 

16 75 2 .1E-06 1 5 -29 23 ,000 20 ,000 22 ,100 -2H ,001 -29 .001 0 .000 
5 1 1 ,8E-06 1 2 -23 23 .000 1 , ,003 -2M ,001 -29 ,001 0 ,000 
9 1 1 .8E-06 1 . 2 -21 23 ,000 1 ,003 -2M ,001 -29 ,001 0 ,000 
8 2 1 ,7E-06 1 . 1 -20 23 ,000 7 .003 -2M .001 -29 ,001 0 ,000 
6 1 1 , .ME-06 0, 9 -22 23 000 10, ,000 -2H .001 -29 ,001 0 .000 

26 3 1 .1E-06 0. 8 -26 23, 000 20 .000 20. .100 .100 -29 .001 0, .000 
23 1 1 , .OE-06 0. 7 -28 23 000 1 , .003 20, 100 -24, ,001 -29 001 0. .000 
10 1 9, '•E-OT 0. 6 -26 23, 000 20. 000 100 -29, .001 0, 000 

M8 325 1.5E-0M 

Figure 2.14. The list of optical path. Each path has a record of 
components, ray splits, and scattering that create new rays. 

Object 

Figure 2.15. Signal and stray light, (a) Signal: Rays reflected from 
object are captured by the 4M device and transferred to the detector, (b) 
Stray light: Rays reflected from MOT surface that are transferred by the 
three hybrid lenses to the detector. 

After excluding signal, paths for stray light are re-plotted and examined 

individually. Figure 2.16 shows examples of stray light. Since there are not many optical 

components, most of the stray light occurs by reflection from optics' surfaces. For 

example, planar back surfaces of hybrid lenses reflect incident rays that are transferred to 

a detector in a way similar to signal. In this case, planar back surfaces of hybrid lenses 

become critical objects that create stray light. 



62 

Stray light from the one critical object may often propagate along different paths. 

In other words, since paths in Figure 2.14 are listed with respect to optical path, that is, 

sequence of components that rays pass through, one critical object contributes multiple 

optical paths. Therefore, optical paths must be inspected with respect to cause of creation 

for the sake of identifying critical objects. Once one critical object is found, try same 

procedure for finding other critical object. 

Finally, Figure 2.17 shows the critical objects and their contributions to total stray 

light. As seen, the three hybrid lenses contribute most of stray light. However, 

contribution Irom the objective lens is sufficiently high to make the final image 

undetectable because of low reflectance of the object. The object that the 4M device is 

designed to image consists of cell nuclei. The index mismatch between cell cytoplasm 

and nucleus is the source of image contrast and is only An=0.05. The corresponding 

reflectance is 3.4x10'"^ and is much lower than reflectance from any of the optical 

elements in the 4M device. 

(a) (b) 

Figure 2.16. Stray hght from reflection from hybrid lenses. Part (a) 
shows stray light from 3'^'' hybrid lens. Part (b) shows stray light from 
2"'^ hybrid lens. 
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Figure 2.17. Stray light contribution from critical objects. 3 hybrid 
lenses contribute most of stray light. However, the contribution from 
objective lens and MOT cannot be ignored because of low reflectance 
of imaging target. 

The influence of stray light can be visualized by next series of imaging 

simulations. The simulation series assumes no reflection from certain optical elements 

that consequently do not contribute to stray light, hi other words, a critical object is 

designated in each simulation to visualize its influence. The result of each simulation is 

the final image on detector formed by 4M device. Figure 2.18 (a) shows the object, the 

letter "E". The 4M device is viewed from bottom, through the silicon MOT. The 

reflectance associated with the object is quantitatively the same as expected from nuclei. 

Figure 2.18 (b) to Figure 2.18 (e) show the group of final images of letter "E". It can be 

seen that the change in the final image with respect to different optical elements that have 

perfect transmission. Table 2.5 presents a list of which optical elements have perfect 

transmission in each part of Figure 2.18. 
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Table 2.5. Figure 2.18 legend 

Part of Figure 2.18 Perfect-transmission optical elements 

Figure 2.18 (b) 

Figure 2.18 (c) 

No optics is perfectly transmissive. Ray 
splitting occurs whenever it hits interface. 

MOT and 3 hybrid lenses. 

Figure 2.18 (d) Objective lens and 3 hybrid lenses 

Figure 2.18 (e) MOT, Objective lens and 3 hybrid lenses 

Several conclusions are drawn from analysis of the images in Figure 2.18: 

I. Reflection from the MOT silicon substrate causes the halo apparent in Figure 

2.18 (b) and absent in Figure 2.18 (c). 

II. Even after assuming perfectly transmissive hybrid lenses, there is still no 

distinguishable image of the object [see Figure 2.18 (c)]. 

III. At least Objective lens and three hybrid lenses must be anti-reflection-coated for 

distinguishable image [see Figure 2.18 (d)]. 

IV. Due to low object reflectance, a detectable image can be shown if every optical 

element is anti-reflection coated [see Figure 2.18 (e)]. 

Optics made of BK7 exhibit a 4% reflectance that is not influential in most of 

applications but can be important in medical-imaging applications. Consequently, an 

imaging system dealing with a low reflectance object requires high quality anti-reflection 

coatings to eliminate stray light thoroughly. 
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(a) (b) (c) 

(d) (e) 

Figure 2.18. Letter "E" object and final images in imaging simulation 
series. Part (a) shows a "bottom-up" view of the object and the 4M-
device optics. Parts (b) to (e) show simulated images associated with 
different sets of perfectly transmissive optical elements in the 4M 
device. See text and Table 2.5 for details. 

This chapter discussed about the optical design and stray light analysis of 4M 

device. It reviewed the mathematical background of automatic lens design, the principle 

of microscope objective design and classical microscope in the begiiming. The 4M device 

also uses same principles of microscope objective design that is adapted for novel 

fabrication technique and the miniaturization. 

The 4M device creates real images for digital imaging device and provides small 

magnification to reduce the device size. The order aberration is controlled enough to 
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create diffraction limited performance except the edge of FOV. The design of 4M device 

was implemented by the optimization in Zemax that utilized the DLS. 

Since the imaging performance of 4M device is sensitive to stray light, the non

sequential ray tracing was implemented to analyze the impact of stray light. The result of 

stray light analysis indicates the high quality AR coating required to produce reasonable 

imaging quality. 

2.10. THE FUTURE OF 4M DEVICE 

The numerical aperture is one of the most important factors to determine the 

performance of microscope. The common demand includes longer working distance and 

higher numerical aperture even though both requirements are usually conflicted. Some 

high NA objectives have longer working distance than focal distance but they are very 

expensive [28]. 

The current 4M device is designed to have 0.4 of NA that needs to be increased 

comparing to conventional microscope objectives whose NA exceeds unity. High NA 

requires more optical power from hybrid lenses. Otherwise, the first element (objective) 

of 4M device has too much of optical power to have good balance of aberration among 

optical elements. The bigger problem is stray light created by the first element. The first 

element may have small radius curvature to produce high optical power. It results in high 

reflection because the refraction of beam is also high. The solution of these problems is to 

distribute optical power to every optical element including hybrid lenses. It is necessary 

to develop hybrid lens with higher sag. The current 4M device is designed under the 
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constraint that the maximum sag is 60 microns. However, the hybrid lens fabrication 

technique is actively evolved and the current constraints are expected to be obsolete soon. 

The lens design presented here is not tied to the current constraints. Here there are the 

assumptions that are thought to be achievable as the fabrication techniques are developed. 

I. The maximum sag would be 100 microns. 

II. A lens surface could have aspheric coefficients. 

III. Both sides of glass substrate could have lens surfaces. 

IV. A concave surface would be feasible. 

V. The first optical element is diamond-turned. Its material is LAKIO. 

The first lens design is shown in Figure 2.19. The surface of hybrid lens has 100 

microns of sag and high order aspheric coefficients. The hybrid lens in red oval is not 

oriented in same direction. The flat side of each elements are facing converging beam. 

This orientation helps reduce spherical aberration. The biggest change of this design is 

N.A that increases to 0.6. The airy disk diameter is reduced to 7.8 microns. Due to higher 

N.A, the diameter of hybrid lens increases to 1mm. It is most important for the imaging 

quality to be maintained as diffraction-limited. The MTF of this lens design show the 

diffraction-limited imaging performance [see Figure 2.20]. 
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Figure 2.19. Future 4M device with 0.6 of N.A. Its paraxial 
magnification is -4.5. It has same configuration as previous 4M device 
except the orientation of optics. 
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Figure 2.20. MTF curve of 4M device in Figure 2.19. Diffraction-
limited imaging performance is achieved. 

The disadvantage of this design is very tight tolerance. Each element creates high 

3'^'' aberrations that are compensated by high order aspherical coefficients [see Figure 

2.21]. Generally, this kind of configuration requires very accurate surface shape. The 

steep surface of first element is also potential problem because of reflection. Its radius of 

curvature is -0.86mm and its sag is 0.35 mm. 
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Figure 2.21. Aberrations of 4M device in Figure 2.19. Figure (a) shows 
Seidel aberration created by each surface of lenses. Figure (b) shows 
OPD fan at different field positions. The maximum scale in figure (b) is 
0.2 waves. 

In order to solve these problems, the hybrid lens has more optical power by 

putting sol-gel material on both sides of glass substrate. The 4M device in Figure 2.22 

uses two hybrid lenses in red ovals that have convex surface on both sides. The convex 

surface of first elements has lower radius of curvature (-0.86mm to -0.95mm). Its sag is 

relaxed to 0.29mm. Each surface does not use aspherical coefficients except a conic 

constant. It is more convenient to be fabricated than an aspherical surface. 

A 

Figure 2.22. Future 4M device with 0.6 of N.A. The first and third 
hybrid lens have convex surfaces on both sides. 
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The imaging performance of this design is maintained as diffraction-Umited in 

terms of MTF over entire FOV. 
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Figure 2.23. MTF curve of 4M device in Figure 2.22. Diffraction-
limited imaging performance is achieved. 

Since each surface has lower radius of curvature, it does not create high 3'^'' 

aberration like previous design. The residual spherical aberrations (-0.77 waves) are 

balance by higher order spherical aberrations as shown in Figure 2.24 (b). The shape of 

OPD curve at zero field position shows the characteristics of balance between 3'*^ and 5"^ 

order spherical aberration. It is an obvious result because each surface has non-zero conic 

constants to create higher order aberration. The dominant aberration in this design is a 

coma (0.43 waves) that appears in any 4M device design. Its reason was explained in the 

section 2.5. 
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Seidel Aberration Coefficients in Waves 
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Figure 2.24. Aberrations of 4M device in Figure 2.22. Figure (a) shows 
Seidel aberration created by each surface of lenses. Figure (b) shows 
OPD fan at different field positions. The maximum scale in figure (b) is 
0.5 waves. 

Since lens surfaces are relaxed with 0.6 of N.A, there may be a room for the 

further increase of N.A. The next design of 4M device has 0.7 of N.A. It also uses a conic 

constant for aberration balancing. It is noticeable that the last hybrid lens has concave 

surface on one side that compensates spherical aberration from previous surfaces. Instead, 

the first and second hybrid lens provides positive optical power to compensate a negative 

optical power. 

Figure 2.25. Future 4M device with 0.7 of N.A. The third hybrid lens 
has a concave surface on one side that is pointed by the red arrow. 
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The first element has smaller radius of curvature to cover higher N.A. The first 

and second hybrid lens has steeper lens surfaces. The lens design requires a careful 

observation to keep an edge thickness of these surfaces from negative. 

Its imaging performance is also maintained as diffraction-limited in terms of MTF 

curve. It is observed that the cutoff frequency increases. 
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Figure 2.26. MTF curve of 4M device in Figure 2.25. Diffi"action-
limited imaging performance is achieved. 

As expected, the aberrations of each surface increase but have lower values than 

the first design. The spherical aberration is only 0.22 waves that there is no need of 

balance with higher spherical aberration. Notice that 3'^'' order coma is balance with 

order coma according to OPD fan at non-zero field positions. 
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Figure 2.27. Aberrations of 4M device in Figure 2.25. Figure (a) shows 
Seidel aberration created by each surface of lenses. Figure (b) shows 
OPD fan at different field positions. The maximum scale in figure (b) is 
0.5 waves. 

The three designs shown in this section envisions the future of 4M device. As the 

fabrication technique improves, the 4M device can achieve more stringent requirement. 

The next chapter will discuss about the fabrication technique and show the prototype of 

4M device. 
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3. FABRICATION AND ASSEMBLY OF 4M DEVICE 

3.1. INTRODUCTION 

Keen readers may find that the hybrid lens is an essential part of the 4M device in 

previous chapters. The hybrid lens is fabricated via a procedure called gray-scale 

photolithography. Along with the hybrid lens, an electronic imaging device and opto

mechanical features are mounted on micro-optical table [a. k. a. MOT] to complete the 

4M device. This chapter is dedicated to fabrication and assembly of the 4M device that is 

an actual implementation of miniaturization of an imaging device. The first half of this 

chapter will explain sol-gel chemistry briefly and introduce gray-scale photo-lithographic 

technique. The rest of this chapter will describe the MOT and explain how to assemble 

the 4M device. 

3.2. HYBRID SOL-GEL MATERIAL 

The hybrid sol-gel material contains an inorganic base matrix, which was 

prepared by hydrolysis and condensation of phenyltrimethoxysilane (PTMS) 3-

(methacryloxypropyl)-trimethoxysilane (MAMPS) was introduced to the silica pre-

polymer solution providing the material with photopolymerisability. A dilute 

hydrochloric acid aqueous solution was used as a hydrolysis catalyst. Trimethylopropane 

trimethacrylate (TMPTMA) was added as a three-functional cross-linking monomer to 

increase the cross-linking density of the pre-polymer solution. The organic matrix was 

pre-polymerised during the synthesis by using benzoylperoxide as thermal radical 

initiator. Required high viscosity of the pre-polymer solution was achieved by refluxing 
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solution at elevated temperature using tetrahydrofuran (THF) as a solvent. Finally, THF 

and by-products including HCI and water were removed using vacuum distillation. The 

resulting clear and homogenous solution was highly viscous. Before the film deposition, 

phenyl bis (2, 4, 6-trimethylbenzoyl) phosphine oxide and 1-hydroxy-cyclohexyl-phenyl-

ketone were added as photo-initiators to the solution [30]. 

3.3. THE FABRICATOIN OF HYBRID LENS 

As mentioned earlier, the hybrid lens consists of sol-gel material and glass 

substrate and utilizes gray-scale photolithographic technology. Conventionally, the 

fabrication of micro-optical glass structures is a multi-step process that includes UV 

exposure of a deposited photo-resist layer through a photomask, development and wet or 

dry etching transfer of the optical structure into the substrate material. 

The fabrication technique that we developed eliminates the necessity of multi-step 

and uses single lithography step: No etching transfer of patterned structures is required 

when using hybrid sol-gel material. The elimination of etching transfer procedure 

potentially improves the surface quality of the finished micro-optical elements and speeds 

up the fabrication process [29, 31]. The hybrid sol-gel method admits a variety of options 

for optimization of material properties such as refractive index and optical loss. 

The hybrid glass material functions as a negative tone material. The 

polymerization of sol-gel material is controlled by UV dose. This characteristic can be 

used to fabrication various shapes of structure, for example, a lenslet with grayscale mask. 

The grayscale mask consists of 127 radial zones that have different optical densities from 
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0.12 to 1.5. The configuration of grayscale mask in Figure 3.1 is for creation of convex 

surface. 

Figure 3.1. Schematic diagram of Grayscale mask. Each zone has 
different optical density. 

The resulting spatial distribution of UV exposure is rotationally symmetric and 

leads to decreasing polymerization from the center of mask to the edge of the lens surface. 

Therefore the center of a surface would be most polymerized and have the thickest cross 

section. The decreased exposure off-center makes the sol-gel material less polymerized 

and the developed surface has less thickness. Here is the example of hybrid lens whose 

surface profile is shown in Figure 3.2. 

Profile 

Figure 3.2. Surface data and 2D profile of Hybrid lens. 
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The optical density of each zone is determined by the characterization curve in 

Figure 3.3. 
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Figure 3.3. Characterization curve shows empirical relationship 
between optical density and surface height after polymerization. 

The characterization curve has an empirical relation between optical density and 

surface height after polymerization and development. For instance, 20 microns of surface 

height requires an optical density of 0.21 according to the characterization curve. 

The first procedure of fabrication is the liquid phase deposition of sol-gel films by 

a phased single step spin-coating process. The sol-gel solution is spread on a glass 

substrate at 300 rpm for 30 seconds and then instantly spun on at 800 rpm for 30s. After 

spin-coating, the samples are pre-baked at 90 °C. The mercury UV lamp used in the 

exposure step has irradiance of 10.6 mW/cm^ at 365 nm. Exposure time is 2 seconds (UV 

exposure dose of 21.2 mJ/cm^). The exposed sampled is developed in isopropanol and 

then post-baked at 145 °C for 1 hour. 

The hybrid sol-gel material has an index of refraction of 1.531 at 632.8 nm, 1.524 

at 830 nm and 1.515 at 1550 nm. Using the Conrady dispersion formula, the index of 
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refraction at 587 nm is estimated to be 1.53 and the Abbe number is estimated to be 45 

[33, 34]. The material exhibits a maximum extinction coefficient of 2.0 xlO""^ |xm'' 

between 450 and 1600 nm. 

3.4. THE ASSEMBLY OF 4M DEVICE 

The 4M device consists of miniature optics, opto-mechanical features, and 

electrical devices. All these components are mounted on the micro optical table [a. k. a. 

MOT] that is made of a siUcon substrate [see Figure 3.4]. 

Identical Mounting 
Slots with silicon springs 

Objective Lens 
Aperture 

Figure 3.4. Micro Optical Table (MOT) fabricated at Sandia National 
Lab. 

The MOT is a zero-alignment microscope optical-system concept. The actual 

meaning of the zero-alignment is assembly error smaller than the tolerance dictated by 

the performance of the optical system in Table 3.1. 
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Table 3.1. Selected tightest assembly tolerances 
associated with 4M device. 

Tolerance Type Tolerance Value 

Optical-element pitch rotation ± 0.46° 

Optical-element yaw rotation ± 0.46° 

Optical-element translation 
along slot 

± 10 ^m 

The MOT has multiple slots that are photo-lithographically defined and 

positioned with sub-micron resolution. Simple slot are insufficient to hold a component 

without yaw and pitch though it is positioned accurately. In order to solve this problem, 

there is a silicon spring feature to push a component against the wall inside a slot [see 

Figure 3.5]. 

Region of 
Extreme 

Tensile and 
Compressive 

Stress 

Optical 
Element 

Stress (Pa) 
_  -.583E+09  
S  -.460E+09  

- . 336E+09  
- . 213E+09  
- , 894E+08  
.341E+08  
.158E+09  
.281E+09  
.404E+09  
.528E+09  

Silicon MOT Substrate 

Figure 3.5. Silicon-spring displacement and the normal stress in the 
horizontal direction. 
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If the wall is normal to the MOT surface which is highly probable because of 

photo-lithographic procedure, the optical component will be mounted normal to the MOT 

surface. Along with the silicon spring, the slot has a positioning feature such as V-shaped 

groove to constrain the element laterally. 

Silicon spring 

Silicon wafer 

(a) (b) 

Figure 3.6. Implementation of positioning features: (a) Perspective 
view of a partially inserted glass plate with rectangular-cross-sectioned 
positioning features, (b) Top view of the same glass plate, now fully 
inserted into the mounting slot. 

The optical component has a complimentary positioning feature matched with V-

shaped grooves. The width of slot is twice as big as the width of optical component. The 

optical component is inserted in the open section of slot where a silicon spring is not 

extended [right side of slot in Figure 3.5]. It is translated into the other section between 

the silicon spring and the wall of the slot until the positioning features on the optical 

component is plugged into the V-shaped grooves. Therefore the position accuracy of the 

optical component is dependent on two mounting features that are accurately positioned 
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due to photo-lithographic technique. Table 3.2 shows the measured alignment error of 

optical component in Figure 3.6. 

Table 3.2. Measured accuracies of the assembled test 
elements in Figure 3.6. 

Alignment error type 
Test-element Position 

Measurement 

Pitch rotation 0.44°±0.02° 

Yaw rotation (Left) -5 arc min ± 2 arc min 

Yaw rotation (Right) 5 arc min ± 2 arc min 

Translation along slot 3 i^m ± 1 jam 

The alignment error is controlled to be smaller than the tolerance value so that the 

zero-alignment concept is achieved in this example. 

Finally, Figure 3.7 shows complete, "optics only" 4M device that consists of an 

objective lens, folding mirror, and 3 hybrid lenses. These optical components are 

mounted on the MOT. Figure (a) shows the front view of 4M device. Three photo-

lithographically printed hybrid lenses are mounted on a micro optical table (MOT). Part 

(b) shows a side view of a complete, "optics-only" 4M device. An objective lens is 

embedded in the MOT. A folding mirror is added to bend the optical path. 
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Micro Optical Table ^jective Lens 

(b) 

Figure 3.7. Magnified 4M-device images: (a) Front view of 4M device 
and (b) side view of a complete, "optics-only" 4M device. 

The step is to test a hybrid lens and evaluate the imaging performance of optics 

only 4M device. They will be answered in following chapters. 
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4. MULTI-MODAL IMAGING TESTBED 

4.L CONCEPT AND DESIGN 

So far, we have seen the development of 4M device without telling how good 

they are or what is the cause of a problem if there is. The development of new imaging 

device such as 4M device must go with the metrology and it is highly recommendable to 

construct the complete feedback loop between two areas. The metrology 

The metrology of 4M device consists of two parts: Imaging quality assessment of 

4M device and optical testing of hybrid lens. The imaging quality assessment can be 

implemented in many ways depending on selected conventional metrics. Considering 

multi-modality and compact size of 4M device, we built an imaging testbed specialized 

for 4M device. It is named as multi-modal imaging testbed. This chapter will be devoted 

to explain the design and development procedure. 

The first consideration of design is that the imaging testbed should test multi-

modality of 4M device with minimal modification. The imaging testbed utilizes multiple 

illumination modes such as trans-illumination, TIR illumination, epi-illumination and 

fluorescent illumination. The multi-modality includes reflectance imaging modality, 

trans-illumination imaging modality, fluorescent imaging modality and optical sectioning. 

Second, since it is the testing for "optics only' 4M device, the imaging testbed 

should have an illumination system, an electronic imaging device such as CCD camera 

and a scanning grating. The imaging testbed is supposed to deliver a proper illumination 

to 4M device and relays an image formed by 4M device onto CCD camera. The relay 
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imaging system should be diffraction-limited imaging performance because it should 

preserve an imaging performance of 4M device. Potential aberration or misaligimient 

from the relay imaging system degrades an imaging quality of a relayed image. The 

scanning grating would be inserted in an illumination system. This issue will be 

addressed again. 

Third, the imaging testbed should have a mounting feature to give a user easy 

control of 4M device and an imaging target. Since 4M device has a compact size, it is 

recommendable to devise a specialized mounting feature to allow a user to control 4M 

device comfortably. 

The starting point of optical design is the relay imaging system. Its FOV is same 

as an image size of 4M device that is equal to 1 mm. It has at least 0.1 of NA that is the 

NA of 4M device in imaging space. There are two imaging planes: one for 4M device 

and the other for the imaging testbed. Let me name the image plane of 4M device as an 

internal image plane to distinguish it from the image plane of the relay imaging system. 

Therefore an object of the relay imaging system is located at the internal image plane. 

Since the relay imaging system has a finite conjugate in object and image space, 

two achromats are used to consist of afocal imaging system. Each achromat is optimized 

for an infinite conjugate and have a minimized spherical aberration and coma. The relay 

imaging system is based on an afocal system whose conjugates are located at the front 

and back focal plane of each achromat in this case. 
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Achromat, L: 
Achromat, Li 
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Figure 4.1. Lens design layout of relay imaging system. The relay 
imaging system has two achromats. The rays have different colors 
according to field positions. 

An object, that is, an image formed by 4M device is located at the front focal 

point of first achromat. Beam from the object is nearly collimated after first achromate 

and is focused by second achromat to form an image at the back focal plane of the second 

achromat. The first achromat must have bigger than 0.1 NA. Since the achromat is 

designed to have an infinite conjugate, this configuration does not suffer from spherical 

aberration and coma. If a FOV is small enough like this case, there is no significant 

Petzval curvature related aberration such as astigmatism and distortion. 

The magnification of the relay imaging system is determined by the ratio of focal 

lengths of two achromats. Considering the specification of CCD chip and aberration 

control, the magnification of 3X was chosen. The image size created by this 

magnification is 3 mm while CCD chip size is 6 mm. The maximum spatial frequency of 

the relay imaging system is decide by 

1 l^NA 
Eq. 4.1 
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where X is an operation wavelength and / /# is a f-number of an imaging system. 

The second equation comes from the approximation of high f-number (low NA). The 

imaging space of the relay imaging system has of NA. The operation wavelength is 

0.83 nm. According to these values, the maximum spatial frequency is 80 cycles/mm on 

image plane. The corresponding smallest feature size is 6.25 micron that is close to CCD 

pixel size, 6.45 microns. 

If the magnification would be too small, the second achromat would have 

relatively high NA so that it would contribute some amount of aberration. Oppositely, if 

the magnification would be too big, beam from the first achromat would impinge on high 

portion of second achromat. The second achromat would contribute more aberration. 

The lens prescription of the relay imaging system is listed in Table 4.1. 

Table 4.1. Lens prescription used in relay imaging system. 

Achromat 
Focal length 

(mm) 
Diameter 

(mm) 
N. A Material 

Li 25 12.5 0.24 
SFL6-

LAKN22 

L2 75 25 0.16 
SFL6-

LAKN22 

The actual relay imaging system is not necessarily afocal system though it is 

originated from an afocal system. The spacing between elements is optimized to balance 

out residual aberrations. Figure 4.2 shows MTF curve of final relay imaging system at 
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various field positions with diffraction limited MTF curve. As shown, the relay imaging 

system has diffraction limited performance at every field positions. The relayed images 

are not affected by the relay imaging system. 
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Figure 4.2. MTF curve of the relay imaging system. It shows a 
diffraction-limited performance at various field positions. 

The illumination system has same lens design as the relay imaging system for 

simplicity's sake. The design strategy is to create uniform and efficient illumination on 

the internal image plane. Therefore, the object plane of 4M device would have same 

illumination distribution except cos"^ 6 factor. The illumination system is based on 

Koehler illumination concept again. The light source is the end of power delivery fiber 

whose N. A. is 0.18 and diameter is 600 microns. The condenser has a stop at the image 

plane of the relay imaging system and produces an image of light source at the image of 

exit pupil of 4M device. Those fulfill the conditions for Koehler illumination system. The 
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irradiance pattern on the image plane is relay to the internal image plane and also the 

object plane of 4M device. The image of light source is relayed to the exit pupil of 4M 

device. Simply, the relay imaging system is regarded as a projection lens and the 

resulting irradiance distribution on the internal imaging plane is mapped to the object 

plane by 4M device. 

Relayed Exit Pupil 
of 4Mdevicc 4M Device 

Achromat 
Condenser 

Plane 

Figure 4.3. Illumination system of the imaging testbed. It uses same 
two achromats in the relay imaging system 

It is recommendable to check the etendue of the illumination system. The formal 

definition of etendue is the multiplication of area and projected solid angle yielding 

Etendue = Area x n NA^ . Eq. 4.2 

The etendue at various positions is listed in the Table 4.2. The etendue is reduced 

gradually but not significantly. Considering the initial etendue and the final etendue, the 

efficiency is 94%. 
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Table 4.2. Etendue at the various location of the illumination system. 

Location Etendue (mm^-sr) 

Light Source 0.0288 

Relayed Exit Pupil 0.0283 

Internal Image Plane 0.0280 

Object Plane 0.0272 

In the previous chapter, the structured illumination is implemented to provide 

optical sectioning power. There is no scanning grating mounted on MOT yet but the 

imaging testbed is designed to have a scanning grating at the illumination system. The 

scanning grating is inserted at the exit pupil of condenser because the irradiance on the 

exit pupil is imaged on the object plane in Koehler illumination system. The spatial 

frequency is chosen as one third of original spatial frequency and therefore it is 25 

cycles/mm. 
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Figure 4.4. MTF curve variation depending on object defocus. The 25 
cycles/mm is chosen as the spatial frequency of the scanning grating. 
The different colors indicate different field positions. 

Figure 4.4 shows the simulation of MTF variation depending on the object 

defocus. The vertical axis is the MTF value and the horizontal axis is the object defocus. 

The FWHM at the 25 cycles/mm is 15 microns that becomes optical sectioning power of 

the entire system. The different colors indicate different field positions ranging from 0 

mm to 0.125 mm. It is noticeable that there is no big change of optical sectioning power. 

The imaging testbed have two optical paths for he relay imaging system and 

illumination system. Two systems have same lens design and there is no beam splitter in 

4M device yet. It is convenient to let two systems share first achromat and insert a beam 

splitter afterward to split the optical path. 
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Figure 4.5. Schematic diagram of the imaging testbed. The imaging 
testbed consist of the relay imaging system and the illumination 
system. 

In the Figure 4.5, the illumination system consists of the condenser and two 

achromat, LI and L2 and the relay imaging system consists of two achromat, LI and L3. 

It is called epi-illumination. The collimated laser beam is delivered to the condenser lens 

by the power delivery fiber. The scanning grating is located at the exit pupil of the 

condenser that is the conjugate of the illumination system. The beam splitter has 50T/50R 

coating. It is inevitable to lose the 50% of illumination. The image formed by 4M device 

is relay onto CCD camera. This is the reflectance imaging modality. 

There are more imaging modalities to be tested by the imaging testbed; trans

illumination imaging modality, TIR illumination imaging modality and fluorescent 

imaging modality. The trans-illumination imaging modality is the easiest imaging 

modality to be implemented mainly because of no background signal from optical 
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components that is often major degradation of image contrast. Figure 4.6 shows side view 

of the part B (blue rectangle) in Figure 4.5. The object plane of 4M device is located at 

the exit pupil of condenser. An image is formed with diffracted beam caused by index 

variation of object instead of reflected beam. 

The advantage of trans-illumination is no background signal from optical 

components but the image has negative contrast and high DC level by un-diffracted beam. 

However, it can be used to test an imaging performance of an imaging device regardless 

of scattering or back-reflection. 

The TIR illumination imaging modality can create positive contrast image without 

high background signal [see Figure 4.7]. An evanescent wave from prism is transferred 

into the cover glass and spreads out. Since the sample has aqueous media, the sample is 

illuminated by an evanescent wave again. The image is formed by scattering from an 

object. 

4M Device 

Condenser 

Fiber A 

Figure 4.6. Schematic diagram of Trans-illumination. 
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Figure 4.7. Schematic diagram of TIR illumination imaging modality. 

Although this modality can create positive contrast images, it is very inefficient 

because the direction of illumination can be random. 

The last imaging modality is the fluorescent imaging modality. It is implemented 

by changing the wavelength of light source and switching 50R/50T beam splitter to 

dichroic beam splitter. 

The basic design is done at this moment and the actual building procedure will be 

discussed in next section. 

4.2. ASSEMBLY 

The imaging testbed is built on the optical breadboard for the purpose of 

portability. Figure 4.8 shows the actual multi-modal imaging test-bed. The components 

are mounted on the optical rails that are raised by columns. Underneath optical rails, there 

is the automated translation stage from Newport [35]. The translation stage moves the 

scanning grating. Its translational motion is controlled by motion controller from 
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Newport [36]. The hght source is a laser diode from Sanyo whose wavelength is 830 nm 

and maximum power is 100 mW. The lenses in the test-bed are AR-coated and 

achromatized in the near infrared (NIR) region where operating wavelength (830 nm) of 

the tested 4M device is located. 

Figure 4.8. Actual multi-modal imaging test-bed. 

The 3-axis actuators shown within the red oval are used to control the object, the 

4M device and the trans-illumination system. The 4M device is located inside the oval. 

Figure 4.9 provides the magnified view of the 4M device being used with an imaging 

chamber used to hold cells. 
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Imaging 
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Condenser Lens 

Figure 4.9. Magnified view of the 4M device mounted in multi-mode 
imaging test-bed. 

An object, usually cells in liquid media, is contained in sample holder underneath 

4M device. The mount for 4M device is designed specially to hold 4M device while it 

gives a user easy assess to individual component. 

Figure 4.10. Mount of 4M device. 

The final image is recorded on CCD camera whose pixel size is 6.45 microns and 

chip size is 1392 (pixels) xl040 (pixels) [37]. 
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4.3. OPTICAL SECTIONING 

The optical sectioning is implemented by the structured illumination so that a 

resulting image has a sinusoidal pattern. In order to reconstruct optically sectioned 

images without sinusoidal pattern, it is necessary to take at least three images with 

different grating positions [39]. This idea is similar to the phase shifting interferometer 

(PSI) [40]. While the PSI works on phase reconstruction, the structured illumination 

works on irradiance, that is, image reconstruction. The PSI uses constant phase term to 

shift a phase and the structure illumination move an actual grating transversely to shift a 

sinusoidal pattern. Let's assume the scanning grating have a sinusoidal pattern such as 

S { x , y )  =  \  +  m c o s { 2 7 t f g X  +  5 ) ,  Eq. 4.3 

where w is a contrast of the grating, f g  is a frequency of scanning grating and S  

corresponds to sinusoidal pattern shift. The image under the structured illumination is 

I { x , y )  =  I g  (x,;);) +  { x , y )  cos S  +  I ^  ( x , y )  sin S , Eq. 4.4 

where Ioix,y) is an original image without grating pattern. Ic{x,y) and Is{x,y) 

a r e  t h e  i m a g e s  t h a t  a r e  d u e  t o  m a s k s  o f  f o r m s  m c o s { 2 ; r f g X )  a n d  m  s i n { 2 ; r f g X )  

respectively [39]. The optically sectioned images are associated with Ic(x,y) and 

Is{x,y). The exact formula is 
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=V/7^- Eq. 4.5 

The reconstruction of the optically sectioned image I p { x , y )  follows similar 

procedures as PSI. The scanning grating is shifted in multiple steps such that 5 = 0, 

S = Injl) and d = 4;t/3 . Three images are taken at each step, that is, /,, /j, and I-^. The 

optically sectioned image is 

In actual implementation, the scanning grating movement is characterized to 

produce designated three steps of sinusoidal pattern shift. The characterization is 

implemented by finding out input distance to produce single cycle of sinusoidal pattern 

shift. The single cycle is confirmed by subtracting two images taken before and after 

translation. If it is truly single cycle, the subtraction of two images results in zero signal. 

If it is not, non-zero signal is observed. Assuming the linearity of the stage movement, 

the input value is easily found for arbitrary sinusoidal pattern shift. 

The optical sectioning requires control of the translation stage and CCD camera at 

the same time. The DLL codes for two instruments are created in Microsoft Visual C++ 

6.0. The DLL for the translation stage sends the motion controller ASCII commands and 

also reads data or outputs from the motion controller via RS232. The DLL for the CCD 

camera is based on C library from EPIX [41]. It sends a command and read image data 

via EPIX frame grabber [42]. 

Eq. 4.6 
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These DLL's are integrated under IDL [43]. Post image processing is also done in 

IDL. There is the example of three structured illumination pictures in Figure 4.11. The 

target is the resolution target. The sinusoidal pattern shift is more clearly observed in the 

red circle. 

Figure 4.11. Three structured illumination pictures. Each picture has 
shifted sinusoidal patterns. The shift between each picture is 27i/3. 

In order to test the optical sectioning of 4M device, the imaging testbed should 

have optical sectioning capability too. Figure 4.12 demonstrates the optical sectioning 
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capability of the imaging testbed. The required three images are taken at the different 

axial position of the resolution target and the optically sectioned images are reconstructed. 

The images in Figure 4.12 are the optically sectioned images. 

Pefocus=-100 microns Defocus=-50 microns 

Defocus=0 microns Defocus=50 microns 

Defocus=100 microns Defocus=150 microns 

Figure 4.12. Demonstration of the optical sectioning capability of the 
imaging testbed. 
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The irradiance in each image is normalized by the total irradiance of the image at 

best focus. The optical sectioning power will increase with higher NA. The imaging 

testbed has only 0.1 of NA. 

In a summary, the multi-modal imaging testbed has the capability to test the 

variety of imaging modality including trans-illumination imaging modality, reflectance 

imaging modality, fluorescence imaging modality and optical sectioning. The opto

mechanical feature is specialized for miniature imaging system. It is integrated on single 

optical breadboard and controlled by Window-based personal computer. It provides the 

portability, easy mounting and handling of miniature imaging system and the automated 

control via a personal computer. 
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5. SHACK-HARTMANN WAVEFRONT SENSOR 

5.1. INTRODUCTION 

Shack-Hartmann (SH) wavefront sensor has been popular wavefront sensing 

instrument in various area such as optical testing, astronomical adaptive optics, and 

ophthalmology since its invention [44, 45, 46, 47, 48, 49]. One can find out numerous 

publications in these areas. The advantages of SH wavefront sensor are simple 

configuration, real time data processing and high dynamic range. SH wavefront sensor 

basically consists of a lenslet array and a digital imager. Although there are many 

modifications, its basic configurations are intact. The lenslet array samples local 

wavefront slops and the linear equation solvers reconstruct entire wavefront inside a pupil 

or region of interests in a few milli-seconds. The reconstruction of wavefront results in a 

linear inverse problem and the numerical solvers is widely known and well established 

[50, 51, 52, 53, 55, 57]. One may prefer direct wavefront measurement to wavefront 

slope measurement due to the concern of potential loss of information and slow 

computation when hundred of basis polynomials are used. However, wavefront slope 

measurement provides higher dynamic ranges than direct wavefront measurement 

considering variation of first derivative of wavefi'ont. Moreover, dynamic ranges are 

expanded very much by development of many smart algorithms [58, 59, 60, 61, 62]. The 

issues mentioned above will be addressed again in details. 

The purpose of our SH wavefront sensor is the metrology of miniature optics that 

usually have aspherical surface and high numerical aperture. Both of features are getting 

popular to achieve high performance with less optics and common use due to the recent 
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development of optics fabrication. Therefore optical testing has the obligation to react 

this trend of optics. Simple interferometric testing systems have some weaknesses in this 

specific task: (1) Dynamic range that is decided by Nyquist condition, (2) Ray deviation 

between reference wavefront and testing wavefront when optics is aspherical. In order to 

overcome these problems, many modifications were introduced [40]. 

The beauty of SH wavefi-ont sensor is the simplicity without complicated extra 

step or introduction of extra optics. SH wavefront sensor in many literature has been 

modified to suit to different applications but its fundamental configuration are same. SH 

wavefront sensor introduced here consists of off-the-shelves optics and necessary 

medications are added for raising accuracy and precision. The disadvantages that one 

might think of are (1) modeling error that basis polynomials are not suited for specific 

application or number of them is not enough and (2) possible loss of high frequency 

information because actual measurement data are averaged wavefi-ont slope inside sub-

aperture of lenslet. 

In this chapter, we will review the fundamental of SH wavefront sensor and 

explain the mathematical background of wavefi-ont reconstruction. The new mathematical 

tools will be introduced for evaluation of design and performance. The actual 

development and testing example will be shown at the end of this chapter. 

5.2. THE THEORY OF SH WAVEFRONT SENSOR 

Before starting this section, it is necessary to clarity the usage of terminology such 

as estimation and reconstruction. SH wavefront sensor uses the estimation of unknown 
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values such as coefficients of basis function in order to reconstruct wavefront. The detail 

of the estimation will be explained later. Therefore, the estimation does not have exactly 

same meaning of the reconstruction. However, the reconstruction is accomplished readily 

once the unknown values are estimated and there is a simple algebraic step between them. 

From now on, I treat them in the same way and clarity this in order to avoid confusion. 

The basis of SH wavefront sensor is to sample wavefront slope at enough 

positions in terms of spot displacement and reconstruct original wavefront by using a 

linear equation solver. Figure 5.1 is the schematic diagram of SH wavefront sensor. It 

shows how a lenslet array samples wavefront slope inside a sub-aperture. Focal spots that 

are created by lenslet array are displaced with respect to averaged local slopes. The spot 

displacement is defined as the movement of spot centroid. Fundamentally, SH wavefront 

sensor uses first order statistics of wavefront distribution inside single lenslet. 

Lenslet 

Figure 5.1. Schematic diagram of Shack-Hartmann wavefront sensor. 
The blue arrows indicate spot displacements. 

It is necessary to save not large 2D wavefront distribution but only focal spots. 

However, if wavefront has fast fluctuations spatially, the first order property such as 
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averaged slope cannot represent the fluctuation and reconstructed wavefront may not 

contains detail information. It happens in the astronomical application where air 

turbulence is critical issue and the number of sampling and basis polynomials is usually 

very high to prevent loss of high frequency information [63, 64]. However, since lens 

surfaces under testing are much smoother, this kind of concern does not occur in optical 

testing. 

There are two approaches for the estimation of wavefront: (1) Zonal estimation (2) 

Modal estimation [50]. The zonal estimation is the least-square fitting of slope 

measurement data to some function or model of the wavefront given at its sampling 

position. Function or model would be any type. The unknown coefficients or parameters 

of them are estimated by least square fitting solver. On a while, the modal estimation 

requires the expansion of wavefront with basis functions that consist of complete set, that 

is, are orthonormal each other. Therefore, the wavefront construction is equivalent to 

estimation of coefficients of each basis function. Two approaches are mathematically 

same and only difference is how wavefront is represented. Here we choose modal 

estimation because of accuracy of modeling and simple implementation of numerical 

solver of linear inverse problem. Zemike circular polynomials (Zemike polynomials) are 

chosen to be basis polynomials for expansion of wavefront. The detail of Zemike 

polynomials will be presented in the appendix. Zemike polynomials have huge popularity 

in optics society because of easy conversion to conventional aberration polynomials and 

the orthogonality within a circular pupil that most optical system has [65, 66]. However, 

there is no reason to use same polynomials, especially if a pupil of optical system is not 
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circular any more. Moreover, Zemike polynomials would lose the orthogonality among 

some polynomials after first differentiation that spot displacement is proportional to. W. 

H. Southwell used 2D Legendre polynomials that maintain the orthogonality after first 

differentiation in his pioneering work [50]. He pointed out that the orthogonality reduces 

the burden of calculation of inverse matrix that result in solution of coefficients. Due to 

remarkable development of computing power, the quest of this type of polynomials is not 

appealing to most researchers any longer. 

Karhunen-Loeve function is another popular choice if a power spectrum of the 

wavefront distortion is known [67]. Karhunen-Loeve function is the eigenfunction of the 

covariance matrix of randomly varying wavefront. Keep in mind that covariance matrix 

does not have original basis functions for wavefront representation as eigenfunctions. 

Therefore Karhunen-Loeve function is not equal to Zemike polynomials even if 

wavefront is expanded with Zemike polynomials. 

The question is how spot displacement data, equivalently, slope data are related to 

Zemike polynomials and how the reconstmction is implemented. As mentioned earlier, 

the wavefront reconstmction is equivalent to the estimation of coefficients of the basis 

functions, that is, Zemike polynomials in the modal estimation. To answer that question, 

it is the first thing to expand wavefi^ont with Zemike polynomials. 

00 

Eq. 5.1 
i=i 
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where W ( x , y )  is an arbitrary wavefront, Z i ( x ,  y )  is i " '  Zemike polynomial and c,. 

is an expansion coefficient for i"' Zemike polynomial. It is obvious there is no modeling 

error if wavefront in circular pupil is decomposed with infinite number of Zemike 

polynomials. However this is not possible in practical point of view and we use finite 

number of Zemike polynomials. The number of polynomials totally depends on a desired 

accuracy and specific shape of interest. Prior information helps to decide the number of 

polynomials. For instance, a miniature optics that we try to test has a smooth surface and 

highly rotational symmetric shape so that Zemike polynomials corresponding to high 

fi-equencies stmcture may be excluded in the expansion. Furthermore, Seidel aberrations 

that ordinary optics creates are mainly gathered in 3'^'^ order aberration. We choose first 

36 Zemike polynomials sequenced by Univ. of Arizona mle [65]. 

W { x , y )  «  ( x , y )  =  ̂ { x ,  , Eq. 5.2 
(=1 

where W ^ ( x , y )  is an approximated wavefi-ont and would be 36 in our case. 

Incident wavefi-ont is sub-divided by lenslet which can have a rectangular, circular or 

hexagon aperture and the divided wavefront is focused at back focal plane of the lenslet. 

The area bound by the aperture of single lenslet is called sub-aperture. Spot displacement 

is evaluated by the center of gravity, or centroid of focal spots on the back focal plane. 

Before the digitization of irradiance of focal spots, the equations of centroid are 



107 

J j f  I { x ,  _ y )  d x d y  

Xj = 
'^j 

y)dxdy 

jy  I(x, y) dxdy 

Eq. 5.3 

^ I { x ,  y )  d x d y  

where I { x , y )  is the irradiance of focal spots and A j  is the area of j ' ^  lenslet. 

From this equation, it can be shown that spot displacement is linearly proportional to 

averaged local slope in a sub-aperture. 

^ X j = -

^ y , = -

f ,  r d W J x , y )  ^ [ 
8x 

dxdy 

r d f V J x , y )  

J A 
1 

Eq. 5.4 

dxdy 

where // is the focal length of lenslet [68]. W g ( x , y )  in the Eq. 5.4 is replaced by 

Eq. 5.2. Then the linear relationships between spot displacements and Zemike 

polynomial coefficients are established. 

'max 

A x :  r_Aj=L 
A: J 

^ ^ C i Z i { x , y )  

dx 
-dxdy •• 

'max 

i=\ 

\ 

f i  f S Z , ( x , y )  

J A,- J dx 
' • ' j  

dxdy 

y 5 Eq. 5.5 

'max 

i=i 

/ A 
f i  [ S Z i { x , y )  

r ^ 
V 

-dxdy 
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Only Zemike coefficient c^ is unknown in this equation. Once Zemike 

coefficients c,- are found, a wavefi"ont would be reconstructed by Eq. 5.2. If a lenslet 

array has N lenslets, there are 2'x'N equations with of unknown coefficients. For the 

sake of simplicity, it can be represented in a matrix notation. 

where contains x- and y- spot displacement data and is I N  x 1 column vector. 

The column vector c contains of unknown coefficients. The matrix S has the linear 

sensitivity of system and is called sensitivity matrix. Its dimension is . Many 

imaging or testing systems have similar type of sensitivity matrix whose inverse matrix is 

frequently used to reconstruct input information. The element of the sensitivity matrix is 

Since Eq. 5.7 has a differentiation followed by integration, it could be simphfied 

further. Let's assume an aperture of lenslet rectangular that ranges over on x-

axis and [yi, ] on y- axis. 

A  =  S - c ,  Eq. 5.6 

Eq. 5.7 

( j + N ) i  
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A j  J  d x  

Aj hi Jxi dx 7 M Eq. 5.8 

7 

j  

where i^^j{x,y)= ^Z^{x,y)dx and (^yj{x,y)= ^Zi{x,y)dy . In a word, the 

wavefront reconstruction is to calculate inverse matrix of sensitivity matrix. Many 

publications related to the wavefront reconstruction have used the normal equation of 

least-squares problems to find out solution of Eq. 5.6. Using same matrix in Eq. 5.6, the 

normal equation can be written as 

where i s  the transposed sensitivity matrix. Gauss-Jordan elimination is known 

to be most adequate for solving the normal equation. However, in many cases the normal 

equations are very close to singular and are rather susceptible to round-off error. The cure 

of these problems is Singular Value Decomposition [a.k.a. SVD] that is enormously 

popular in imaging science society [54], To one's surprise, SVD is rarely used for the 

wavefront reconstruction. SVD calculates Pseudo-inverse matrix of any mxn rectangular 

matrix, hi case of over-determined system (more equations than unknowns), SVD 

produces the best approximation (actually estimation) in the least-squares sense. In case 

( S ^  • S ) - c  =  S ' ^ - A ,  Eq. 5.9 
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of under-detemiined system (less equations than unknowns), it produces solution whose 

norm is minimum but it has the difficulty to estimate every unknown. Although SVD has 

a disadvantage in calculation speed, SVD never fails in theory. One may ask how to 

prove if SVD work for our specific case. The answer will be represented in next section 

with more detail of SVD. 

In order to avoid under-determined system, we use lenslets more than . 

Pseudo-inverse matrix of sensitivity matrix will be multiplied to both side of Eq. 5.6. 

Where is the pseudo-inverse matrix and the column vector c is the estimation 

of c . The c is plugged into Eq. 4.1 to reconstruct wavefront. 

where ĉ  is a i"' element of c . 

5.3. SINGULAR VALUE DECOMPOSITION AND ZERNIKE 

CORRELATION MATRIX 

Before starting this section, readers are encouraged to refer to the great references 

about SVD [54, 56, 57]. Among many great tools for dealing with sets of equation or 

matrices, SVD is very powerful and versatile technique. If set of equations or matrices is 

singular, that is, there exists row or column degeneracy, it is called singular. Singularity 

Eq. 5.10 

W ( x , y ) =  ̂ C i Z i i x ,  y )  Eq. 5.11 
i = i  
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creates roundoff error as well as non-existence of unique solution when one tries a 

numerical solution. 

SVD starts from the following theorem of linear algebra. Any M><N matrix whose 

number of rows M is greater than or equal to its number of columns N, can be written as 

the product of an M>^N column-orthogonal matrix U, diagonal matrix W with 

positive or zero elements (the singular values), and the transpose of an NxN orthogonal 

matrix V. The proof of this theorem is as follows. 

Here we have general linear M x N  matrix, S ,  that maps a vector in one Hilbert 

space V to a vector in other Hilbert space U. The S'^ is the adjoint of S. It can be easily 

shown that S^S and SS^ are both Hermitian and nonnegative definite, regardless of nature 

of S. In addition, we can assume that both matrices are compact because all linear 

operators or all real-world imaging system operators are compact in a finite-dimensional 

space. It is proved that any compact matrix has discrete spectra [56]. The eigenvalue 

equation for S^S is then 

S^Svn=w^Vn,  Eq.  5 .12  

where Vn is a iVxl eigenvector of S^S and a eigenvalue is nonnegative and 

real because S^S is nonnegative definite and Hermitian. 

Since S^S is Hermitian and is assumed to be compact, the set {Vn} can be taken as 

complete, orthonormal basis in V. The completeness means that 
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— ly ,  Eq.  5 .13  
n=I 

where VnVn denotes an outer product and ly is the identity matrix in space V. It 

is conventional to order the eigenvalues by decreasing value, so that 

Wj > >V2 > • • • > 0, Eq. 5.14 

where R is the number of non-zero eigenvalues of and is called rank. It is also 

defined as the number of linearly independent rows or columns and is equal to number of 

non-zero eigenvalues. If is zero, the corresponding eigenvector is called null vector. 

The space spanned by these null vectors is called null space. This issue will be discussed 

more. Once Eq. 5.12 can be solved, the eigenvalue equation of SS^ is readily solved. 

Operating on both side of Eq. 5.12 with S yields 

SS'^Svn = w„Svn, Eq. 5.15 

where Svn is an eigenvector of and is still an eigenvalue. It is 

straightforward to show the orthogonality of Svn which is also easily normalized by 

^  — 1 / 2  multiplying constant. Since Svn = is multiplied to new definition of 

eigenvector. So let me define 
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- - 1 c-
U n = — j = = S V n -  Eq. 5.16 

where is a Mx\ eigenvector of SS^ and the set { } can be taken as complete, 

orthonormal basis in U. Unless Vn is a null vector, this definition is valid. With new 

definition, Eq. 5.15 becomes 

SS^u„ = w„Un. Eq. 5.17 

Finally the theorem can be verified by using completeness of {v« } and Eq. 5.16. 

Let's multiply on both sides of Eq. 5.16. 

SVn =  •sJW^Un • Eq .  5 .18  

The v„ on the left side can be eliminated by the completeness of {}. The outer 

product of vj on both sides yields 

N N 

n=\ «=1 

N N 

n=\ n=\ 

N 

«=1 

The completeness is used for the last step. Eq. 5.19 can be re-written in matrix 

form. 



114 

N 

n=\ 

— (Wj U 2  • • •  Wyy ) • 
0 

0 0 0 

0 ^ fvVl 
0 Eq. 5.20 

0 • 

^ u - w - v ^  

where U, W, and V are same matrices mentioned in the given theorem. The 

theorem is proven, is called singular value. Since {y„} and {u„} consist of 

orthogonal and complete set, the matrices, U and V are orthonormal matrices. That is, 

V-V^ ^ ly  and U-U^ =Iy .  Eq. 5.21 

According to the theorem, any matrix can be decomposed in terms of Eq. 5.20 

and therefore its inverse is easily calculated. 

S ^ = V  

1 
0 

1 

0 

0 

0 0 

u' Eq. 5.22 

N y 

The S'^ is called pseudo-inverse matrix. However there are zero singular values 

and their reciprocals go to infinity. One way to solve this problem is to substitute them 

with zero. Therefore 
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\ 

0 

1 
S " -  ^ F - Eq. 5.23 

0 

V 0 0 
/ 

where R is the rank. Numerically even non-zero singular values create same 

problem because of machine precision and rounding error. As there are more singular 

values like these, a matrix gets more singular. SVD provides clear diagnosis of the 

situation. The condition number of a matrix is defined as the ratio of the largest of the 

Wf 's to the smallest of the w, 's. A matrix is singular if the condition number is infinity 

and it is ill-conditioned if the condition number is too big so that its reciprocal 

approaches a machine precision. 

Previously, the space spanned by null vectors is said to be null space. Let's think 

of general linear problem in a matrix form for a moment. 

Since the null vectors are in Hilbert space V, one can think of division of Hilbert 

space V into two orthogonal subspaces: null space and measurement space orthogonal to 

null space. It is obvious that operating some matrix S on any vector in the null space 

results in zero. The vector x in Eq. 5.24 lies in the null space and operating S on it results 

in zero. Oppositely, a vector in measurement space produces non-zero result. The 

S - x  =  b .  Eq. 5.24 
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dimension of null space, equivalently the number of zero singular values is called nullity 

of matrix S. On a while, there is vector b in Hilbert space U that can be reached by 

matrix S such that there is a vector x in Hilbert space V mapped to vector b by matrix S. 

The space of vector b is called range of matrix S or consistent space. The space 

orthogonal to consistent space is called inconsistent space. Keep in mind that the 

consistent and inconsistent spaces are a subspace in Hilbert space U. 

Before discussing about the solution of Eq. 5.24, let me make a statement about 

the conditions for existence and uniqueness of solution [56]. The conditions stated here 

are mathematically equivalent. 

Existence Theorem 

Eq. 5.24 has at least one exact solution for a particular b iff 

I. b can be expressed as linear combination of the columns of S', 

II. the data are consistent; 

III. b lies in consistent space. 

IV. SS'b=h 

Eq. 5.24 has at least one exact solution for every b iff 

I. The columns of S span Hilbert space U; 

II. i? = M ; 

III. a right inverse of S exists; 
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IV. S is onto-, 

V. Inconsistent space is trivial; 

VI. SS^ is nonsingular; 

These condition can be satisfied only if M  < N ,  equivalently, under-determined. 

Uniqueness theorems 

Eq. 5.24 has at most one exact solution for every b iff 

I. the columns of S are linearly independent; 

II. R = N-, 

III. a left inverse of S exists; 

IV. S is one to one', 

V. Null space is trivial; 

VI. S^S is nonsingular; 

This condition can be satisfied only if M  > N ,  equivalently, over-determined. 

Let's take a look at how to solve linear problems such as Eq. 5.24 with SVD. It is 

obvious that SVD solves the trivial problem with b =0. Any vectors spanned by null 

vectors can be solution of this problem. Let's focus on the problem with non-zero vector 

b . The first question is whether vector b lies in the consistent space or not. If it does, 

the pseudo-inverse matrix ^ can produce the vector x, that is, the solution of linear 

problem mapped to vector b by matrix S. However the solution is not unique because 
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any vector x' in null space is added to x and x + x' is still the solution of same problem. 

SVD choose the solution that has minimum norm in this case. If the vector b is not in 

consistent space, for instance, the vector b is degraded by some measurement noise, 

there is no exact solution of Eq. 5.24 but SVD still choose the best solution in least-

square sense. In other words SVD finds the solution such as 

X which minimize r = S - x - b  Eq. 5.25 

where r is called the residual of the solution. 

Here is the last question that one can ask. Why do we want to use SVD instead of 

other method? For instance, the normal equation is the most popular method to solve 

linear equation for the wavefront reconstruction task. What is the advantage of SVD to let 

us discuss about SVD? The normal equation does great jobs in many cases but it may 

have zero pivot elements, where one can not have any solution at all. Alternatively, it 

may have very small pivot, where you would get many solutions that are delicately 

balanced to cancel out almost precisely when the fitted function is evaluated. 

SVD overcomes this problem by substituting reciprocal of any zero singular 

values with zero, not infinity as mentioned earlier. This corresponds to adding to the 

solution zero elements rather than some random large elements [see Eq. 5.23]. 

Furthermore if there is non-zero but very small singular values, their reciprocals should 

be replaced by zero. The formal definition of very small singular values is the singular 
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values whose ratio to the largest singular value is less than N times the machine precision. 

However, it may vary in certain applications. 

The disadvantages of SVD are the requirement of more memory to store whole 

matrix than the normal equation and computation speed. However they are always solved 

by development of computing power as mentioned in anywhere. Moreover, the power of 

SVD that can deal with any linear problems is more than making up speed disadvantage. 

In spite of the praise and mathematics presented here, one may have the desire to 

see the efficiency of SVD for specific wavefront reconstruction. There are three ways to 

answer this question. One is to calculate the norm of difference between measured spot 

displacements and estimated spot displacements. The estimated values are readily 

obtained by plugging c into Eq. 5.6. The difference is 

^mea-S-C Eq. 5.26 

where is a vector contains a measured spot displacement data. If noise is 

assumed to be additive, can be separated to two parts: , true spot displacement 

data which is equal to S c and the contributions from any systematic error such 

as defects and misalignment and any noise such as Poisson noise and electrical noise. 

Therefore Eq. 5.26 is 
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4rae ^noise'^ ' ^ 

S • C + ^noise'^ ' ^ Eq. 5.27 

= S-(c-c) + A„ î̂  ̂

If SVD would work perfectly, the first term Eq. 5.27 would disappear and Eq. 

5.27 shows only contribution from noise. 

The second method is to calculate the singular values of sensitivity matrix. One 

can find out dimension of null space and condition number. 

The last method is to investigate the inverse level of pseudo-inverse matrix. It can 

be done by comparing diagonal elements and off-diagonal elements of - S. If SVD 

would not work very well and the strength of some off-diagonal elements would be high, 

SVD would not distinguish the contributions from basis functions (Zemike polynomials, 

here) involved in the off-diagonal terms. This phenomenon is called cross coupling and 

S *  - S  is called cross coupling matrix which is defined in basis function space [69], The 

application of cross coupling matrix can occur whenever SVD is implemented regardless 

of type of sensitivity matrix and basis functions. It was Jan Herrmann who devised cross 

coupling theory in the wavefront reconstruction. He pointed out that the cross coupling or 

aliasing may occur due to finite number of basis function and finite size of lenslet 

aperture. However the examples presented in his publication are quite misleading because 

he used only small number of Zemike polynomials and two different definitions of 

sensitivity matrix. As pointed out previously, SVD works very well in most case and it 
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will be shown that wavefront reconstruction is not an exception by using cross coupling 

matrix. 

In order to evaluate the strength of off-diagonal elements, let me introduce new 

mathematical definition. 

As shown, the numerator is the siun of off-diagonal elements and it is divided by 

the sum of diagonal elements. Let me call this equation off-diagonal strength ratio. Eq. 

5.28 is a convenient tool to confirm the inverse level of pseudo-inverse matrix. However, 

one must be careful not to lose detail of happening when single number is used as the 

metric. It is recommended that if one finds significant non-zero values of Eq. 5.28, the 

cross coupling matrix should be taken a closer look at. Let me provide an example of the 

cross coupling matrix. 

There are 185 of rectangular lenslets on lenslet array and 36 Zemike polynomials. 

Lenslet's focal length is 7.8 mm and its size is 0.3 mmxO.3 mm. Therefore, the 

dimension of sensitivity matrix is 370x36 and it is an over-determined problem. The 

sensitivity matrix is calculated by Eq. 5.8. Figure 5.2 shows the sensitivity matrix in 

density plot. It is obvious that this matrix is very different fi-om diagonal matrix. X-axis 

represents 36 Zemike polynomials and Y-axis represents 370 focal spots (185 lenslets). 

Let's implement SVD on this sensitivity matrix. The first results are a logarithmic plot of 

(7 Eq. 5.28 

k 
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non-zero singular values in Figure 5.3. There are 36 non-zero singular values that means 

its rank 36. It is the same number of Zemike polynomials so that null space is trivial in 

this case and there is left-inverse of sensitivity matrix according to the uniqueness 

theorem. The condition number is 3346.42 whose reciprocal is 2.99x10"'^ that is much 

bigger than N (=36) times machine precision (10'^^). Therefore there is no concern about 

ill-conditioned or round-off error. 

0 5 10 15 20 25 30 35 
Zemike Polynomial 

Figure 5.2. Density plot of Sensitivity Matrix. Sensitivity matrix is 
calculated by Eq. 5.8. It is obvious that this sensitivity matrix is very 
different from diagonal matrix. X-axis represents 36 Zemike 
polynomials and Y- axis represents 370 focal spots (185 lenslets). 
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Figure 5.3. Logarithmic plot of Singular values. There are 36 non-zero 
singular values which is same as number of Zemike polynomials. A 
null space is trivial. The condition number is 3346.42 whose reciprocal 
is 2.99x10"'^ that is much bigger than machine precision (10'^®). 

The cross coupling matrix is calculated and shown in Figure 5.4. Apparently, it 

shows nice identity matrix. The off-diagonal strength ratio is only 3.8x10"''^ which is 

close to machine precision. It is found that pseudo-inverse matrix is truly left-inverse 

matrix of sensitivity matrix within machine precision. 

Zernike Polynomials 20 

Zemike Polynomials 30 

Figure 5.4. 3D plot of Cross Coupling Matrix. It shows a nice identity 
matrix which means SVD should works very well numerically. Its 
strength ratio is 3.8x10"^"^ which is close to machine precision. 
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From these results, it can be found that SVD really do the job for the wavefront 

reconstruction task. There is one thing to keep in mind. The calculation presented here 

simulates theoretical performance of SVD under the assumption that every instrument in 

SH wavefront sensor is perfect. Therefore the measurement data lie in consistent space. If 

one wants to find out actual efficiency of the wavefi^ont reconstruction, one would better 

rely on Eq. 5.27. 

5.4. THE CONFIGURATION OF SH WAVEFRONT SENSOR 

SH wavefi'ont sensor consists of off-the-selves optics and opto-mechanical parts. 

The main parts are a pinhole, collimator, and a lenslet array [see Figure 5.5]. 

Optics under Test Collimator Optics under Test Collimator 

Figure 5.5. Schematic Diagram of Shack-Hartmann wavefront sensor, 
(a) Pinhole is inserted to create reference wavefront. (b) It will be 
removed when test wavefront is measured. 

The pinhole is inserted to create reference wavefront, which is the calibration 

procedure. It will be removed when test wavefront is measured. It is located at the focal 

point of collimator for creating a spherical wavefront. The diameter of a pinhole is 2 

• • 5 microns that can create spherical wavefront up to 0.6 of NA within 10" waves of 

wavefront deviation [70]. After the collimator, the spherical wavefront is converted to the 

Detector Detector 

Pinhole 
Lenslel Array Lenslet Array 

Rcfcrenct' focal spots Aberrated focal spots 
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planar wavefront that becomes reference wavefront. The focal spots created during the 

calibration are called reference focal spots. 

This configuration is very efficient to compensate aberrations from collimator, 

lenslet and relay optics and any mechanical defects. Its mechanism is similar to a double 

path interferometer where two wavefronts suffer from same amount of aberration and 

defects. The effect of compensation is visually confirmed in Figure 5.6. The spot 

displacements in Figure (a) are calculated with respect to reference focal spots measured 

when collimated beam is incident into SH wavefront sensor. They show a unique 

characteristic of the combination of spherical aberration and defocus. The spot 

displacements in Figure (b) are referred to the center of lenslet array with same aberrated 

focal spots. They are scattered due to any mechanical error or aberration in system. 

LjSpot dispUcamtnt Spot dlsplaccmffnt 

Figure 5.6. Two spot displacements with respect to different reference 
spots; (a) The reference spots are measured when collimated beam is 
incident into system, (b) The reference spots are a center of each 
lenslet. 
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The collimator [New Focus, 5722-H-B] relays exit pupil of testing optics as well 

as eliminates optical power. It has 0.55 of NA and 4.5 mm of focal length. The RMS 

wavefront is reported as 0.072X,. Later it will be shown that SH wavefront sensor has 

better RMS wavefront error than this. The first order properties of collimator decide the 

range of testable optics along with condition of unique solution. In order to satisfy unique 

solution condition, the number of lenslets must exceed number of Zemike polynomials. 

The diameter of minimum pupil image to contain more than 36 lenslets is 2 mm. Since 

the focal point of testing optics should be located at front focal point of collimator, the 

diameter of pupil image is 

where dp is a diameter of pupil image and NAj^ is a numerical aperture of 

testing optics. According to Eq. 5.29, the NA corresponding to 2mm of pupil image is 

0.217 which is a minimum NA of testable optics. The maximum NA is 0.55 which is 

same as NA of collimator. Due to short focal length of collimator, total system track is 

less than 30 cm. 

5.5. ASSEMBLY 

It is the first thing to check the quality of collimated beam. Since optics under 

testing has a small aperture, it is not very difficult to obtain high quality of collimated 

beam. The problem is to quantify the quality of collimated beam. Here we present the 

simple method to accomplish this task. If beam is collimated very well, its wavefi"ont 

d 
9 N A r  

p Eq. 5.29 
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does not vary very much even after long propagation. Once the variation of wavefront is 

quantified along optical axis, the quality of collimated beam is confirmed. Among many 

characteristics of collimated wavefi-ont, a defocus is the most interesting quantity in the 

collimation issue. We will now show that the existence of defocus can be checked out by 

taking two SH data at different axial position as well as wavefront variation. 

Since we uses Zemike polynomials as the basis function of wavefront, it is easily 

found that the defocus are related to only Zemike polynomials that have term of 

( x ^  + y ^ )  such as Z3. Let me remind as i " '  Zemike Coefficient. C3 is only non-zero 

Zemike coefficient if there is only defocus on wavefront. Let me assume an incident 

wavefi"ont that has unknown amount of defocus. 

y :  z )  =  ^ c ) ^ { y  ¥ c )  53Q 

where (^c'Wc) center of wavefront is the center of curvature. If SH 

measurement occurs d X  z - g  and the center oflenslet is { a j ,Pj) on x-y plane, the 

spot displacements by defocus are 

{-^ccj Eq. 5.31 

Eq. 5.31 is calculated by Eq. 5.4. Eq. 5.31 indicates that the variation of spot 

displacements is linear and equal along any direction with respect to the lenslet location. 

Let me call it isotropic linear dependence. It is the unique characteristics of defocus 
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because defocus is only aberration that has 2"^ order dependence on radial position and 

rotational symmetry. Although there exist other non-zero Zemike coefficients, that is, 

other aberrations, the C3 can be correctly estimated by SVD. The second terms of x- and 

y- displacement in Eq. 5.31 are ignorable because they are constant. One may argue that 

the astigmatism also provides linear variation but it has different linear dependence on x-

and y- axis. 

Now there are two SH measurements at two axial positions, and $"2. There 

may be transversal displacement between two measurements. Then two wavefronts are 

(hix, y; g\) = ^ 

% 2, Eq.5.32 

2(^2-?c) 

where {^^,1//^) and (^2'^2) the centers of two wavefronts at z = ^, and 

z = g2 respectively. The difference of two spot displacements is 

[_j£LZiiyL_] 

($"c-?l)($"c-$"2) ?c-?l ^c-^"2 
Eq. 5.33 

(^c-fl)(?c-$"2) fc-^2 

Eq. 5.33 maintains isotropic linear dependence although the absolute values are 

different. If there is no focus, that is, = 00, Eq. 5.33 becomes zero and so is C3. 

Therefore one can confirm the existence of defocus by observing the list of Zemike 
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coefficients reconstructed from spot displacement in Eq. 5.33 and realign the collimator 

until obtaining minimum variation of defocus. 

One may ask about the reason of two SH measurement and subtraction of two 

spot displacements instead of two reconstructed wavejfronts. The purpose of this 

procedure is to reveal the existence of defocus without the calibration, that is, the 

reference wavefront. It is because the calibration requires excellent collimated beam that 

is not prepared at this stage. Up to this moment, the collimation is only confirmed by the 

lateral shear plate. Two SH measurement data both experience same amount of aberration 

or mechanical defects from SH wavefront sensor. By subtracting them each other, one 

can nullify these error source and quantify the variation of defocus without well-

calibrated SH wavefront sensor. Furthermore this idea can be expanded to any Zemike 

polynomials so that the variation of wavefront is estimated. Let's recall Eq. 5.6. However, 

let me add an additive noise vector to it. The noise vector contains error of spot 

displacement cause by aberration, mechanical defects, photon noise and electrical noise. 

Let's imagine two spot displacement data at two axial positions g, and g2 • 

A{g2)=S-c{g:^)+nf+n{t2)' Eq. 5.34 

The noise vector is separated to two parts in Eq. 5.34. The nj is a time-invariant 

noise vector contributed from aberration, misalignment or defects of components. The 

n{t) is a time-variant noise vector contributed from Poisson noise, air fluctuation or 

electrical noise. The calibration procedure is usually required to compensate . 
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However the same task can be achieved by subtracting two equations each other in Eq. 

5.34. 

= S• Ci2 + n{ti2)• Eq. 5.35 

where ^2 = 4fi)-^^2)' <^12 = and "(^12)= "(^2) • The Eq. 

5.35 has only time-variant noise vector. Let's multiply the pseudo-inverse matrix to both 

sides. 

S * - 4 2 = 4  +  r . n ( t , 2 )  =  4 .  E q . 5 . 3 6  

The estimation qj has contribution from time-variant noise but it is often very 

small amount and can be reduced by long time exposure or multiple measurements. 

Finally, the wavefront variation is 

• Eq. 5.37 
i 

As shown, Eq. 5.37 shows wavefront variation without requiring the calibration 

procedure. The collimation procedure shown here was repeated when SH wavefront 

sensor was built. The collimation results are presented in terms of c,2 , that is, the 

variation of Zemike coefficients. 

Table 5.1. Reconstructed Zemike Coefficients up to 15"^ and RMS 
wavefront error for collimation of beam. The unit is wavelength. 
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Zemike 
A B 

Coefficients 
A B 

C3 0.283 0.006 

C4 0.007 0.003 

C5 -0.013 -0.017 

C6 0.012 0.004 

C7 -0.001 0.000 

C8 -0.002 0.001 

C9 0.002 -0.004 

ClO 0.003 0.006 

Cll 0.003 0.003 

C12 0.003 0.005 

Cl3 -0.002 0.005 

Ci4 0.003 0.001 

Cl5 -0.000 0.002 

RMS error 0.163 0.010 

The column A shows RMS wavefront error and Zemike coefficients of initially 

collimated beam when beam is collimated only with lateral shear plate. The column B 

shows RMS wavefront error and Zemike coefficients afler re-aligning collimator until 

obtaining minimal defocus and minimal RMS wavefront error. It is shown that C3 and 

RMS wavefront error reduces significantly. The input beam is collimated based on this 

collimation technique. 

The pinhole [Melles Griot, 04PPM001] is inserted to create reference wavefront, 

that is, spherical wavefront. It will be removed when test wavefront is measured. The 

SEM picture of a pinhole is shown in Figure 5.7. The line indicated by the red arrow 

shows the scale of 1 micron. 
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Figure 5.7. SEM picture of a pinhole. Its diameter is 2 microns that can 
create spherical wavefront up to 0.6 of NA [70]. 

A lenslet array [Adaptive Optics Assoc., 0300-7.6-S] has rectangular lenslets and 

creates a two-dimensional (2D) array of focal spots [71]. The lenslet's focal length is 7.6 

mm and its size is 0.3 mmxO.3 mm. The CCD camera [Uniq Vision, UP 1800] is located 

the back focal plane of lenslet array. Its pixel size is 6.45 micron and the number of 

pixels is 1392x1040 [72], Actual SH wavefront sensor has relay optics [Edmund 

Industrial Optics, NT45-759] between lenslet array and CCD camera in order to relay 

focal spots onto CCD camera. It has unit magnification and diffraction-limited 

performance over entire FOV. 

The picture of actual system is presented in Figure 5.8. 
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Optics 

Under Testing 

Collimator 

Lenslet Array 

Figure 5.8. Picture of actual SH wavefront sensor. The pinhole is 
moved out of sight. The system total track is 15cm that is the distance 
from optics under testing and CCD chip. 

The optics under testing is mounted on the three axis translation stages. Since 

spacing between optics under testing and collimator, the pinhole is mounted aside and 

translated with differential micrometer during the calibration procedure, that is, the 

measurement of reference focal spots. The differential micrometer is reported to have the 

graduation of 0.5 microns and the sensitivity of 0.1 microns. 

5.6. CENTROID DETECTION AND DYNAMIC RANGE 

Let's recall Eq. 5.3 and Eq. 5.4 for the centroid detection on a digital detector 

array, mostly, CCD camera. The most popular definition of centroid is the center of 

gravity of focal spots created by lenslet according to Eq. 5.3. The other possible 

definition is the center of 2D Gaussian distribution when a focal spot is assumed to have 

a Gaussian-like distribution [73, 74], However latter definition has a disadvantage such as 

the assumption 2D symmetric distribution of focal spots and the introduction of extra 
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fitting procedure [75]. In many cases, one can observe that focal spot is not diffraction 

limited PSF and loses symmetric distribution if incident wavefront has high slope or fast 

variation in a sub-aperture. Therefore the assumption of Gaussian distribution limits the 

dynamic range of measurable wavefront. 

The first step of centroid detection is to set up the threshold for keeping the error 

caused by background noise from propagating to final results. The threshold results in 

many isolated regions containing bright spots. Single focal spot may have multiple bright 

spots since a focal spot has infinite number of zero theoretically. There are two ways to 

go. The first way is to include every bright spots for centroid calculation by pre-defining 

sub-aperture on CCD chip. The second way is to select only brighter or bigger regions by 

setting up another threshold. Naturally, the second peak of focal spots is much smaller 

and weaker than the first peak. It is easy to select the regions containing the first peak by 

comparing brightness or size. We count focal spots with respect to their size because 

there may be irradiance variation on incident beam. There is the probability that some 

focal spots are so weaker than others are. These weaker spots may not be selected with 

respect to their brightness. Even if the incident beam has perfectly flat irradiance, optics 

creates cos"^ 6 reduction of irradiance. In order to select bright regions with respect to 

their size, two special operators, dilation and erosion are used [76]. 

Briefly, the dilation operator implements the dilation of array by the structuring 

element. This operator is commonly known as "fill", "expand", or "grow." It can be used 

to fill holes of a size equal to or smaller than the structuring element. Used with binary 

arrays, where each pixel is either 1 or 0, the dilation is similar to convolution. Over each 
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pixel of the arrays, the origin of the structuring element is overlaid. If the array pixel is 

nonzero inside an overlaid region, each pixel of the structuring element is added to the 

result using the OR operator. Letting A®B represent the dilation of an array A by 

structuring element B, the dilation can be defined as 

C  =  A ® B ^ \ J { A ) ^ .  E q .  5 . 3 8  
b&B ^ 

where {A)^ represents the translation of A by b. Intuitively, for each nonzero 

element bf j of B, A is translated by i,j and summed into C using the OR operator. For 

example. 

'0 1 0 0' '0 1 1 0' 

0 1 0 0 0 1 1 0 

0 1 1 0 ®(l 1)= 0 1 1 1 

1 0 0 0 1 1 0 0 

vO 0 0 0. .0 0 0 0. 

The erosion operator is exactly same as the dilation except it uses AND operation 

in final step. This operator is commonly known as "shrink" or "reduce." It can be used to 

remove islands smaller than the structuring element. It is defined as 

C  =  A ® B =  V [ { A ) ^ .  Eq. 5.39 

Notice that ® is used instead of ®. For example, 
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'0 1 0 0' '0 0 0 0' 

0 1 0 0 0 0 0 0 

1 1 1 0 (8)(l 1)= 1 1 0 0 

1 0 0 0 0 0 0 0 

vO 0 0 0. .0 0 0 0. 

The "I's" in the first and second row are eliminated because their size is smaller 

than the structuring element. Generally, the erosion operator is enough to eliminate 

unwanted small spots. However, the dilation operator is necessary if one wants to include 

some small spots around big spots and combine them to create bigger regions for centroid 

calculation. In a result, there is single region containing multiple spots and the region is 

not necessarily located inside the sub-aperture. This procedure requires the cautiousness 

not to include bright spots from adjacent sub-aperture. The dilation and erosion operator 

are the basis of the expansion of dynamic range of our SH wavefront sensor. 

In a conventional SH wavefront sensor, the dynamic range (maximum tolerable 

spot displacement) is limited by the f-number of the lenslet. A spot is required to stay 

inside a sub-aperture defined by original lenslet that creates the spot. If a wavefront 

varies so fast that a spot displacement goes beyond a sub-aperture, a spot cannot be 

assigned to original lenslet. Therefore, the maximum wavefront slope is expressed as 

I 
d W ( x , y )  

dx 
dxdy 

2/ 

d J V ( x , y )  
dxdy 

If ' 
Eq. 5.40 

where w is a width of lenslet, equivalently, width of sub-aperture A: is an area of 

the j"' lenslet and / is a focal length of a lenslet. As mentioned earlier, there are many 
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publications to address the expansion of the dynamic range of SH wavefront sensor [58, 

59, 60, 61, 62]. However these approaches require an additional measurement, extra 

components or a complicated algorithm. Here we propose the simple and efficient 

dynamic expansion method called the sorting method to expand dynamic range and to 

demonstrate its implementation with experimental results. 

The dynamic range of new suggestion is limited by crosstalk of adjacent spots but 

the crosstalk is not serious limitation because it requires very fast variation of wavefront. 

Let me name the crosstalk of adjacent spots as spot crosstalk to distinguish the different 

type of crosstalk introduced later. Let's imagine two focal spots getting close as shown in 

Figure 5.9. In the figure, 0 is a wavefront angle averaged over sub-aperture. 

/ 

Figure 5.9. The crosstalk of focal spots. Fast varying wavefront 
impinges on lenslet array and two focal spots are gathered within the 
diameter of sinc-square function. Here w is a width of lenslet and /is a 
focal length and 0 is a wavefront angle averaged over sub-aperture. 
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We assume spot crosstalk starts when they fall the within the width of the sinc-

square function defined as the first two zeroes which is equal to 2/1 . When the unit is 

mm, the averaged wavefront slope is 

Tan{6) = — {Mmm), Eq. 5.41 
If w 

and the curvature of wavefront over two adjacent lenslets is 

ITaniO) \ ^ X .. . 2\ 
^  =  —  - 2 ^  0 - / m m ' ) .  Eq. 5.42 

w f w 

For example, SH wavefront sensor would have the spot crosstalk when the 

wavefront curvature is 132 (>^ / mrn^) when the pupil diameter is 2.7mm, a focal length is 

7.8 mm and the width of lenslet is 0.3mm. The wavelength is 830nm. It is equivalent that 

a wavefi'ont has 132 waves of defocus over the 1mm exit pupil radius. 

As mentioned earlier, the centroids of focal spots are calculated inside bright 

regions selected by dilation and erosion operator. Keep in mind that the bright regions are 

not bounded inside a sub-aperture. Since the centroid displacement is the difference 

between aberrated focal spots and reference focal spots, it is important to find out how to 

assign an aberrated focal spot to a reference focal spot that originates fi-om same sub-

aperture. The question can be answered by sorting two sets of spots according to their 

positions. The centroid position data are sorted by their y- (or x-) positions first and their 

X- (or y-) positions next. Figure 5.10 shows reference spots and aberrated spots in same 
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configuration before the implementation of sorting method. Let me assume each Greek 

character contain the position information of each focal spot. The sequence of Greek 

characters is not the sequence of focal spots. The rectangular grids indicate areas sub

divided by lenslet's sub-aperture. It is noticeable that some aberrated spots are located 

outside of sub-aperture. 

• • 

H : \ 

0 : l\ 
• • 

A  :  i ;  

(a) 

V i  '  ( )  

(b) 

Figure 5.10. Plot of focal spot before sorting. Figure (a) shows 
reference spots. Figure (b) shows aberrated spots in same configuration 
as figure (a). Rectangular grid indicates sub-aperture bounded by 
lenslet array. 

From the reference spots, it can be determined how many spots there are in one 

row inside the full aperture. For example, there are five spots in the lowest row and 7 

spots in the second lowest row. Let's sort aberrated spots in Figure 5.10 (b) by their y-

position. Since there is no crosstalk, the five lowest focal spots should belong to the first 

row. Figure 5.11 shows the sorting result and the focal spots are tagged with row number. 

The means that the focal spot a belongs to the first row. 
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'(U i V' ,5r 

A2 

Figure 5.11. Plot of focal spots after sorting by y-position. The five 
lowest spots can be selected for the first row. 

We can select the five lowest spots [ai, Pi, Xi, Si, Si in Figure 5.11] according to 

their y-position even though they are nqt in original sub-aperture where they originate. 

They are supposed to belong to the first row. The same procedure can be repeated for the 

second row. The next seven lowest focal spots are supposed to belong to the second low. 

The focal spots in each row are sorted by x-position again and the result is shown in 

Figure 5.12. Unlike the sorting by y-position that considers every focal spot, the sorting 

by x-position considers only focal spots belonging to single row. 
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fil,2 ^ V'"' 01,4 • f\ 1,1 ' M,5 

Figure 5.12. Plot of focal spots after sorting by y-position and x-
position sequentially. 

The sequence of focal spots is tagged after row number. For instance, the 

means that the focal spot 2' belongs to the first low and its sequence by x-position is 

third. The positions of the focal spots in first row are saved in the centroid position vector 

with the sequence determined by the sorting procedure. That is, 

Pa ~ {<^1,1' A,2' Zi,3' <^1,4' ^1,5}» 

—> 

where is a centroid position vector for aberrated spots. Since there is no 

crosstalk, these five spots should be assigned to the five lowest reference spots [A, B, X, 

A, E in Figure 5.10 (a)]. We can apply same procedure for the seven spots in the second 

row and append them to the first five spot data in the centroid position vector. That is, 
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Pa ~ i^Ul' A,2' '"'^2,1' ^2,2' ^2,3' "'• 
Eq. 5.44 

The procedure is repeated until every spot is sorted. Notice that spots are 

sequenced not by sub-aperture location but by their centroid positions. The same steps 

—̂  

can be applied to reference spots to create a centroid position vector for reference 

spots. The spot displacement vector is the difference between two centroid position 

vectors. The limitation of the sorting method is that two adjacent rows should not cross 

each other. In other words, any spots in one row should not cross over any spots in other 

rows. Let me call this as row crosstalk. The row crosstalk is illustrated in Figure 5.13. 
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Figure 5.13. Crosstalk of two adjacent rows. Horizontal lines pass on 
spots that are aligned on y-axis. Figure (a) shows spot displacement 
when wavefront has 24 X of spherical aberration. Figure (b) shows 
crosstalk of two adjacent rows when wavefront has 27 X of spherical 
aberration. 

The two plots in Figure 5.13 result from different amount of spherical aberrations. 

The other configurations are same as Figure 5.10. Figure (a) shows the spot 

displacements when wavefront has 24 X of spherical aberration. Notice that the two focal 

spots a and (3 start infringing the upper row. Figure (b) shows crosstalk of two adjacent 
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rows when wavefront has 27 X of spherical aberration. The focal spots a and P in the first 

row are located higher than the horizontal line where the focal spot y in the second row 

stays. Therefore the sorting by y-position would fail in counting first five focal spots. 

Therefore the maximum wavefront slope is determined by 

where Aj and Aj^ are the 2D range of any sub-aperture in two adjacent rows. 

The two crosstalk phenomena would determine the dynamic range of SH wavefront 

sensor. Unlike the spot crosstalk, the row crosstalk limits the dynamic range in the way 

depending on specific wavefi-ont shape because the wavefront curvature varies in random 

manner over two rows so that it is difficult to quantify the dynamic range in terms of 

single numerical value of wavefront curvature. One of the publications that address the 

dynamic range expansion reports the simple example of the dynamic range by 

quantifying measurable spherical wavefront, that is, maximum defocus [60]. Since 

Zemike polynomials are used as basis function in our SH wavefront sensor, it is 

reasonable to quantify the expansion of dynamic range by presenting maximum Zemike 

coefficients when incident wavefront is represented by single Zemike polynomial. Table 

5.2 reports maximum Zemike coefficients that can be measured by two different methods; 

the conventional method whose dynamic range is limited by Eq. 5.42 and the sorting 

method whose dynamic range is limited by Eq. 5.45. The pupil radius in this example is 

3.15 mm. 

Eq. 5.45 



144 

Table 5.2. Comparison of maximum Zemike 
coefficient in waves. 

Zemike 
Coefficients 

Conventional 
Method 

Sorting Method 

25 

z, 

z 10 

'12 

'13 

'14 

'15 

19.16 

38.32 

38.32 

11.37 

11.37 

6.49 

26.82 

26.82 

8.96 

8.96 

4.79 

4.79 

3.28 

328.04 

656.09 

656.09 

46.65 

46.65 

19.09 

50.1 

50.1 

45.94 

45.94 

11.73 

11.73 

6.83 

As seen in Table 5.2, the dynamic range increases by a factor of 17. The extension 

of dynamic range is reduced at high Zemike polynomials because the sorting method is 

limited by wavefront curvature and works best with Zemike polynomials that have 

second order dependence such as Z3, Z4 and Z5. It is because second derivative of these 

polynomials is constant so that there is no row crosstalk. Here is the experimental 

measurement example. The testing optics is cubic phase plate from CDM optics [77, 78]. 
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The original purpose of the cubic phase plate is to extend depth of focus. It creates phase 

delay that has cubic dependence on x- and y-positions. The phase delay is 

Eq. 5.46 

Notice that phase delay is equivalent to the wavefront if a planar wavefront is 

incident on the cubic phase plate. Figure 5.14 shows measured spot displacements and 

the corresponding reconstructed wavefront. 

•dffil 
• 

• o ©on 

Rff cng [J ^ 
0Si 08 a Bffl 

-0.4 -0.2 0.0 0.2 

(a) 

-0.5 0.0 0.5 
Normolized Pupil 

(b) 

Figure 5.14. Spot displacements and reconstructed wavefront of cubic 
phase plate. The patterns in figure (a) and (b) show unique 
characteristics of cubic phase plate. 

The patterns in figure (a) and (b) show unique characteristics of cubic phase plate 

[see PSF and phase plot in reference 77]. The maximum spot displacement is 0.33 mm. 

This is twice as large as the dynamic range of the conventional method, which is 0.15 

mm. 
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5.7. ACCURACY AND PRECISION ANALYSIS 

We found that SVD worked perfectly under theoretical situation in section 5.3. 

However, actual SH wavefront sensor suffers from many error sources which are 

categorized as two types: (1) Time-variant error sources such as air turbulence, 

temperature change, photon (Poisson) noise and electrical noise such as dark noise and 

read noise from digital detector array (CCD camera in our system) and (2) Time-invariant 

error sources such as misalignment, aberration and finite sampling and digitization by 

digital detector array. There are many publications addressed these error sources and 

influences [79, 80, 81, 82, 83]. Time-variant noise has stochastic nature and is difficult to 

quantify its influence although some formula can be established under the assumed 

statistics of noise, for instance, normal distribution. The most popular way to correct 

these errors is to take multiple measurements of spot displacements and average them to 

increase signal to noise. Another way is to threshold a background signal that is mainly 

contributed by dark current and electrical noise [81]. The most fundamental noise is the 

photon noise which results from spontaneous or stimulated photon emission. It can not be 

eliminated. Time-invariant error sources are more systematic and possible to do 

analytical approaches [82]. The time-invariant errors can be compensated by the 

calibration procedure. However the finite sampling and digitization by CCD camera is 

unavoidable to every SH wavefront sensor and must be addressed to assess the 

performance of system. 

There are the publications reporting about centroid measurement on a digital array 

detector [79, 84]. However the purpose of this study is not to repeat previous study but to 
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develop the mathematical tool that analyzes the influence of finite sampling and 

digitization on wavefront reconstruction. 

Let's assume that P S F { x ,  y ; x ^ , y ^ )  is a point spread function (PSF) of a lenslet 

where (x^,y^) is a true centroid of PSF(x, y;x^,y^). The optical power sampled in 

{i, j) pixel is digitized by AD converter. We do not introduce a threshold at this moment 

because no noise is assumed. 

where ^ is a area of ( i ,  j )  pixel whose center is (x,, y j ) . The centroid on CCD is 

calculated by discrete version of Eq. 5.3. 

SH wavefi-ont sensor that we built has a rectangular lenslet so that PSF is a sinc-

square function. Figure 5.15 shows centroid detection errors plot by the finite sampling 

and digitization. The lenslet has f/26 in this example. The pixel size is 6.45 )Lim and its fill 

factor is 100 %. 

Eq. 5.47 

). Eq. 5.48 
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Figure 5.15. Centroid detection error by finite sampling and 
digitization. Figure (a) shows centroid detection error when a discrete 
sampling by CCD pixels occurs before finite sampling. Figure (b) 
shows centroid detection error after 10-bit digitization. 

The plot in figure (a) is a centroid detection error when the only finite sampling is 

considered. Since a sinc-square function is sampled with equal spacing (CCD pixel size), 

the centroid detection error plot shows a periodic pattern with one CCD pixel size of 

period. The centroid detection error in figure (a) is nano meter scale, approximately, 

0.001 pixels and can be ignored. However, the digitization (10 bit in our system) 

increases the error to the level of 0.02 pixels and introduces digitization noise in figure (b) 

although the plot does not lose its period pattern. Then the next question is how 

influential the centroid detection error is on final wavefront reconstruction. Here the new 

metric is introduced for quantification of centroid detection error. The first step is to 

create centroid data degraded by finite sampling and digitization. Let me assign £) to a 

f i n i t e  s a m p l i n g  a n d  d i g i t i z a t i o n  o p e r a t o r .  I t  i s  d e f i n e d  b y  E q .  5 . 4 8 .  T h e  o p e r a t o r  D  

converts true centroid to centroid displaced by the finite sampling and the discretization. 

The true centroid is produced by Eq. 5.6 with known wavefront pattern. Since we use 
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Zemike polynomials as basis function, we can create true centroid corresponding to 

individual Zemike coefficients. The wavefront is reconstructed by Eq. 5.10. In a matrix 

form, 

d ^ S ^ - D - S - c .  E q . 5 . 4 9  

th 
Let's assume that the column vector c, has zero Zemike coefficients except i  

element. In other words, wavefront is represented with single Zemike polynomials. Eq. 

5.49 estimates a column vector c, degraded by operator D .  The column vector c, may 

have multiple non-zero Zemike coefficients, which is a crosstalk effect caused by the 

finite sampling and digitization. We can repeat the same procedure to every Zemike 

coefficient. It is natural to consider the union of every column vector for the sake of 

simplicity. In other words, 

/ \ , > • iiq. j.JU 
=  ( 5 " - £ » - 5 ) . ( c , U C 2 - U C 3 J  

The union in Eq. 5.50 is equivalent to concatenation of column vectors. Therefore, 

both sides result in new matrices C and C consisting of column vector c^ 's andc, 's 

respectively. 

C =  [S^ • D - s \ c .  Eq. 5.51 
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Since column vector c,- has single non-zero value at element, the matrix C is a 

diagonal matrix. If every input Zemike coefficients is set up as same constant, Eq. 5.51 is 

C(w) = w(^+-i)-5), Eq. 5.52 

where w is an input Zemike coefficients in waves. RMS wavefront error is 

calculated with each column in matrix C(w) . For instance, when a wavefi"ont is 

represented with single i"' Zemike polynomials, the corresponding RMS wavefront error 

i s  e q u a l  t o  R M S  e r r o r  o f  w a v e f i - o n t  t h a t  i s  r e p r e s e n t e d  w i t h  i " '  c o l u m n  i n  m a t r i x  C ( w ) .  

Eq. 5.52 can be used even when a wavefront is represented with multiple Zemike 

polynomials because of orthogonality of Zemike polynomials. Let me give the 

calculation example. Eq. 5.52 is used to analyze the finite sampling and digitization error 

of our SH wavefi-ont system when input Zemike coefficient has different values. Figure 

5.16 shows RMS wavefront error by the finite sampling and digitization. Input Zemike 

coefficients ranges fi^om R to 30X. The x-axis indicates which Zemike coefficient has 

non-zero value and the y-axis shows amplitude of Zemike coefficients. The highest RMS 

error is 0.0157X, and it occurs when 1®' Zemike coefficients has 29X. It is noticeable that 

Z] and Zj are most vulnerable to the finite sampling and digitization according to plot in 

Figure 5.16. Consequently, the highest RMS error in Figure 5.16 is a theoretical limit of 

accuracy of our system. 
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Figure 5.16. RMS wavefront error by centroid detection error. Input 
Zernike coefficients ranges from IX to 3 OX. The x-axis indicates which 
Zernike coefficient has non-zero value and the y-axis shows amplitude 
of Zernike coefficients. The highest RMS error is 0.0157A, and it occurs 
when I^' Zernike coefficients has 29X. 

It is the next thing to characterize the accuracy and precision of real SH wavefront 

sensor. The characterization is implemented by comparing known input wavefront with 

reconstructed wavefront. In order to create known wavefront, the pinhole is inserted and 

translated transversally so that tilted planar wavefront is incident onto lenslet array. The 

theoretical amount of tilt can be calculated by measuring the translation. The translation 

of the pinhole is measured by the length gauge from Heidenhain [85]. The maximum 

error of position measurement is reported as ±0.07 micron when it measures 12 mm. 

Figure 5.17 shows the measurement error along with the standard deviation. The 
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measurement occurred multiple times at the same translation distance. The shown errors 

are averaged values and the error bars are the standard deviation. 

The measurement error approaches the theoretical limits shown in Figure 5.16 

when the planar wavefront is a testing object to be reconstructed. 

2 3 4 
0.025 

0.02 

„ 0.015 

I 
0.01 

0.005 

Figure 5.17. The error of wavefront reconstruction. The pinhole is 
translated to create tilted wavefront. 

In this chapter, we review the principle of SH wavefront sensor and the 

mathematical background. We introduced SVD for the wavefront reconstruction instead 

of the normal equation and specified the advantage of SVD. It was shown that the 

performance of SH wavefront sensor can be quantified with the metrics newly proposed 

here in the theoretical and practical sense both. The metrics include the off-diagonal 

strength ratio and the centroid detection error by the finite sampling and discretization. 

The new collimation technique was introduced and used for the construction of SH 

Pinhole Translation 
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wavefront sensor. The SH wavefront sensor was calibrated by the pinhole that was the 

key component to achieve the excellent accuracy and precision close to the theoretical 

limit. Most of all, SH wavefront sensor can be unique due to the implementation of the 

new dynamic expansion algorithm named as the sorting method. It has the potential to be 

a useful algorithm for unconventional and highly aspherical component. 

The metrology tools for the miniature optics and imaging device are completed 

now. The next chapter will discuss about the imaging quality assessment of 4M device 

and analyze the assessment result. 
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6. THE METROLOGY OF 4M DEVICE 

6.1. INTRODUCTION 

This chapter will show the imaging performance of 4M device as well as the 

optical testing of individual components. There are three instruments for these tasks: the 

multi-modal imaging testbed, Shack-Hartmann (SH) wavefront sensor and the optical 

profilometer from Veeco, Inst. [86]. The details of first two instruments were introduced 

earlier. 

The imaging testbed can make qualitative and quantitative assessment of imaging 

quality of 4M device as well as the measurement of the first order properties of 4M 

device. It is distinguished from other instruments by testing of an imaging device rather 

than individual components. The first order properties include magnification, working 

distance, depth of field and field of view. The qualitative assessment is the imaging 

experiment of known object such as a microsphere, a resolution target and sample cancer 

cells. The quantitative assessment measures the numerical metric that indicates the 

imaging performance. 

The optical profilometer measures surface information of optics under testing. 

The surface data is decomposed with Zemike polynomials to analyze the surface error. 

The convex sides of objective and three hybrid lenses are measured and analyzed. 

The SH wavefront sensor is a transmission testing and provides the quality of 

wavefront that is created by optics under testing. There are couples of advantages of the 

SH wavefront sensor over the optical profilometer. While the optical profilometer does 
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not have enough FOV to cover entire testing surface, the SH wavefront sensor can test 

entire aperture of optics under testing. The SH wavefront sensor has a bigger dynamic 

range because its measurement is based on spot displacement that is proportional to the 

first derivative of wavefront. Since wavefront is the resuh of every factor such as surface 

shape, material, thickness of optics, it indicates the ultimate quality of optics. However, it 

could be also drawback of SH wavefront sensor because wavefront error may be the 

combination of multiple causes that are not distinguished easily. 

The imaging quality assessment and testing of individual components are 

compensatory each other. The imaging quality assessment could indicate how good 

imaging quality can be achieved with given optical components. On a while the testing 

results of individual components can provide the analytical information about the cause 

of imaging quality degradation. The first order properties and imaging quality of 4M 

device will be reported first in this chapter and its results will be analyzed based on the 

testing results of individual components. 

6.2. THE FIRST ORDER PROPERTIES OF 4M DEVICE 

Table 6.1 gives the first-order properties of the 4M device. The field of view and 

magnification were measured by observing the image of a square grid. The square grid 

has 50 |am line spacing and 5 ^m line thickness. The working distance is defined as the 

gap between the object plane and the underside of the 4M device. The depth of field is 

defined as the axial range where the contrast is higher than the half of maximum contrast 
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(FWHM) at a single frequency of a square wave. The depth of field was measured at 200 

line-pairs/mm. 

Table 6.1. First-order properties of 4M device. 

Field of View Magnification Working Distance Depth of field 

292 i^m -3.9 0.257 mm 29.6 |am 

6.3. QUALITATIVE ASSESSMENT: TRANS-ILLUMINATION IMAGING 

MODALITY 

The first imaging target is a resolution test target from Newport Corp. [87]. It has 

an optical glass substrate with transparent bar patterns on an opaque background. The 

features shown in Figure 6.1 are group 6 and group 7 among bar patterns. The smallest 

feature is the element 6 in group 7 in Figure 6.1 (b) and its line width is 2.2^m. The 

smearing in both images occurs due to surface inaccuracy of hybrid lenses that will be 

addressed later. 

(a) (b) 

Figure 6.1. Resolution target images in trans-illumination mode. 
Figure (a) shows elements 4 to 6 in group 6. Figure (b) shows 
same elements in group 7. 
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The first non-grating object imaged with the optics-only prototype 4M device is a 

polystyrene bead whose nominal mean diameter is 5.10 |am (Bangs Laboratories, Inc) 

[88]. Since illuminating light comes from beneath the object, negative contrast is 

expected because a polystyrene bead is equivalent to an opaque disk. 

In order to evaluate the imaging performance for actual objects, we used a 

suspension of 5 micron polystyrene beads in solution of 3 mg/ml bovine serum albumin 

(BSA) in water. The polystyrene beads were diluted 100 or 1000 times from the stock 

suspension (10% w/w) before the measurements. 

Figure 6.2 shows images of polystyrene beads in trans-illumination mode. Each 

image shows negative contrast (i.e., a dark ring pattern) around the microspheres as 

expected if the beads are in the object plane. The dark ring pattern is collapsed when the 

bead is out of focus as shown in Figure 6.2 (b). It is notable that there are two ring 

patterns clearly distinguishable even when two beads are stuck together, as in Figure 6.2 

(d). 

(a) (b) 
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(c) (d) 

Figure 6.2. Images of polystyrene beads in trans-illumination mode 
in figure (a) and (b). As expected, the negative contrasts (dark ring 
patterns) are visible around polystyrene beads in all Parts of the 
Figure. Parts (c) and (d) show that two polystyrene beads can 
adhere to each other and still be clearly resolvable. Parts (b) and 
(d) are the magnified sections indicated by red boxes in Parts (a) 
and (c), respectively. 

The second object consisted of cervical cancer cells (SiHa [89]). SiHa cells are 

derived from a squamous cell carcinoma of the cervix. SiHa cells were obtained from the 

Lotan laboratory (University of Texas M.D. Anderson Cancer Center) and grown to 

confluency in a 75 cm^ tissue culture flask with DMEM/F12 (Invitrogen, CA) 

supplemented with 5% FBS (HyClone, Logan, UT) and penicillin and streptomycin 

(Invitrogen). Cells were harvested using 0.25% trypsin-EDTA (Invitrogen) and re-

suspended in phenol-red free DMEM/F12 (Invitrogen) at a concentration of 5~10 million 

cells/ml. 

The cells in Figure 6.3 have diameters on the order of 10-15 |am. The cell 

membrane is shown due to refractive index mismatch between cells and media that is 
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known to be A« « 0.05 [90, 91, 92]. The refractive index mismatch is much smaller than 

mismatch between polystyrene bead and media (A« » 0.23) so that contrast in Figure 6.3 

is much weaker than Figure 6.2 [93]. Figure (b) shows the magnified view of region 

inside a red box in figure (a). Within the cell images of figure (b), the unstained nuclei 

are visible. 

(a) 

Figure 6.3. Images of unlabelled cervical-cancer cells (SiHa) in trans
illumination mode. The cell membrane is shown due to small change 
of refractive index between cells and media (a). Figure (b) shows the 
magnified view of region inside red box in figure (a). Within the cell 
images in figure (b), the unstained nuclei are visible. 

6.4. QUALITATIVE ASSESSMENT: TIR-REFLECTANCE IMAGING 

MODALITY 
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The imaging target in this modality is a cervical cancer cells labeled with silver 

nano-particles to produce higher reflectance [94]. Colloidal silver in water is diluted 

twice (i.e. mixed 1:1) by a solution of anti-EGFR antibodies (100 ^g/mL in 40mM 

HEPES buffer). The reason we chose EGFR is because it is a protein that occurs in 

larger quantities in cancerous cells/tissues vs. normal. 

Binding between the two occurs spontaneously once you mix antibodies with 

particles, and causes a slight red shift in the absorbance and reflectance 

spectra. Antibodies recognize the protein on the cell surface and act as a unique linker 

between the cell protein and the gold particle, enabling optical imaging of the spatial 

distribution of EGFR relative to cells. 

(a) 
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Figure 6.4. Images of cervical-cancer cells labeled with silver 
nano-particles. Cell images Background at the edge is caused by 
stray light from skewed illumination. Figure (b) and (d) are 
magnified view of region inside a white box in figure (a) and (c). 

It exhibits the ability to resonantly scatter visible and near infrared (NIR light). 

This property is the result of excitation of surface plasmon resonances and is extremely 

sensitive to the size, shape, and aggregation state of the particles [95]. Figure 6.4 shows 

two imaging results. Positive contrasts are shown in white boxes. The in-homogeneity of 

labeled cell images is presumed to be caused by clump of nano-particles. Cell images 

background at the edge is caused by stray light from skewed illumination. 

6.5. QUALITATIVE ASSESSMENT: FLUORESCENCE IMAGING 

MODALITY 
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The imaging target in this imaging modality is a fluorescence sphere whose 

diameter is 15|^m. Unlike two experiments, the purpose of this experiment is to 

demonstrate the potential extension of fluorescence imaging modality. Beam splitter is 

changed to dichroic beamsplitter in multi-modal imaging test-bed [96], The light source 

is switched to the excitation wavelength, 635 nm and emission wavelength is 690 nm 

[97]. 

(a) 

Figure 6.5. Images of fluorescence spheres. Its diameter is 15 
|am. The excitation wavelength is 635 nm and emission 
wavelength is 690 nm. It shows multiple bright spots with 
high contrast. Since sphere has a 3D volume, it is seen the 
blurring around spheres by defocus. 

Figure 6.5 shows circular bright spots with high contrast while background signal 

is nicely removed. Since sphere has a 3D volume, it is seen the blurring around spheres 



163 

by defocus along with reduction of captured light. Figure (b) is the magnified views of 

region inside a white box in figure (b). 

6.6. QUALITATIVE ASSESSMENT: REFLECTANCE IMAGING 

MODALITY 

The reflectance imaging is the most difficult imaging modality because of 

background signal from reflection or scattering when an object has weak reflectance. As 

a preliminary result, the resolution target that has higher reflectance was imaged in this 

imaging experiment. 

Figure 6.6. Image of resolution target 
experiment. The bar pattern of element 
out by the white arrow. 

in reflectance imaging 
6 in group 7 is pointed 
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Figure 6.6 shows the image of the resolution target under epi-illumination. The 

bar pattern pointed out by the white arrow is the element 6 in group 7 which is the 

smallest pattern. It indicates the 4M device has the capability to resolve 2 microns 

features. However, it also suffers from high background signal caused by reflection and 

scattering from optical elements (red arrow). The background signal is high enough to 

make the bar pattern almost undistinguishable. In order to solve this problem, the surface 

quality should be improved and the high quality AR coating is necessary. 

6.7. QUANTITATIVE ASSESSMENT: MTF MEASUREMENT 

The MTF is a commonly used representation of imaging performance in various 

contexts. It is a more appropriate metric for imaging performance than conventional 

aberration coefficients because surface shape has some level of non-rotational symmetry 

that will be shown in next sub-section. Seidel aberration coefficients assume a 

rotationally symmetric surface. Among the many methods of MTF measurement, we 

chose the scanning method that is to measure the change of contrast when an object is a 

sinusoidal grating [98]. Although the MTF expresses the change of contrast after imaging 

a sinusoidal grating, as a function of spatial frequency, it is advantageous to use a square 

wave grating in the actual experiment. The advantage stems from the practical fact that 

even a very high spatial frequency square wave grating is easily fabricated. Therefore the 

basic approach here is to measure square-wave response [i.e., contrast transfer function 

(CTF)] and convert the CTF to ordinary MTF. The equation of such conversion was 

published previously [99, 100]. However since our actual implementation is slightly 

different, we present a modified form of the conversion equation. 
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We begin with the well-known relationship between cosine wave response, that is, 

MTF, m{^), and a square wave response, that is, CTF, s(^). The is the spatial 

frequency. 

The conversion equation from CTF to MTF is given in J. W. Coltman's paper [99] 

and is 

B2„+i can be +1, 0, or -1 according to the formulas in J. W. Coltman's paper. The 

Eq. 6.2 appears impractical because of an infinite summation but considering the cut-off-

frequency property of an optical imaging system, one can limit the summation to only a 

finite number of terms. Assuming that the cut-off frequency is , m(<^) is equal to zero 

if ^ , then s{<^) is also equal to zero because of Eq. 6.1. Therefore, below the cut-off 

frequency m{<^) does not have a contribution from s(i^) at frequencies above the cut-off 

fi-equency. For instance, if then only the first term in Eq. 6.2 contributes 

to m{^). The same logic can be applied repeatedly until m{^) is determined at every 

spatial frequency below the cut-off spatial fi-equency. The result is 

Eq. 6.1 

Eq. 6.2 
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Eq. 6.3 
4 ^  '  ( 2 «  +  l )  ( 2 i V  +  3 )  ( 2 7 V +  1 )  ^  

In the actual measurement, the square-wave gratings used as objects have discrete 

spatial frequencies separated by equal spatial-frequency increments. The square-wave 

gratings (Max Levy Autograph, Inc.) range in spatial frequency from 5 LP/mm to 600 

LP/mm and the spatial frequency increment is 5 LP/mm from 5 LP/mm up to 115LP/mm 

and it is 10 LP/mm at higher spatial frequencies. 

The field position at which the MTF was measured was chosen to obtain the best 

contrast and was fixed during entire MTF measurement. Two images were taken at each 

frequency: one contained maximum irradiance and the other contained minimum 

irradiance at given field position. The contrast is 

Contrast = . Eq. 6.4 
^ max ' ^ mm 

The measured contrast data are interpolated in Mathematica® to create the CTF 

s{^), for the conversion by Eq. 6.3 to MTF m{^). Interpolation works by fitting 

polynomial curves between specified points. The order of fitting polynomial curves is 

three, yielding cubic curves. Figure 6.7 shows plots of contrast data, interpolated CTF 

and MTF. For comparison, the diffraction limited MTF is included under the assumption 

of 4M-device NA = 0.15 which is actual NA after reducing aperture size to avoid 

scattering from the edges of hybrid lenses. In a multi-modal imaging test-bed, the 
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adjustable iris diaphragm is an aperture stop. The numerical aperture is calculated by 

measuring the size of iris diaphragm and magnification. 

1 
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Figure 6.7. MTF curve for the 4M device (Green Line). The black 
dots are the measured CTF data and the red line is the interpolated 
CTF. The blue line above other lines is the diffraction limited MTF 
of a 4M device with NA = 0.15. 

The spatial frequency in Figure 6.7 is in object space. According to the MTF 

curve in Figure 6.7, the 4M device shows non-zero contrast value even after 200 LP/mm 

where an object has a similar size to epithelial cell nuclei. 

The Strehl ratio can be expressed as the ratio between integrals of the measured 

MTF and the diffraction limited MTF, according to the central ordinate theorem [101]. 

Based on this definition and the data in Figure 6.7, the Strehl ratio is 0.59. The main 

reason for MTF degradation is analyzed in next section. 
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6.8. QUANTITATIVE ASSESSMENT: THE SURFACE MEASUREMENTS 

OF HYBRID LENS. 

Two major characteristics of optical surfaces are measured; surface quality and 

surface accuracy [102], The surface roughness, characterize as surface quality, is reported 

in Table 6.2. Radii of curvature and Zemike coefficients plots as surface accuracies are 

reported in Table 6.3 and Figure 6.8 respectively. Convex surfaces of the objective lens 

and three hybrid lenses mounted on 4M device were measured under the Wyko NT 2000 

optical profilometer which is basically a Mirau- type interferometer [103]. Surface 

measurements were implemented in two different fields of view (FOV) to investigate the 

degradation of surface qualities at larger aperture sizes of the hybrid lenses. The two 

microscope objectives used in the Wyko NT-2000 have 0.3 and 0.55 of NA. respectively 

and each provides 240 i^m x 180 |im and 610 |am x 460 |im of FOV. Its spatial resolution 

is 1.33 |am. 

In order to characterize surface data correctly, surface data is decomposed with 

Zemike polynomials, as in Eq. 6.5, 

'max 

S { x ,  C i Z i  ( x ,  y ) , Eq. 6.5 
i=i 

where S ( x , y )  is a measured surface data and is a Zemike coefficients and 

Zi{x,y) is Zemike polynomial. We use 36 Zemike polynomials whose equations are 

listed in the Appendix. There are two reasons why this decomposition is useful to 

characterize a surface. The first one comes from measurement process. In the 
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measurement of a surface shape, it is unavoidable to introduce unknown tilt and de-center. 

If a decomposition is successful, the contribution from tilt and de-center can be 

eliminated by discarding first three Zemike coefficient (Piston and Tilt). The second 

reason is that decomposition can extract specific information that one wants from 

measurement data. For instance the decomposition readily separate rotational symmetry 

and non-rotational symmetry information of surface data. The decomposition is 

implemented by singular value decomposition (SVD) in commercial software [104]. 

In order to use SVD, Eq. 6.5 needs to be converted to a matrix form. The S { x , y )  

is not continuous function but discrete 2D data in the actual measurement. Let me 

exchange 5'(x,3^) to 5/^ that is a measurement value at the (/, m)-th element among 2D 

data. Each element has a corresponding x- and y- position. The Zemike polynomial 

Z i { x , y )  c a n  b e  d i s c r e t i z e d  t o  Z i { l , m )  t o o .  T h e  5 / ^  i s  c o n v e r t e d  t o  a  c o l u m n  v e c t o r  S  

and the is converted to row vector Z,. Therefore, Eq. 6.5 is rewritten as 

'max ^ 

S = ^ Z i C i .  E q .  6 . 6  
i=\ 

The Zemike coefficient c, is converted to a column vector, c  and the row vector 

Z, is concatenated to build the sensitivity matrix Z. It yields 

S  =  Z c .  Eq. 6.7 
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The SVD calculates pseudo inverse matrix, and finds out least square sense 

estimation c. 

The surface roughness data in Table 6.2 is defined as RMS error between 

measured surface data and designed surface data after disregarding first three Zemike 

coefficients. The unit is nano-meter. FOV 1 has 240 |am x 180 )j,m of FOV and FOV 2 

has 610 i^m x 460 ^irn of FOV. RMS roughness of hybrid lenses is controlled within X/4 

(207.5 rmi) in FOVl while it increases above X/4 in FOV 2. The comparison of the 

hybrid lens roughness to the objective lens shows that the RMS roughness of hybrid 

lenses is roughly 3 times bigger than commercial optics. This high level of RMS 

roughness has a detrimental influence on the imaging performance shown in the previous 

section. The degradation of surface qualities at lager apertures introduces high 

background noise such as stray lights from scattering and limits the usable aperture size 

of hybrid lenses, reducing the actual numerical aperture of the 4M device. RMS 

roughness of the objective lens in FOV 2 was not measured because the surface of 

objective lens is too steep for Wyko NT 2000 to collect reflective lights. 

Table 6.2. Surface roughness of objective lens and hybrid lenses. FOV 1 
has 240 )j.m x 180 |j,m of FOV and FOV 2 has 610 f^m x 460 |am of FOV. 

Objective Lens Hybrid Lens 1 Hybrid Lens 2 Hybrid Lens 3 

FOV 1 FOV 2 FOV 1 FOV 2 FOV 1 FOV 2 FOV 1 FOV 2 

RMS 
Roughness 

57.06 N/A 163.87 313.60 166.54 284.57 129.77 269.47 
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Surface accuracies are reported in terms of radii of curvature in Table 6.3. Radii 

of curvature are calculated by Zemike coefficients whose Zemike polynomials are 

rotationally symmetric and includes 2"^" order dependence on radius such as Z3, Zg and, 

Z]5 etc. 

2(2C3 - 6 C 8 + 1 2 c i 5 - - - )  

In Eq. 6.8, r  is the radius of curvature and p is a radius of measured surface. If a 

surface is spherical, only C3 is non-zero because other rotationally symmetric terms have 

aspherical contributions. Comparing the data in Table 6.3 with the design parameters in 

Table 2.1, there are noticeable errors in radii of curvature of the objective lens and hybrid 

lens 1 that cause can cause imaging performance degradation as well as change first order 

properties [see Table 6.1]. 

Table 6.3. Radii of curvature of objective lens and hybrid lenses in mm. 

Objective Lens Hybrid Lens 1 Hybrid Lens 2 Hybrid Lens 3 

Curvature 0.89 4.04 3.85 3.75 

Although radii of curvature and RMS roughness are popular metrics for 

representing surface characterization, these metrics shows only first order and second 

order statistics of surface data. It is sometimes necessary to make a closer observation to 

surface data, especially when optics is fabricated by a novel process. Figure 6.8 shows 

reconstructed Zemike coefficients of surface data. Each plot in Figure 6.8 starts with 3'^'' 
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Zemike coefficient and ends with 36*'' Zemike coefficient. Red triangles are correct 

Zemike coefficients and black rectangles are reconstructed Zemike coefficients from 

measured surface data. Obviously rotationally symmetric surface should have only non

zero Zemike coefficients corresponding to rotationally symmetric Zemike polynomials, 

for example, Zemike coefficients. Any non-zero non-rotationally symmetric Zemike 

coefficients represent an inaccuracy of surface shape. The plot (a) in Figure 6.8 is Zemike 

coefficient of objective lens. It shows slightly better rotational symmetry than the hybrid 

lenses. Since the objective lens is spherical and the hybrid lens has low aspherical surface, 

Zemike coefficients must have high amplitude only at C3 [see correct values in each plot]. 

However, each plots shows non-zero contribution fi-om other Zemike coefficients. In 

particular plots (b) and (c) have higher contributions from every Zemike coefficient. 

These surface inaccuracies create unwanted aberrations even if an object is on-axis. For 

instance, plot (a) has second highest amplitude at which corresponds to 5 order 

coma with base on x-axis. Plots (c) and (d) have the second highest amplitude at Cg 

which corresponds to 3'^'' order spherical aberration. Surface inaccuracy shown in Zemike 

coefficients is the main cause of imaging performance degradation which was shown in 

terms of MTF. 
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Figure 6.8. Zernike coefficients of objective lens and 3 hybrid lenses: 
(a) objective lens, (b) hybrid lens 1, (c) hybrid lens 2, and (d) hybrid 
lens 3. Red triangles are correct Zernike coefficients and black 
rectangles are reconstructed Zernike coefficients from the measured 
surface profiles. The diameter of surface data is 226 |j,m in plot (a) and 
is 460 i^m in plot (b), (c) and (d). 

The same surface data of the objective lens and three hybrid lenses are shown in 

terms of contour plot in Figure 6.9. Contour plots are graphical indicators of uniformity 

of radius of curvature and non-rotationally symmetric shapes. The FOV is 224 i^m x 295 

l^m in plot (a) and is 456 |am x 600 |am in plot (b), (c) and (d). One can observe the 

defects of surfaces visually unnoticed by simple metrics reported above. It is shown that 
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contours of hybrid lens surfaces are distorted and departed from spherical shape. The 

black spots are missing data due to the lack of reflectance from testing surface. Since the 

objective lens has a high slope, the reflectance does not go back to the optical profiler, 

which causes the data missing in plot (a). 

0 60 100 180 200 260 300 360 <?00 400 600 660 600 0 50 100 160 200 250 300 350 400 450 600 660 600 

(c) (d) 

Figure 6.9. Contour plot of objective lens and 3 hybrid lenses: (a) 
objective lens, (b) hybrid lens 1, (c) hybrid lens 2, and (d) hybrid lens 
3. It shows irregularity of contours and non-rotational shape which are 
main causes of imaging performance degradation. The FOV is 224 fj,m 
X 295 |am in plot (a) and is 456 j^m x 600 )j,m in plot (b), (c) and (d). 
Black spots are missing data due to lack of reflectance from testing 
surface. 
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6.9. QUANTITATIVE ASSESSMENT: THE SHACK-HARTMANN TEST OF 

HYBRID LENS. 

The wavefront of the hybrid lenses is measured under Shack-Hartmann wavefront 

sensor. The original purpose of SH measurement is to grade the hybrid lenses with 

respect to wavefront error and select the best three used for the 4M device. However, the 

testing result also explains the cause of imaging performance degradation. 

We fabricated total 24 hybrid lenses. The 10 of them were testable because the 

rest of them were cracked or created too low quality of focal spots to define their 

centroids. Here is the example of an un-testable hybrid lens in Figure 6.10. Figure 6.10 (a) 

is the exit pupil image of the hybrid lens on the plane of lenslet array. The exit pupil is 

imaged onto the lenslet array if wavefront at exit pupil is supposed to be measured. The 

exit pupil is distinguished by the clear image of aperture pointed out by the red arrow. 

The grids shown in the same figure are the boundary of a rectangular lenslet. The 

corresponding focal spots are shown in Figure 6.10 (b). 

The exit pupil image shows the defect on the hybrid lens surface (the blue arrow) 

and the irregularity of surface. The detrimental effect of these defects is revealed more 

clearly in Figure 6.10 (b). Some of focal spots are so much blurred (the red circle) or 

there are two focal spots in single sub-apertures (the blue circle). In order to be an over-

determined problem in the wavefront reconstruction, the number of focal spots should be 

bigger than the number of Zemike coefficients to be estimated [see the section 5.3]. 

However, the focal spots shown in Figure 6.10 (b) do not have enough number of focal 

spots. The disadvantage of under-determined problem is that there are not enough 
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measurements to estimate all unknown parameters, here, Zemike coefficients. SVD may 

be forced to make very un-realistic estimation to create a least-square sense solution. In 

other words, SVD minimizes the residual of solutions but the solutions are not even close 

to true values. 

(a) (b) 

Figure 6.10. Exit pupil image of un-testable hybrid lens mounted in SH 
wavefront sensor (a) and the corresponding focal spot image (b). The 
grids overlapped on the exit pupil image are the boundary of each 
lenslet. 

Let me provide the example of a testable lens. Figure 6.11 shows the exit pupil 

image of the testable hybrid lens and its focal spots. 
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(a) (b) 

Figure 6.11. Exit pupil image of a testable hybrid lens mounted in SH 
wavefront sensor and the corresponding focal spots image. 

Some of spots are not well focused but there are enough numbers of spots to 

satisfy the condition of over-determined problem. It is noticeable that the two set of focal 

spots have more blurred focal spots at the edge. It means the hybrid lens suffers from 

high wavefront fluctuation at the edge. 

The wavefront qualities of the hybrid lenses are expressed in terms of RMS 

wavefront error and they are reported in Figure 6.12. The ten of hybrid lenses were tested 

under SH wavefront sensor. Their RMS wavefront errors are listed in an ascending order. 

The first three hybrid lens were chosen and used for the assembly of 4M device. 
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RMS Wavefront Error 

Lens Number 

Figure 6.12. RMS wavefront errors of 10 hybrid lenses. They are sorted 
in an ascending order. Blue columns are RMS wavefront error of 
designed hybrid lens. 

The blue column is the RMS wavefront error of designed hybrid lens. Its 

numerical value is 0.042 waves that are much smaller than the measured RMS wavefront 

error. Although the best three hybrid lenses are picked up, these high wavefront errors 

readily causes the degradation of imaging quality. 

This chapter reports the optical testing of hybrid lens and imaging quality of 4M 

device. The metrology is the last procedure of the development of 4M device. However it 

does not mean the completion of 4M device development that relies on the novel 

fabrication process. The metrology results show two messages about the future works for 

4M device development. 
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The images shown under trans-illumination and MTF curve indicates the potential 

capability of 4M device for accomplishing its original task: the detection of pre-cancer 

using morphological change of cells. The 4M device currently developed can resolve the 

micro-scale object as small as 2 microns according to MTF curve. This is the promising 

result not only for 4M device but also for every imaging device made of hybrid sol-gel 

material such as the three stacked system under the development in Michael Descour's 

group. 

However the metrology also presents there are lots of room for the improvement, 

especially the quality of hybrid lens. The SH wavefront sensor shows how far the current 

hybrid lens are from the designed one in terms of RMS wavefront error. Some of 

modality such as reflectance imaging modality requires the improvement of hybrid lens 

quality. 

In the next chapter, we will review the achievement in 4M device project and 

discuss about the future works for completion of 4M device. 
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7. CONCLUSION 

7.1. SUMMARY 

Miniaturization is opening a new era of microscopy. Microscopy was invented 

four hundred years ago and in that time has benefited from major innovations, each 

preceded by an impression that further progress was unlikely. The innovations include 

Abbe's theory, Schott's development of new glass types, phase/amplitude contrast 

technique, DIG microscopy, fluorescence microscopy, confocal microscopy, the 

introduction of the laser in microscopy, and non-linear phenomena such as multi-photon 

absorption. However, the microscope is being re-invented again, this time because of the 

evolution in fabrication techniques and miniaturization. The miniaturization becomes the 

hottest issue in the development of optical devices. The recent examples of 

miniaturization include a mini-camera in commercial cellular phone, a digital pen from 

Anoto Group, M2A™ capsule endoscope system from Given Imaging Ltd., commercial 

optical MEMS [105, 106, 107]. This trend started from non-imaging devices such as 

photonics devices and now encompasses imaging devices as well. It is not bold to say 

that miniature imaging devices will thrive in the foreseeable future. 

This dissertation discusses the miniaturization of the microscope and the 

corresponding imaging quality. In brief, the 4M device is the joint result of optical 

engineering, chemistry and the photolithographic techniques. The 4M device is derived 

from classical lens design rules that are adopted to satisfy constraints resulting from 

fabrication-process considerations. Chapter 2 showed the lens design and the stray light 
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analysis of the 4M device. The simplicity is a key priority of the lens design in order to 

reduce the burdens of fabrication and metrology. The relationship between the 

polymerization of hybrid sol-gel material and UV dose is currently empirical. The surface 

of a hybrid lens should be convex and its sag is limited less than 60 microns. These 

constraints determined by the material properties and fabrication methods suggest that the 

three hybrid lenses in the 4M device have preferably the same surface shape and are 

plano-convex. 

This chapter also showed the stray light analysis shows the influence on the 

imaging quality of reflections from optical components. This analysis quantifies the 

contribution of each component to the total stray light at the image plane when the 4M 

device images a model object that has same reflectance as biological cells. We notice that 

it is necessary to use high-quality AR coatings or contrast enhancement technique such as 

gold/silver nano-particles because of the expected weak signal from the object. 

Chapters 4 and 5 discussed the development of the metrology instruments 

including the multi-modal imaging testbed and Shack-Hartmann (SH) wavefront sensor. 

The multi-modal imaging testbed is designed to measure the first-order properties and 

implement various imaging experiments for the "optics only" 4M device. It delivers 

suitable illumination to the 4M device by using Koehler illumination concept and relays 

the images created by the 4M device onto a CCD camera. The testbed utilizes multiple 

illumination modes to evaluate the multiple imaging modalities of a 4M device. 

Furthermore, structured illumination can be also delivered in order to test the optical 

sectioning capability of 4M devices. 
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The SH wavefront sensor has been characterized by testing miniature optics that 

have aspherical surfaces. The SH wavefront sensor has the compensation feature to make 

it possible to configure the system with off-the-shelf optics. The SH wavefront sensor 

evaluates a hybrid lens in terms of wavefront error and provides fundamental information 

about the quality of hybrid optics. The wavefront reconstruction algorithm is based on 

singular value decomposition and its efficiency is confirmed by the newly proposed 

metrics such as the off-diagonal strength ratio. The SH wavefront sensor is innovated by 

using the sorting method that extends the dynamic range up to 17 times when wavefront 

is represented with a low Zemike polynomial. The sorting method defines the sequence 

of focal spots in the way introduced in Chapter 5 and associates each focal spot to correct 

sub-aperture even if a focal spot leaves an original sub-aperture. Any SH wavefront 

sensor can use the proposed features such as the mathematical metrics, the sorting 

method, the reconstruction algorithm for improving its performance. 

The multi-modal imaging testbed and SH wavefront sensor test individual hybrid 

optics and assembled 4M devices in various ways and the testing results were presented 

in Chapter 6. Chapter 6 answers the questions asked in the Chapter 1. In order to 

demonstrate the imaging capability of 4M device, known objects such as resolution 

targets, microspheres, cervical cancer cells, and fluorospheres were imaged under 

different illumination modes. The images under the trans-illumination mode indicate that 

the 4M device possesses imaging capability suitable for cellular objects. The 4M device 

creates resolvable images of the smallest feature on the resolution target whose line width 

is 2.2 microns. Actual cells produce much smaller contrast than a resolution target but the 
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4M device also can create images of cervical cancer cells as shown in Figure 6.3. This 

imaging experiment shows encouraging results considering it is based on a first prototype 

4M device. Furthermore the MTF measurement quantifies the imaging capability of the 

4M device in the range of spatial frequency corresponding to size of a few microns. For 

example, MTF curve shows non-zero contrast at spatial frequencies higher than 200 

LP/mm. The target cell has radius of around 5 microns [108]. If a hybrid lens would be 

improved in the way that it has bigger usable aperture and more accurate surface, the 4M 

device would have a higher cutoff frequency and its strehl ratio increases. 

Preliminary imaging results under other illumination modes show the potential of 

the multi-modality of 4M devices though the improvement of hybrid lens is highly 

desired. The metrology of hybrid lens was another question to be answered in the course 

of this work. An optical profilometer and the Zemike decomposition answer this question 

in part. Reconstructed Zemike coefficients of surface shape are valuable information to 

quantify the deviation of measured surface shape from the designed shape. This 

information can be used to improve the fabrication procedure. The disadvantage of this 

approach is that the optical profilometer does not cover the entire aperture of a hybrid 

lens, especially when the sag is high, and has a difficulty collecting reflected light from a 

highly sloped surface. The SH wavefront sensor is built for solving these problems. It can 

test an exitire aspherical optics. Most of all, the wavefront is an ultimate measurement for 

the evaluation of optics because it is affected by any defects in optics, whether due to 

surface error or index-of-refraction error. The main role of SH wavefront sensor is to 

select relatively good quality hybrid lenses based on wavefront quality. The best hybrid 
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lenses are then used to assemble a 4M device for further, imaging-quality based testing. 

The measured wavefront of hybrid lenses also helps to explain the imaging performance 

degradation. 

7.2. FUTURE WORK 

The imaging quality assessment results indicate the promising future of the 4M 

device. The three main processes including optical design, fabrication and metrology are 

connected in one loop. However, this is not the end of story. Hybrid lenses must be 

improved in order to achieve the aimed-for Strehl ratio (SR > 0.7) with the designed NA. 

The metrology results associated with hybrid lenses will reveal the problems as well as 

the quality of hybrid lenses. The improvement of hybrid lens is also essential for the epi-

reflectance imaging modality with cancer cells and optical sectioning. The incorrect 

surface shape of hybrid lens keeps the 4M device from delivering structured illumination 

because of the reduction of contrast at the spatial frequency of scanning grating. Notice 

that the structured illumination propagates the 4M device twice. The deviation of surface 

shape is represented in terms of Zemike coefficients in Figure 6.8. The surface roughness 

is also a major problem because the scattered light from optics contributes a background 

noise and reduces the contrast of images. 

Another obstacle for the reflectance imaging modality is high background noise 

contributed by back reflection from optical components. High-quality AR coating is also 

strongly required to reduce back reflection. Finally, the contrast enhancement technique 

such as silver/gold nano-particles will help create positive contrast images. 
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As mentioned earlier, the current 4M device contains only optics components. 

The mechanical and electronic devices are not integrated yet. The scanning grating is 

being developed in Sandia National Laboratory [109]. It consists of a grating and the 

electrostatic micro actuator. The grating is a 1.3 x 1.3 mm free standing, self-supporting 

wire grid with line spacing including 50, 60, 75, 90, and 100 lines/mm. The target 

application is for a grid with 75 lines/mm as suggested in Chapter 2. The microactuator 

has been designed around an electrostatic comb drive with a folded spring flexure to 

enable +/- 100 micron of travel at resonance. 

Grating 

icroactuator 

Figure 7.1. Solid model of resonant amplitude grating showing 
electrostatic microactuator and attached grating. Courtesy of Todd 
Christensen at Sandia National Laboratory. 

The image detector will be designed by Black Forest Engineering [110]. It will be 

a CMOS (Complementary Metal-Oxide-Semiconductor) active-pixel image sensor. It 

will have 256 x 256 pixels and the pixel pitch will be less than 4 microns. 
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The 4M device will be completed by integrating the optical components and the 

-optical components. 
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APPENDIX 

Zemike polynomials introduced here is sequenced by Univ. of Arizona rule. The 

37 Zemike polynomials are used for wavefront reconstmction and surface data 

decomposition. 
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