
A METHOD FOR THE DETECTION OF FOCUS ERRORS

Item Type text; Thesis-Reproduction (electronic)

Authors Towner, David Kenney.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:51:12

Link to Item http://hdl.handle.net/10150/274964

http://hdl.handle.net/10150/274964


INFORMATION TO USERS 

This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 

have been used, the quality is heavily dependent upon the quality of the material 

submitted. 

The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity. 

2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a good 
image of the page in the adjacent frame. If copyrighted materials were 
deleted you will find a target note listing the pages in the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photo
graphed the photographer has followed a definite method in "sectioning" 
the material. It is customary to begin filming at the upper left hand corner of 
a large sheet and to continue from left to right in equal sections with small 

overlaps. If necessary, sectioning is continued again—beginning below the 
first row and continuing on until complete. 

4. For any illustrations that cannot be reproduced satisfactorily by xerography, 

photographic prints can be purchased at additional cost and tipped into your 
xerographic copy. Requests can be made to our Dissertations Customer 
Services Department. 

5. Some pages in any document may have indistinct print. In all cases we have 
filmed the best available copy. 

University 
Microfilms 

International 
300 N. ZEEB RD., ANN ARBOR, Ml 48106 





1310797 

University 
Microfilms 

International 

! 
TOWNER# DAVID KENNEY 

A METHOD FOR THE DETECTION OF FOCUS ERRORS, 

THE UNIVERSITY OF ARIZONA, M.S.# 1982 

300 N. ZEEB RO., ANN ARBOR, Ml 48106 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V . 

1. Glossy photographs or pages 

2. Colored illustrations, paper or print 

3. Photographs with dark background ^ 

4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is text on both sides of page 

7. Indistinct, broken or small print on several pages 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages 

15. Other 

University 
Microfilms 

International 





A METHOD FOR THE DETECTION 

OF FOCUS ERRORS 

by 

David Kenney Towner 

A Thesis Submitted to the Faculty of the 

COMMITTEE ON OPTICAL SCIENCES (GRADUATE) 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  2  



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment 
of requirements for an advanced degree at The University of 
Arizona and is deposited in the University Library to be made 
available to borrowers under rules of the Library. 

Brief quotations from this thesis are allowable with
out special permission, provided that accurate acknowledgment 
of source is made. Requests for permission for extended 
quotation from or reproduction of this manuscript in whole 
or in part may be granted by the head of the major department 
or the Dean of the Graduate College when in his judgment the 
proposed use of the material is in the interests of scholar
ship. In all other instances, however, permission must be 
obtained from the author. 

SIGNED: 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

R. V. SHACK Date 
Professor of Optical Sciences 



ACKNOWLEDGMENTS 

During the year and a half of my association with 

the Laser Scanner Microscope Project, I enjoyed the rare 

pleasure of working under the guidance of Dr. Roland Shack. 

I am indebted to him not simply for his support of this 

work or for the confident, concise, understated wisdom of 

his teaching; but for what he's shown me of humility, 

patience, optimism, and objectivity. 

I am grateful as well to Dr. James Wyant and Dr. 

Philip Slater for their interest and advice, and for 

reviewing both the laboratory work and this manuscript. 

Rick Paxman assisted in the evaluation of microscope 

slides and cover glasses and provided the interferograms 

shown in Figure 2.1. 

Norma Emptage has cheerfully guided me through the 

maze of departmental and university requirements and has 

accommodated an unrealistically accelerated schedule in 

typing this manuscript. 

This investigation was supported by Grant No. 

1-R01-CA24466-01 awarded by the National Cancer Institute, 

DHEW. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

ABSTRACT . . . . viii 

1. INTRODUCTION—AN OVERVIEW OF THE LASER SCANNER 
MICROSCOPE 1 

Scanning Dynamics 3 
Major Optical Components 6 
Scanning Geometry 7 

2. THE PROBLEM OF FOCUS CONTROL 9 

Cell Layers and Microscope Slides 9 
System Performance Considerations 1-2 

3. CONCEPTS OF FOCUS-ERROR DETECTION 15 

Focus-Error Detection in a Single Beam System. . 15 
Differential Detection—A Two-Beam Approach. . . 17 
Available Geometries for a Two-Beam System ... 21 

4. FOCUS-DEPENDENT TRANSFER FUNCTIONS FOR A TWO-BEAM 
SYSTEM . 24 

The Non-Coherent Transfer Function in the 
Presence of Defocus 25 

A Transfer Function Description of the Two-Beam 
Transmittance Measurement 29 

A Transfer Function Description of the Two-Beam 
Focus-Error Signal 37 

A Summary of the Analytical Results 40 

5. THE BIREFRINGENT LENS 44 

The Basic Configuration 44 
The Design of the Birefringent Lens 45 
Additional Considerations and Possible Modifica

tions of the Basic Birefringent Lens . . .. 51 

6. THE DESIGN OF THE EXPERIMENTAL SYSTEM 54 

The Design of the Apparatus 55 

iv 



V 

TABLE OF CONTENTS —Continued 

Page 

•7. SIGNAL PROCESSING AND ELECTRONICS 62 

8. EXPERIMENTAL RESULTS 74 

The Quartz Lens 74 
Spectral Analysis 77 
A Comparison of Analytical and Experimental 

Sum and Difference Signals 79 
Additional Observations and Conclusions 83 
Opportunities for Further Study 88 

APPENDIX A 90 

APPENDIX B 105 

REFERENCES Ill 



LIST OF ILLUSTRATIONS 

Figure Page 

1.1. Segmentation of the scanned area. 4 

1.2. Simplified geometry of the scanning system. . . 8 

2.1. Fizeau interferograms of microscope slides. . . 11 

3.1. Variation of transfer function with defocus . . 16 

3.2. Focus dependence of single-frequency transfer 
factor 18 

3.3. First derivative of the transfer function 
shown in Fig. 3.2 20 

4.1. Steel's approximation of the non-coherent 
transfer function, T(£,w) 28 

4.2. Geometry of the focal region of a two-beam 
system 31 

4.3. T, (z ) for several choices of Az 32 + s 

4.4. The area under T+(z ), for a thick object ... 34 

4.5. ^T(z„) for several choices- of Az at p = 0.6/y . 36 *T* S 

4.6. 9" (z ) for several choices of Az at p = 0.6/p . 39 *• s 

4.7. Focus error detection sensitivity vs frequency. 41 

4.8. Reduction at best focus of ^J.(zg) below its 
single beam (Az=0) value 43 

5.1. First order parameters for a birefringent lens. 47 

5.2. Special birefringent doublets with zero 
nominal power 53 

6.1. Optical diagram of the experimental system. . . 57 

vi 



vii 

LIST OF ILLUSTRATIONS Continued 

Figure Page 

6.2. The test apparatus assembled in the laboratory. 58 

7.1. Focus-error detection sensitivity vs 
frequency 64 

7.2. The effect of filtering the detector output 
signals 66 

7.3. Block diagram of signal processing system ... 69 

8.1. Intensity distribution near focus in the two-
beam system . . . . 76 

8.2. Frequency spectra of cells 78 

8.3. Individual, sum, and difference signals through 
focus 81 

8.4. Thin-object and thick-object focal region 
geometries 87 



ABSTRACT 

An unconventional approach to the problem of focus-

error detection in a scanning system has resulted in a means 

of directly detecting the presence of the scanned object. 

This is done using two axially-shifted beams, one focused on 

each side of the object, and by comparing the modulation 

induced in each beam by the object's fine structure. The 

beams are orthogonally-polarized, therefore separable, and 

are independently detected. The two detector output signals 

are used to form both the primary scanning signal and the 

focus-error signal. This focus sensing technique has been 

analytically "modeled and experimentally demonstrated for 

objects whose thickness exceeds the depth of focus of a 

single scanning beam. It is also shown that a lens fabri

cated from a birefringent crystal is an attractive means of 

forming the orthogonally-polarized axially-shifted beams. 

viii 



CHAPTER 1 

INTRODUCTION—AN OVERVIEW OF THE 

LASER SCANNER MICROSCOPE 

Recent developments in the analysis of digital 

images of cellular biological materials have demonstrated 

the feasibility of automated detection of abnormal and 

pathological conditions. The basic requirement for the 

application of these data processing techniques is a high 

resolution digital image of a field containing many thousands 

of cells. 

Such images are routinely compiled using micro-

densitometry techniques, but because the procedure is 

extremely time consuming it is not suited to high-volume work. 

This limitation has made it impractical to implement an 

automated cell-image analysis system in a clinical laboratory. 

In an effort to overcome this difficulty, the Optical 

Sciences Center has been funded by the National Institutes of 

Health to design a high-speed laser scanner microscope, and 

to construct a prototype which could be clinically tested. 

Such an instrument would scan a microscope slide and digitize 

the resulting information in about one minute. 

One requirement which must be addressed in the design 

of the laser scanner is the need to automatically and pre

cisely control the focus of the scanning beam. 

1 



2 

This focus control task is quite naturally divisible 

into two component problems. The first problem is that of 

detecting focus errors and generating a focus-error signal; 

the second is that of correcting defects of focus in response 

to the error signal. In spite of the obvious functional 

dependence of the subsystems performing these operations and 

the need for a certain degree of compatibility (impedance 

matching, proper damping, etc.), they retain a surprising 

degree of conceptual, optical, mechanical, and electronic 

independence. 

The relevant properties of the various electro

mechanical transducers are well known and the problem of 

correcting focus errors can be resolved into a rather straight

forward, albeit interesting, engineering task. 

The problem of detecting focus errors is, however, 

unsuited to solution by any of the customary techniques and 

must be approached from a more fundamental point of view. 

As we shall see, this situation ensues from the lack of a 

reference surface in the conventional sense, and the need to 

use the fine structure of the scanned cells as the focus 

reference. 

The study which follows is concerned primarily with 

the conceptual and experimental development of a technique 

to generate the focus-error signal in the laser scanner 
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microscope, or in any system subject to similar restrictions. 

This chapter, however, has been devoted to a discussion of 

the performance requirements of the overall instrument, and 

to a description of the major subsystems which impact the 

focus control problem. This background material has been 

included to establish the basic framework within which the 

focus control task must be performed. 

Scanning Dynamics 

The principal function of the laser scanner micro

scope is to create digital images of fixed and stained 

specimens of cellular biological material mounted on 

standard microscope slides. The instrument is required to 

scan a 20 mm x 20 mm object field and to sample the intensity 

of the transmitted beam with 6 bit (64 level) resolution at 

a sample interval of 0.5 microns in both x and y directions. 

The entire scanning task must take no more than one minute 

per slide. 

Since it is unreasonable to expect to design an 

objective lens capable of providing the stated resolution 

over a 20 mm x 20 mm field, the scanned area is segmented 

into ten 2 mm x 20 mm strips as shown in Fig. 1.1. The 

required field diameter of the objective is thus reduced 

to 2 mm. Each strip is scanned by translating the micro

scope slide at a constant horizontal velocity past the 



Field of 
Objective Lens 

20 mm 

Scan Lines 

(b) Scanned Area Enlarged 

(a) Microscope Slide 

Fig. 1.1. Segmentation of the scanned area. 
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vertically scanning focussed spot. The entire area is swept 

out by successive 2 mm vertical shifts of the slide followed 

by 20 mm horizontal translations, as indicated by the 

arrows in Fig. 1.1 (b). 

The horizontal motion of the microscope slide is 

accomplished by a large linear air-bearing slide driven at 

the required velocity of 4 mm/sec. The incremental vertical 

motion is provided by a smaller air-bearing slide, mounted 

on the carriage of the larger, and driven in discrete 2 mm 

steps, through a lead screw mechanism, by a DC servo motor. 

Small errors in the position of the scanned strips 

may occur but will be unimportant since there is no require

ment for scan lines to be registered between adjacent strips. 

The air-bearing slide was chosen to provide an 

extremely smooth motion of the microscope slide past the 

scanning beam. On the microscope slide, the area of critical 

spatial sampling fidelity is the single cell. Scan-line 

location errors exceeding 0.25 V between adjacent scan lines, 

or cumulative errors exeeeding 3 y over a single cell are 

not acceptable. If gradually accumulated over several 

millimeters, however, errors of up to 0.1 mm are of little 

consequence. For this reason, the mechanism chosen to 

drive the carriage of the air-bearing slide must provide an 

extremely smooth, continuous, motion. 
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Linear position encoders are provided for both air-

bearing slides. This effectively superimposes a reference 

grid over the microscope slide, permitting locations of 

interest to be recorded for later examination. A visual 

microscope is provided at a manually controlled viewing 

station for this purpose. 

Major Optical Components 

The objective lens must cover a field as wide as the 

scanned strip (2 mm), at a spatial resolution of 0.5 y 

for two wavelengths simultaneously. The state of the art 

in commercially available lenses (with suitable magnifica

tion and conjugates) is represented by designs intended for 

use in the manufacture of integrated circuits by micro-

lithography. These lenses are invariably flat field mono

chromatic designs ill suited to imaging the curved field of 

a scanner onto a flat microscope slide at two wavelengths. 

Since no suitable lens is available commercially, 

a custom objective is being fabricated according to a novel 

design by R. A. Buchroeder of the Optical Sciences Center. 

This objective operates at a numerical aperture of 0.8, and 

provides essentially diffraction-limited imagery for both 

wavelengths (0.6 328 and 0.56 81M) over a 2 mm diameter field. 

The lens itself is an all refractive, all spherical design 

incorporating eleven elements in nine groups. It must, 
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however, be used in conjmotion with a field group con

sisting of a Mangin mirror and three refractive elements 

(and including one aspheric surface). The field group 

serves primarily as a pupil relay, presenting the objective 

lens with a stationary input beam. Its essential secondary 

function is to aid in correcting residual field aberrations 

of the objective, principally curvature of field. 

A rather elaborate condensing system collects the 

light transmitted by the cell layer and separates it accord

ing to wavelength and, for reasons to be discussed later, 

polarization state. Each of these component beams is 

independently collected onto a high speed detector. 

Scanning Geometry 

A ten-faceted reflective scanner rotating at 48,000 

RPM on an air-bearing spindle produces the required 8000 

scan lines per second. Figure 1.2 illustrates the arrange

ment of the objective lens and the field group relative to 

the scanner, and indicates the passage of the scanning beam 

through the system at the extreme field positions. 
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Stationary Input Beam 

Rotating 
Polygon -
Scanner 

Field Mirror 

Axis of Objective Lens 

Objective Lens 

Microscope Slide 

Fig. 1.2. Simplified geometry of the scanning system. 



CHAPTER 2 

THE PROBLEM OF FOCUS CONTROL 

The discussion which follows is concerned with 

fundamental optical and mechanical constraints which make it 

necessary to control focus automatically and which limit 

the means by which focus errors can be detected and 

corrected. These constraints are of two basic types; those 

associated with properties of the scanned slides, and those 

arising from the performance requirements of the overall 

instrument. 

Cell Layers and Microscope Slides 

Recent advances in cytological techniques (Bahr et al. 

19 78) permit well dispersed, highly uniform layers of single 

cells to be deposited on standard microscope slides. The 

preparation procedure consists, in part, of suspension and 

dispersal of the clinical sample followed by centrifugation 

to accumulate the cells onto a microscope slide. These tech

niques minimize the occurrence of overlapping, cells and yield 

preparations which closely approximate monocellular layers. 

After fixing and drying, the cells assume flattened shapes 

which are in close contact with the slide and which are 

9 
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tytsically 30 to 50 y in diameter and 2 to 4 y thick. 

Throughout the remainder of this study, the cell containing 

region has been modeled as a 3 y thick layer which conforms 

to the surface of the microscope slide. 

The practical necessity of using standard microscope 

slides and cover glasses complicates the scanning task. 

Interferometeric examination has shown that the surfaces of 

the slides, hence the cell layers deposited on them, are 

typically smooth but warped, twisted, or spherically dis

torted. Measurements of the surface-height variations of 

microscope slides were made using a Davidson OFizeau type) 

interferometer at a wavelength of 0.54 86 vu' Photographs of 

interference fringe patterns for several slides are shown in 

Fig. 2.1 (a-d). The greatest variation in surface height 

(for well leveled slides) over the 20 mm x 20 mm area of 

interest for the 10 8 slides examined occurred in the case 

pictured in Fig. 2.1(d). This slide exhibits 9.6 y (35 

fringes) of height change along the indicated section A-A'. 

After staining, the cell layers are protected by 

standard 0.17 mm thick cover glasses cemented in place with 

synthetic mounting resin. Even in the most carefully pre

pared slides, the exposed surface of the cover glass conforms 

poorly to the surface of the underlying microscope slide. In 

fact, interferometric studies have shown that even in the 
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(a) 

(b) 

(c) 

A' 

(d) 

Fig. 2.1. Fizeau interferograms of microscope slides. 
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best cases the thickness of the cover-glass/cement layer can 

be expected to vary by 5 to 10 u over the scanned area. 

Thus, no optically detectable surface exists which correlates 

accurately with cell layer position, and the cells effective

ly comprise a thin undulating layer immersed in a glass 

plate whose upper surface also undulates, but independently 

of the cell layer. As a result, the focus-error signal must 

be derived directly from the fine structure of the cells 

themselves. 

Cover glasses were mounted on 15 aluminized slides 

chosen to represent both typical and extreme surface varia

tions. When viewed through the cover-glass/cement layer, the 

greatest measured variation in slide surface height (in 

glass) was 11 y. If allowance is made for ambiguities 

which arise in leveling the slide using three reference 

locations near the perimeter of the scanned area, a better 

estimate of the maximum surface-height change in glass 

would be 15 to 20 y. 

System Performance Considerations 

A fundamental objective of the laser scanner micro

scope is to provide sufficient resolution to extract, 

from the cell nuclei, certain textural information of demon

strated diagnostic value (Wied et al. 1977; Sychra et al. 

1977). It has been shown by a number of investigators 
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that optically resolved sampling elements separated by a 

maximum of 0.5 u are required to provide this informa

tion. 

According to the Rayleigh criterion, two incoherently 

superimposed Airy patterns are just resolved if the peak of 

one falls on the first zero of the other. If we adopt this 

resolution criterion, the Airy disk diameter of the scanning 

spot is required to be less than or equal to twice the 

sample interval or 1.0 u. The minimum numerical aperture 

(NA) of a diffraction-limited scanning beam which satisfies 

this requirement is given by: 

NA = 1.22* _ 1.22X 
min Airy disk l.Ou 

diameter 

NA . = 0.772 at X = 0.6328 u 
min 

= 0.693 at X = 0.5681 y 

The objective lens designed for this application 

operates at 0.8 NA and, at this numerical aperture, the 

stated resolution requirement of the system will be exceeded. 

The depth of focus of the scanning beam is determined 

by the choice of numerical aperture, refractive index, and 

wavelength, and is given by the axial shift of the center of 

the reference sphere which corresponds to a 1/4 wave 

aberration at the edge of the pupil. At 0.8 NA, in glass 

(n = 1.5), the depth of focus (±5z) is given by: 
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6 z = 2R AW NA = 
ny2 20 R 

= 1.17188X 

NA 0.8 
y/R - IT = ITT 

6z = 2 (1. 5\ — AW 
02 1.5 \0.8y 4 

X 
20 ~ 4 

Depth of 1 = ± 0.7416 pat X = 0.6328 y 

c: Focus ( = ± 0.6657u at X = 0.5681 y 

This depth of focus criterion defines a focal region 

whose axial extent is ± S.z, or .approximately 1.5 p. Because 

this is only half the expected cell thickness, it is 

inappropriate to treat the cell layer as a thin object, and 

the depth of focus is not necessarily the best measure of 

a focus tolerance. In spite of this difficulty (a topic 

reserved for Chapter 4), we may safely conclude that allowed 

focus errors must be restricted to the order of 1 or 2 11. 

When this allowed focus error is compared to measured 

microscope slide surface variations of 11 y or more, the need 

for active focus control is clear. Without focus correction 

an error of 10 y would produce a geometrical blur diameter of 

12.6 u or 25 resolution elements. 



CHAPTER 3 

CONCEPTS OF FOCUS-ERROR DETECTION 

Introduction 

Several possible methods of generating the focus -

error signal are considered in this chapter. The limita

tions inherent in each are studied, as are limitations 

imposed by properties of the scanning system. Of the 

various approaches presented, one is considerably better 

suited to our purposes than the others and it will be 

analyzed in detail in the chapters which follow. 

Focus-Error Detection in a Single Beam System 

In a flying-spot scanning system, adjacent resolution 

elements are sampled at different times and no interference 

can occur between them. Some partial coherence effects will 

be introduced by the finite extent of the spread function, 

but these are not expected to be significant and, for our 

purposes, the imagery can be regarded as non-coherent. 

The effect of defocus in a non-coherent imaging 

system is to reduce the contrast of the image. Figure 3.1 

illustrates the behavior of the transfer function of such a 

system (with a filled circular pupil) for varying amounts of 

defocus. The reduction of contrast with defocus is greatest 

15 
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for spatial frequencies mid-way to cutoff and higher. This 

degradation of the ability of the system to detect fine 

structure in the object is both the reason focus correction 

is needed, and the means by which focus errors can be de

tected. 

1-° 2.0 3.0 

Spatial Frequency (Cycles/u) 

Fig. 3.1. Variation of transfer function with defocus. 
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If we could measure the transfer factor at some fixed 

intermediate spatial frequency (pQ), its value T(pQ,z) 

would vary with axial position (z) as shown in Fig. 3.2. 

This single frequency (or at least narrow band) transfer 

factor could be used as a focus-error signal but, unfortu

nately, such an approach suffers from several serious 

difficulties. First, the slope of T(pQ,z) is zero at focus 

(z = 0), hence the error-detection sensitivity is zero here 

as well. Thus, for some minimum detectable change in the 

transfer factor the corresponding uncontrolled focus varia

tion is large. Second, since the response is symmetric about 

z = 0, there is no indication of the direction of the focus 

error. 

Another important consideration is the inability of 

a single beam system to distinguish modulation changes in

duced by focus errors from those arising due to variability 

in the scanned object. This is equivalent to asserting that, 

without prior knowledge of the spectrum of the scanned object, 

the attenuation of the frequencies of interest cannot be 

measured and there is insufficient information to determine 

the transfer factor T(p ,z). 

Differential Detection—A Two-Beam Approach 

One feature of the through-focus transfer fuction 

T(PQ,Z) which does depend on the direction of the focus error 



4.5]i 

Fig. 3.2. Focus dependence of single-frequency transfer factor. 

Note that for this plot P0=-5 cycles/y. 

M CO 
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is the sign of its slope. If we plot the derivative 
g 

-5— (T (p , z)) as a function of z, Fig. 3.3, we see that an 0 z o 

error signal of this type would have a number of attractive 

properties. It is an odd function, and the change in sign 

at focus resolves the ambiguity of the direction of the error. 

Also, the slope of •?— (T(p , z)) is a maximum at focus and the 9 z o 

error detection sensitivity is large and nearly constant 

over a considerable region near focus. 
g 

A signal which approximates (T(p , z)), and which 
o Z O 

retains its desirable features, can be conveniently generated 

by subtracting T(p , z) from its axially shifted counterpart 

T(PQ,Z + Az). This proposed error signal has the form: 

AT (z) = T(pQ,z + Az) - T(PQ#Z), 

and approximates (T(pQ,z)) averaged over the shift dis

tance Az. 

In practice, the entire function T(pQ,z) is not 

simultaneously available, and only its value for the current 

defocus (z ) can be measured. But, in order to compute 
v 

AT(z ) we require both T(p , z ) and T(p ,z„ + Az) . This c o c o c 

difficulty is resolved if, instead of a single beam, two 

scanning beams are used whose foci are axially shifted by an 

amount Az. Under these conditions, T(p ,z ) is supplied by U G 

one beam and T(p ,z + Az) by the other. o c 



3z 

Fig. 3.3. First derivative of transfer function shovm in Fig. 3.2. 

Note that this is an inverted plot of the derivative. 
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For the case of a single scanning beam, it was noted 

that there was insufficient information to determine T(PQ,Z) 

from observable data. It will be shown in Chapter 7 that 

the redundancy of information available from two scanning 

beams permits the focus-dependent and object-dependent 

modulation contributions to be separated, allowing the forma

tion of an object-independent focus-error signal. 

Available Geometries for a Two-Beam System 

The two-beam focus sensing system can be configured 

either coaxially or non-coaxially. In the non-coaxial form, 

the foci of the two focus sensing beams are displaced trans

versely as well as axially (perhaps with the focus of the 

main scanning beam located midway between them). If these 

three foci are aligned at right angles to the scan direction, 

the task of ultimately separating the beams for independent 

detection is simplified since their scan paths are spatially 

distinct at all times in any image plane. Although the 

detection process may be simplified, it is no longer possible 

to distinguish modulation changes due to focus errors from 

those caused by object variations. This problem arises 

because the correlation between the high frequency structure 

along one scanned track and that along a parallel track a 

few microns away is likely to be weak. 

In an alternate non-coaxial form, the three foci are 

displaced in the scan direction. Except for a constant time 
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lag, this arrangement avoids the objections to the previous 

geometry since all beams scan the same track. But, unless 

the beams are inherently separable by some means, independent 

detection becomes extremely difficult and de-scanning of 

the beams is required to present stationary spots to the 

detectors. 

In the coaxial configuration, the beams are nowhere 

dissociated in space, angle, or time, and intrinsic separa

bility is required. The focus sensing beams now scan the 

same path at the same time and any modulation differences due 

to scanning which occur in their outputs are attributable 

either to focus differences or to the characteristic used 

to separate the beams. 

Another benefit of the coaxial arrangement is the 

ability to perform both the focus-error detection function 

and the primary scanning function with only two beams. 

This can be done by adding the output signals generated by 

the two component beams to form the primary transmittance 

measurement, and by taking their difference, in a selected 

frequency band, to form the raw focus-error signal. 

One penalty for this simplification is that at best 

focus (the object symmetrically located between the two 

foci) the object is slightly defocussed for both beams. 

Thus, at best focus, some performance has been sacrificed 
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in the main scanning "beam". As will be demonstrated in 

Chapter 4, this loss of modulation near best focus is 

accompanied by an increase in modulation farther from focus, 

and the effective depth of focus of the two-beam system 

exceeds that obtained with a single beam. 

Although other techniques exist, two attractive means 

of separating coaxial scanning beams are according to either 

wavelength or polarization state. For our purposes, 

separation by wavelength must be ruled out. The dyes used 

to stain the cells are absorbed in varying proportions by 

different cells. Dye distributions are directly responsible 

for the modulation of the transmitted beams, and the 

variation of these distributions will cause differential 

modulation between two beams of different wavelength. Since 

there is no way to distinguish these modulation differences 

from those due to focus errors, unambiguous focus sensing 

would be impossible. 

Based on considerations discussed in this chapter, 

the focus-error detection system of choice is a coaxial two-

beam configuration in which the component beams are separable 

according to polarization state. 



CHAPTER 4 

FOCUS-DEPENDENT TRANSFER FUNCTIONS 

FOR A TWO-BEAM SYSTEM 

A proposed method of generating both the focus-error 

signal and the main scanning signal from two coaxial beams 

was described in the previous chapter. Of the various 

parameters which affect the behavior of these signals, 

two which are as yet unspecified are the axial separation 

of the beam foci and the frequency band limits of the 

difference (error) signal. The choice of these free pa

rameters will ultimately depend on the evaluation of several 

performance criteria. Among these.are depth of focus and 

signal modulation at best focus (main beam properties), as 

well as focus-error detection sensitivity and range (minimum 

and maximum detectable defocus). 

In this chapter, an analytical model is developed 

which allows the system's performance to be quantitatively 

described for a wide range of choices of the free parameters. 

Although the results presented graphically (here and in 

Appendix A) apply under the specific conditions of the laser 

24 



25 

scanner microscope, the methods described are completely 

general and are applicable to a variety of related problems. 

Since our primary concern is with the ability of the 

system to detect structure in the scanned objects, rather 

than with the exact nature of the spread function, the 

analysis which follows has been performed in the spatial 

frequency domain. 

The Non-Coherent Transfer Function 
In the Presence of Defocus 

The optical transfer function (OTF) for an incoherent 

imaging system suffering from defocus can, in theory, be 

analytically derived by either of two methods. The first of 

these makes use of the fact that the OTF is the Fourier 

transform of the intensity point spread function (PSF). In 

the presence of defocus, calculation of this PSF requires the 

evaluation of the associated Fresnel diffraction integral, 

a very difficult task. 

A better approach is to compute the complex auto

correlation of the pupil function (with its quadratic phase 

term). This problem has been extensively studied by Steel 

(1956) with the result that, to a very good approximation, 

the OTF is given by: 

T(5,w) = P1(ofa>)A{4toj(l - w)?} 

where 5 is the normalized defocus distance: 



TTZ . 2 C = — sin u 

or, generalized to include the index of the medium: 

? = IfS sin2u = iS&i 
\> nXo 

z = defocus distance 

u = marginal ray angle in image space 

n = refractive index of image space 

XQ = wavelength in vacuum 

The normalized spatial frequency to is given by: 

- _£ V 
U ~ pc ~ 2NA 

p = spatial frequency at cutoff 
c 

The familiar non-coherent transfer function for an aberra 

tion-free system is: 

A •] 
P, (0,0)) = — {cos" (a))-0)Vl-(U2} 
1 IT 

and the lamda function is defined as: 

2J, (x) 
"A (x) = —$ 

where 

x = 4oj (1—co) £• 
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By incorporating these definitions, Steel's result can be 

rewritten as: 

4 r -1 J 5\ ^(40) (1-u)) C) 
T(?,o>) = - {cos (O))-(D\1—o)2} 4u(1..0))g 

In this form, T(£,oi) is recognized as the aberration-free 
2J1(x) 

transfer function multiplied by a — type Bessel func-

tion whose argument depends linearly on 5 and quadratically 

on o). 

This result will sometimes be referred to as T(z,oi) 

or T(z,p). Such notation implies that the substitutions: 

,_itNA2Z .. _ V 5 — 1 ana a) = 
Aon 2NA 

have been made as appropriate. 

The function T(5,w) is the real part of the OTF 

(not the modulus) and can assume negative values. In the 

presence of pure defocus, the imaginary part of the OTF 

is zero, there is no phase distortion, and the point spread 

function is symmetrical. Figure 4.1 illustrates the 

behavior of this function. 

Although Steel (1956) described his approximation 

as empirical, Shack (1979) has indicated that it can be 

derived analytically in the following manner. In 
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the non-coherent 

Fi*- 4-1* tfafsieriScSfTU^). 
i ooticaActa 3:2, W.H. Steel. Ogtic. 

From 
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calculating the autocorrelation of the pupil function, the 

lozenge-shaped overlap area of the sheared pupils is 

approximated by an ellipse whose minor axis and area equal 

the width and area of this region of overlap. The argument 

of the autocorrelation integral is non-zero only within this 

region and the equation of its boundary is required to 

establish the limits of integration. The approximation 

described allows the equation of this boundary to be ex

pressed as a simple function of the integration variable in 

the shear direction. Since the sheared pupil function for 

pure defocus varies only in the shear direction, the problem 

reduces to an integration in one variable, with the under

standing that the result is rotationally symmetric. 

A Transfer Function Description of the 
Two-Beam Transmittance Measurement 

Before considering the question of focus-error 

detection, it is appropriate to investigate the primary 

transmittance measurement in the two-beam system. As 

previously described, the detector output signals obtained 

from the two component beams are added to form the scanner's 

primary output signal. Since we require the beams to be 

separable, they cannot interfere. If they are of equal 

power, the central ordinates of the Fourier transforms of 

their intensity spread functions will also be equal. For 

this case, we may simply add the two shifted through-focus 
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transfer functions (each individually normalized to one at 

oj = 0) and divide by two to normalize the result to one at 

to = 0. This operation yields the equivalent or total trans

fer function T (z ,o>) : i s 

T+(zg, to) = J [T (zg + , «I>) + T(zs - , to)], 

where z and Az are axial position relative to the symmetry s 

plane and the axial separation of foci as shown in Fig. 4.2. 

In Fig. 4.3, the function T, (z ) is plotted for a 
' s 

number of potential values of Az at a fixed spatial frequency. 

As might be expected, the drop in T,(z ) at mid-focus •p s 

(zs = 0) with increasing Az is accompanied by an increase in 

T+(zs) at positions removed from mid-focus. This behavior 

reflects the decreasing interaction between the component 

transfer functions as the focus separation increases. Under 

these conditions, it is by no means obvious which choice of 

Az is likely to yield the best overall performance unless 

the object is very thin compared to Az. In our application, 

this condition is definitely not satisfied and we must 

develop a criterion by which the performance of various 

systems and configurations can be judged in the presence of 

a thick object. 

The criterion which was ultimately chosen as the most 

appropriate descriptor of system performance for thick objects 
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Fig. 4.2. Geometry of the focal region of a two beam system. 
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Fig. 4.3. T+(zg) for several choices of Az. 

Note that p=1.0/y for all curves. 
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will be described with the aid of Fig. 4.4 In this figure, 

ing T+(zs) for Az = 0, the other for Az = 1.6 y. The 

boundaries of the object layer have been superimposed on 

these curves and the areas under each curve and within the 

object layer have been cross hatched. In each case, it is 

the numerical value of the area within the shaded region 

which provides the measure of the total ability of the system 

to detect structure throughout the thickness of the object. 

The value of this area will be denoted by &-+ where: 

(although not explicitly indicated, ̂  is, of course, 

functionally dependent on Az and OJ) . For the two configura

tions illustrated in Fig. 4.4, is greater for the Az = 0 

computing the integrated areas, negative values of T,(z ) • s 

must contribute negative area. Also, the assumption has been 

made that the object's structure is evenly distributed 

throughout its thickness. Otherwise, a weighting function 

describing the actual distribution of structure would be 

required within the integral. 

For given values of Az and to, we are able to study 

the effects of defocus by axially shifting the center of the 

two curves have been borrowed from Fig. 4.3; one represent-

curve, hence its performance is superior. Note that in 
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Fig. 4.4. The area under T+(zg), for a thick object. 
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object relative to mid-focus (zg = 0) and recomputing 

If this procedure is carried out for a series of positions 

of the center of the object layer zg, the function 

becomes &^(zs) and the system's performance can be explored 

as a function of axial position throughout the region near 

focus. 

A computer program (listed in Appendix B) was written 

for the Tektronix 4051 Graphics Terminal to calculate and 

plot z ) with parametric dependence on the separation of s 

foci Az and the spatial frequency p. A series of graphs 

of ST(zg) were plotted for a wide range of these parameters 

and for the conditions of our problem; numerical aperture = 

0.8, X = 0.6328 y, and object thickness = 3 y. A representa

tive member of this family of plots (each at a fixed spatial 

frequency) is shown in Fig. 4.5.; the full set is included 

in Appendix A. Note that since is an even function, 

it has been plotted only for positive values of zg without 

loss of information. 

These plots contain the information required to 

evaluate the trade-offs between performance at best focus 

and depth of focus for the range of potential choices of Az 
\ 

and p. Note that, at best focus (zg = 0), ^"+(zg) decreases 

with increasing z, indicating a reduction of performance 

relative to the single beam (Az = 0) case. This drop in 

performance at best focus is accompanied by improved 



Fig. 4.5. & (z ) for several choices of Az at p=0.4/y. + S CJ 
as 
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performance farther from focus, indicating an increase in the 

effective depth of focus for the two-beam system. We will 

have more to say about these matters and the selection of 

Az and p later on, but first we must investigate the 

focus-error signal. 

A Transfer Function Description of the 
Two-Beam Focus-Error Signal 

The expected behavior of the focus-error signal can 

be determined in a manner analogous to that used in the 

previous section to model the transmittance measurement. 

Now, however, we must consider the difference of two axially 

shifted through-focus transfer functions. This difference 

function is denoted by T_(zs) and, for component beams of 

equal power, can be written: 

T (z ) = T (z - - T (z + ^|-) . 
— S S 2 S 2 

In developing a model of the behavior of the 

difference signal, we must incorporate the effect of the 

object's thickness. Once again, this is done by integrating 

the through-focus response between the boundaries of the 

scanned object layer. We define the value of this inte

grated difference function to be: 

SL = T_(z )dz 
object 
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Here again, the structure of the object is assumed to be 

uniformly distributed throughout its thickness. Otherwise, 

an appropriate weighting function must be included in the 

integral. 

A completely equivalent and perhaps more satisfying 

definition of would be: 

& = f T (z - dz -
" 'object s 2 3 

T (zs + ¥)dzs object s ^ s 

This form emphasizes the independent interaction of' the beams 

with the object and the fact that the signals are ultimately 

combined electronically rather than optically. 

The behavior of can be studied as a function of 

the axial position of the object by incorporating shifts of 

the integration boundaries away from the symmetry con

figuration. In so doing, 8" becomes #[(z ) where z denotes * — S 9 

the position of the center of the object relative to mid-

focus . 

A second segment of the computer program described in 

the previous section calculates and plots ^.(zg) on the 

Textronix 4051. Each plot represents a fixed spatial 

frequency but contains a family of curves illustrating the 

variation of 5^(z ) withAz. A typical plot is shown in *" s 

Pig. 4.6 and a complete set is included in Appendix A. Since 

(z) is an odd function, only values for z greater than 
•9 5 

zero are shown. 
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A Summary of the Analytical Results 

The functions ) and ) comprise the analyt-• S — o 

ical model we set out to develop. The information needed to 

select operating parameters for the focus-error detection 

system can be extracted from the graphs in Appendix A. As 

noted at the beginning of this chapter, two parameters of 

particular interest are the axial separation of the foci 

(Az), and the frequency band within which the focus-error 

signal is computed. Discussion of the latter topic is 

deferred until signal processing and electronics is treated 

in Chapter 7. It is appropriate, however, to consider the 

choice of Az, based on analytical considerations. 

To avoid ambiguity when discussing z and A Z  s 

quantitatively, it is emphasized that they are measured in 

the medium of the final image (scanned object) space. It is 
zs 

often convenient to use the more general dimensions — and 

A z When this is done, the index dependence is indicated 

explicitly. 

The slope of ST (z ) at z =0 (mid-focus) is defined - s s 

to be the focus-error detection sensitivity. Over the 

spatial frequencies of interest, roughly 0.1 to 1.5 cycles/y, 

A z this sensitivity is maximized at or near —=3.0u (see 

Fig. 4.7). Since both modulation at best focus (c>£(zs) at 

zg = o) and focus-error detection sensitivity degrade as 

A z — is increased beyond 3.0 y, this value becomes an 
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Fig. 4.7. Focus error detection sensitivity vs frequency. 



42 

A z effective upper limit on our choice of —. In Fig. 4.8, 

the drop in modulation of the main data signal at best 

focus is shown as a percentage of the modulation of the 

A z "ideal" single scanning beam for several choices of —. 

A z Prom this plot we observe that for — = 3.0 y the best-focus n 

modulation is roughtly 50% below its single-beam value; a 

large but not necessarily unacceptable amount. A better 

A z choice of separation would be — = 2.0 y. For this case 

3T(z ) drops by only about 25% from its single-beam value, ' 3 

while the focus-error detection sensitivity remains near its 

maximum. The modulation of the main data signal continues 

A z to improve as — is reduced still further, but the error 

detection sensitivity drops rapidly. Based on these con

siderations, we can conclude that 2.0 u is a good choice 

A z for —. This indicates that at the cell layer (in glass), 

the axial separation of the foci (Az) should be very close 

to 3.0 y, the thickness of the scanned object. A discussion 

of the relationship of Az to object thickness and scanning 

beam depth of focus can be found at the end of Chapter 8. 
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CHAPTER 5 

THE BIREFRINGENT LENS 

Although a great many optical systems could be 

devised which would produce, two axially-displaced orthogonal

ly -polarized focussed beams, it is difficult to imagine a 

simpler or more elegant device than a single-element lens 

made from a birefringent material. 

The Basic Configuration 

If a simple lens is fabricated from a birefringent 

crystal oriented such that the crystal's optical axis is 

perpendicular to the axis of the lens thus formed, an optical 

component with rather remarkable and useful properties is 

created. 

The birefringent lens exhibits different refractive 

indices, consequently different focal lengths, for incident 

polarizations parallel and perpendicular to the crystaline 

optical axis. An incident wave with an arbitrary polarization 

direction is resolved into these parallel (extraordinary) 

and perpendicular (ordinary) components. Each component 

propagates independently through the lens and toward (or 

away from) its associated focus. If the plane of polariza

tion of the incident wave forms an angle of 45° with the 

44 
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optical axis of the crystal, these components are of equal 

amplitude and transmit equal power. Variation from this 

45° polarization condition permits the relative intensities 

of the ordinary and extraordinary components to be con

tinuously adjusted over all possible values. 

By virtue of these properties, a lens of this type 

is ideally suited to the task of forming the two separable, 

axially-displaced focussed beams required in the coaxial 

focus-error detection system. 

The Design of the Birefringent Lens 

In principle, a birefringent element could have been 

incorporated into the design of the objective lens. Perhaps 

the most serious weakness of such an approach is the in

ability to vary the axial separation of the two foci while 

maintaining the numerical aperture of the scanning beam. 

A more versatile design locates the birefringent 

lens in the system's stationary input beam (ahead of the 

scanner). At this location, the lens can have a rather small 

aperture and has zero field. Of greater significance, the 

two foci formed by the birefringent element are now reimaged 

onto the object by the objective lens. In this configuration, 

an intermediate relay can be provided; allowing the axial 

separation of the foci presented to, and hence reimaged by, 

the objective lens to be changed, or even continuously 

varied, without compromising the performance of the system. 
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It is noteworthy that for a given birefringent 

element, and a specified marginal ray height at that element, 

the axial separation of the scanning foci depends only on 

the marginal ray angle and the refractive index in the final 

image space. This fact is especially useful since we now 

propose to separate the birefringent lens from the final 

focus by an elaborate optical system containing some twenty 

elements. 

The relationship between the birefringent lens 

properties and the two pertinent marginal ray parameters is 

derived below. It is worthwhile to observe the parallelism 

between this derivation and the calculation of the con

tribution of a single element to the longitudinal chromatic 

aberration of a system. 

Given a birefringent lens with refractive indices 

n and n , surface curvatures c. and c,., and an arbitrary o e 12 

object distance iQ (Fig. 5.1), the following Gaussian 

properties are observed: 

$ 1 ~ 0 ~ 0 
± _ 1 1 
*2 " XT " TT 2 o 

l-ft^<j>^ 1— ̂ 2^2 
= I. 

And: 

ill"JllJl2*2 ~ ^2~^1^2^1 



6£ 

Jt 

\ 3 
1 *1 * o 

\ 3 , *2 

Fig. 5.1. First order parameters for a birefringent lens. 
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But: <(>, = (n -1) (c--c-) = (n -l)Ac 
1 e 12 e 

<t>~ = (n -1) (c -c ) = (n -1) Ac 
2  O  1 2  O  

<}>,-<}>., = (n -n ) Ac = AnAc 12 e o 

Thus: 6£- = 2 AnAc 

Or: Si = i2 AnAc (5.1) 

The longitudinal image displacement 6JI can be regarded 

as the focus shift corresponding to a marginal ray optical 

path difference (OPD) of Aw between the ordinary and 

extraordinary components. This OPD can be expressed in terms 

of 55, as follows: 

IT" = 

where x, y, and z are wavefront coordinates in the exit pupil. 

Expanding as a binomial series: 

flz^iV 

4S. t  , . . \ 
n 2 \ l2

2 21 ) 

Discarding second and higher order terms in Si: 

Aw SSL 
n " £2 Z1 
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But: 

z, = 

And: 

^ A «* (1- / 1- A^I) (5.2) 

For a birefringent lens working at a low numerical'aperture 

in air: 

Aw « ^na2 = Mz 
2 2&2 

Substituting from Equation 5.1: 

Aw « (i,2 AnAc) = y2AnAc (5.3) 
2£2 2 

The quantity Aw is invariant with propagation beyond 

the birefringent lens (assuming no additional anisotropic 

elements), allowing the separation of foci in the final 

image space (6A^) to be determined from Equations 5.2 and 

5.3 in the following way: 
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(5.4) 

The subscripts 1 and 2 are used here to indicate 

the birefringent lens and the final image space. Note that 

Equation 5.4 is valid for large numerical apertures in the 

final image space. This relation permits the design of the 

birefringent element to proceed with minimal regard for the 

optical properties of the relay, the field group, or the 

objective lens. 

Calcite and crystal quartz are two birefringent 

materials which are optically suitable for use in transmission 

at the wavelengths of interest and which are mechanically 

suitable for the fabrication of lenses. The birefringence 

(n —n = An) of these crystals is quite different, and 

ultimately determines the material used in our application. 

It is desirable to have the capability of generating 

two foci in the final image space (n = 1.52 and NA = 0.8) 

whose separation can be adjusted from 0 to about 15 u by 

varying the marginal ray height at the birefringent lens 

from 0 to about 7.5 mm. The required power of the calcite 

(An at X = 0.6328 u = -0.1707) and quartz (An at X = 

0.628 u = 0.0091) lenses which exhibit this desired 

Aw = n2 S&2 
• 

yi2AniAci 

6 A. 
= y12An1Ac1 

2n, 
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behavior can be calculated with the aid of Equation 

5.4. The indicated plano-convex calcite lens would have a 

radius of curvature of 1406 mm, a focal length of 2466 mm, 

and an P number of 16 4.4. The corresponding quartz lens 

must have a radius of 75 mm, a focal length of 137 mm, and 

an F number of 9.1. Crystal quartz was chosen as the 

appropriate material largely because the shorter focal 

length and lower F number simplify fabrication and testing 

considerably. Quartz is also harder, stronger, and less 

chemically reactive; factors which improve its polishing 

characteristics. 

Based on these considerations, a plano-convex 

crystal quartz lens was fabricated with a radius of curvature 

of 76.2 mm (3.0 in) and a focal length of 139.2 mm. 

Additional Considerations and Possible 
Modifications of the Basic Birefringent Lens 

The behavior of a birefringent lens is actually 

somewhat more complicated than indicated. Consider a 

collimated beam propagating in the z direction incident on 

the spherical surface of a birefringent lens. If the 

crystal's optical axis is parallel to the y coordinate axis, 

Snell's Law is obeyed only in the x-z plane and the re

fracted rays lie in the plane of incidence only in the x-z 

and y-z planes. An incident ray not lying in either of these 
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sections will be refracted out of the plane of incidence and 

will contribute aberration to the image as a result. It has 

been demonstrated experimentally that for a quartz lens 

working at f/8 and above, this effect is entirely negli

gible. If desired, the system could be configured so that 

a collimated input beam is normally incident on the plane 

surface of a plano-convex/concave birefringent lens. Under 

these conditions, Snell's Law is valid for all rays and 

the lens behaves exactly as previously modeled, having 

two distinct refractive indices for the two orthogonal 

polarization components. 

Several interesting modifications of the basic 

single-element birefringent lens are worth mentioning here. 

By cementing a plano-convex birefringent lens to a plano

concave glass lens with matching curvature, Fig. 5.2(a), and 

with a refractive index between nQ and nQ, a^nominally zero 

power "parallel plate" is formed. This doublet has positive 

power for one polarization and negative power for the other. 

Such a lens could be inserted into the collimated input of 

a system as desired to generate two axially-displaced foci 

at every image plane without otherwise disturbing its per

formance. If the second element is also made from a bi

refringent material (rather than glass), and is rotated such 

that its crystaline optical axis is perpendicular to that 

of the first element, Fig. 5.2(b), the differential power of 

the doublet is twice that of the previous case. 
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Orthogonally Polarized 
Output Rays 

Input Ray 

Glass Lens (a) Birefringent Lens 

(b) Two Birefringent Lenses with Orthogonal Optical Axes 

Fig. 5.2 Special birefringent doublets with zero 
nominal power. 



CHAPTER 6 

THE DESIGN OF THE EXPERIMENTAL SYSTEM 

An experimental test of the two-beam coaxial focus -

error detection technique was considered essential to its 

successful implementation in the prototype laser scanner 

microscope. During the development of the analytical model, 

a number of questions arose which were best answered 

experimentally. These questions led to the formation of 

several objectives: 

1. To demonstrate the quartz lens as a means of 

generating two orthogonally-polarized axially-

shifted beams. 

2. To compare the analytically derived sum and difference 

signals with their experimentally observed counter

parts . 

3. To identify any adverse effects due to the polariza

tion of the scanning beams. 

4. To measure the spatial frequency distribution of 

the cellular specimens. 

5. To determine the optimum axial separation of the 

scanning foci based on observed sum and difference 

signals. 
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In order to satisfy these objectives, a test system 

was required which could scan a microscope slide with two 

axially shifted 0.8 NA beams and independently detect the 

intensity of the transmitted components. The processing of 

the raw detector output signals is discussed in Chapter 7, 

and the experimental results are presented in Chapter 8. 

This chapter describes the design of the test apparatus. 

The Design of the Apparatus 

It was determined that the stated objectives, could 

be achieved with a single experimental system having the 

following necessary components. 

1. The crystal quartz lens described in Chapter 5. 

2. A variable magnification relay. 

3. A scanner. 

4. An objective lens operating at 0.8 NA and near the 

diffraction limit. 

5. A monolayer cell preparation on a microscope slide.* 

6. An x-y-z stage to position the microscope slide. 

Although a similar set of components perform a 

similar function in the prototype laser scanner microscope, 

the task of the focus-error detection test system is much 

simpler, since four critical specifications can be relaxed. 

The test system can operate at a greatly reduced scan rate, 

it can cover a smaller field, it is not required to scan 
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any finite area, and no analog to digital conversion of the 

output signals is required. 

The objective lens is now subject to the more modest 

requirement that its diffraction-limited field must be 

large relative to the diameter of a cell. This condition 

is satisfied by a number of high quality commercially 

available 0.8 NA microscope objectives. 

It was considered unnecessary and undesirable to use 

a high speed raster scan like that of the prototype instru

ment. Instead, the relatively slow scan of a stationary 

circular path was favored. In addition to being much easier 

to implement, this approach offered several important 

advantages. The continuity and periodicity of the resulting 

output signals permitted convenient oscilloscope display and 

spectral analysis. The stationary scan path enabled the 

effects of focus variation to be studied independently of 

all other factors. Finally, the circular shape of the path 

allowed the scanned distance to be maximized within the 

restricted field of the objective used, while maintaining 

stable aberration performance. 

A focus-error detection test system was assembled 

based on these desired features and components. The resulting 

apparatus is illustrated diagrammatically in Fig. 6.1 and 

is shown in the photograph, Fig. 6.2. 
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Fig. 6.1. Optical diagram of the experimental system. 
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Fig. 6.2. The test apparatus assembled in the laboratory. 
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A 4.5 mW linearly polarized HeNe laser beam is 

spatially filtered, expanded, and collimated. The resulting 

30 mm diameter beam is directed along the axis of the lens 

tube by a folding mirror. On entering the lens tube, the 

beam encounters an adjustable stop just ahead of the plano

convex crystal quartz lens. The central portion of the beam 

passes the stop and is divided by the quartz lens into two 

equal amplitude axially-shifted components as described in 

Chapter-5. The foci of these components constitute, the 

virtual objects of a two-element variable magnification relay. 

Adjustment of the axial position of the two relay elements 

permits the longitudinal separation of the intermediate foci 

presented to the microscope objective to be varied while 

maintaining their mean position at the objective's long 

conj ugate. 

The circular scan is accomplished by a thin wedge 

mounted in a bearing assembly and located in the relay's 

convergent output beam. A field lens located near the inter

mediate foci serves to image the scanning wedge onto the 

entrance pupil of the microscope objective. As the wedge is 

rotated by an adjustable speed motor, the intermediate foci 

scan a zone in the field lens. This zone is reimaged by the 

objective lens onto the microscope slide at 0.8 NA. 
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The stage which supports the microscope slide is 

provided with relatively coarse x and y adjustments to 

locate the scan in a suitable area of the slide. The z-axis 

positioning of the stage is controlled by a differential 

screw, however, and the axial position of the slide can be 

adjusted with sub-micron precision. This stage also supports 

an Abbe type condenser which roughly collimates the two trans

mitted beams, a polarization beam splitter cube which 

separates the beams according to polarization, a pair of 

aspheric field lenses, and two detectors. The field lenses 

image the pupil of the system (the scanning wedge) onto the 

detectors, forming stationary spots nearly as large as the 

detector's active area. 

A removable, rotatable, flat mirror can be inserted 

at the location indicated in Fig. 6.1 to allow visual and 

photographic examination of the slide. These procedures 

require the removal of the beamsplitter, field lenses, and 

detectors so that a microscope illuminator can be positioned 

behind the condenser. 

It should be noted that, in principle, the stop at 

the quartz lens is redundant since the aperture stop in the 

microscope objective defines the same marginal ray. This 

seemingly unnecessary stop serves two important purposes. 

First, it rejects the unwanted portion of the beam before it 

can contribute to scattered light and ghost images. Second, 
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the alignment and adjustment of the system is simplified if 

the marginal ray cone is defined at every location. 

The quartz lens and two-element relay can be treated 

together as a three-element mechanically compensated zoom 

system. In use, this system is adjusted so that regardless of 

the choice of the marginal ray height at the quartz lens, the 

mean axial position of the output foci and the output marginal 

ray angle are constant. 

The zoom system and the objective lens are the only 

components which materially affect the optical quality of 

the scanning beam. Since the objective is well corrected and 

is used at its design conjugates, the zoom system is also 

required to be well corrected, as a sub-assembly, in any of 

its various configurations. Because the zoom system is used 

only on axis, it can contribute only spherical aberration 

if perfectly aligned. In practice, some misalignment must 

be expected and the amount of coma so introduced must not be 

excessive. 



CHAPTER 7 

SIGNAL PROCESSING AND ELECTRONICS 

As described in Chapters 3 and 4, the difference 

in modulation between the signals generated by two axially-

shifted scanning beams is a measure of focus error. This 

chapter will discuss those considerations which influenced 

the design of the electronics package needed to convert the 

raw detector outputs into the focus-error signal. The 

optical and mechanical hardware discussed in Chapter 6 was 

used in conjunction with this circuitry to form the completa 

experimental system. 

The design of the signal processing procedure was 

influenced by several factors. It was felt that the system 

should exhibit high sensitivity to focus errors, compati

bility with available analog electronic devices, and 

adjustability to accommodate a variety of operating condi

tions. Also, though not strictly required for the test 

system, it was desirable to consider the response time of 

the focus error signal and to explore means of reducing the 

signal's dependence on the local character of the scanned 

object. 

The sensitivity of the focus error signal to 

defects of focus is governed by the shape of the through-

focus transfer function T(z,p) and by Az, the axial 
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separation of the scanning foci. Since one objective of the 

experimental study was to observe the effects of varying Az, 

it must remain a free parameter. We can, however, modify 

the shape of the through-focus transfer function (within 

limits) to improve the focus-error detection sensitivity. 

Under the assumptions of the analysis in Chapter 4, the shape 

of the transfer function through focus depends only on 

wavelength, numerical aperture, refractive index, and 

spatial frequency. Of these, only spatial frequency can be 

manipulated without violating basic constraints of the 

experimental tests. More correctly, it is the corresponding 

temporal frequencies which are manipulated by filtering 

after the scanning operation has transposed spatial frequen

cies into the time domain. 

For any frequency component, the focus-error 

detection sensitivity can be defined as the slope at best 

focus of the error signal y_(zs), as defined in Chapter 4 

and plotted in Appendix A. This sensitivity was measured 

from the plots for several values of Az and spatial frequency 

and is shown in Figure 7.1. A maximum in sensitivity is 

observed for each choice of Az, and these maxima occur 

within a relatively narrow spatial frequency region. The 

frequencies used in computing the focus-error signal were 

restricted to this region of maximum sensitivity by band 

pass filtering the raw detector outputs as the first stage 
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Fig. 7.1. Focus-error detection sensitivity vs frequency. 
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of the signal processing sequence. The limits of the 

frequency pass band were chosen to correspond to spatial 

frequencies of approximately 0.2 and 0.6 cycles/micron. If 

desired, this analytical approach to selecting an appropriate 

band pass filter could be refined by constructing a plot 

similar to Fig. 7.1, but derived from experimental observa

tions. Before the indicated filter was used, it was 

necessary to verify that the frequencies in the chosen pass 

band were, in fact, well represented in the cells to be 

scanned. It will be shown in Chapter 8 that, in our case, 

this requirement was satisfied without difficulty. 

The effect of band limiting the detector output 

signals is illustrated in Figure. 7.2, Figure 7.2(a) 

shows the detector output signals in their raw form. The 

upper trace corresponds to a beam scanning near best focus 

while the lower trace is produced by a beam defocussed by 

2.0 y. These same signals are shown again in Fig. 7.2(b) 

after filtering. 

After removal of the DC component, it is perhaps 

no longer strictly accurate to refer to signal amplitude 

excursions as modulation, but as long as the same DC com

ponent has been extracted from each signal, the discrepancy 

is simply an unimportant constant factor and continued use 

of the term "modulation" is unlikely to cause confusion. 
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(a) 

(b) 

Fig. 7.2. The effect of filtering the detector output 
signals. 
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The second stage of the electronics package is 

required to measure the modulation of the filtered signals. 

If the object were simply a sinusoidal grating or if the 

filter passed only one frequency, a single amplitude measure

ment would suffice. The complexity of the object and the 

spectral width of the filter require a more general method 

of modulation measurement (and a more general definition of 

what is meant by "modulation"). The "average" of the 

absolute value of the signal over some time period is, in 

essence, what is desired. But this differs from the inte

grated area under the rectified filtered waveform over a 

given time period only by a constant factor. The value of 

such an integral would constitute an acceptable, though 

un-normalized, measurement of signal modulation. 

An integration of this type is not well suited to 

analog computation and promised to be cumbersome to implement. 

A far more attractive solution was to use an RMS integrator, 

available as a stock single chip component. Such a device 

eliminates the need for a separate rectification operation 

and provides a positive DC voltage proportional to the RMS 

value or total power in the input signal and weighted into 

the past by an adjustable decay constant. 

The choice of the decay time of the RMS integrator 

controls two important but conflicting properties of its 



output voltage; smoothness and response time. These proper

ties carry over directly to the focus-error signal, but 

before considering this question in detail, we must discuss 

the formation of the error signal. 

detectors have been treated similarly and parallel systems 

have been maintained as shown in the block diagram in Fig. 

7.3. For descriptive simplicity we designate the output 

voltages of the RMS converters as A and B. 

closely with the model presented in Chapter 4 is A-B. A 

potential problem with this signal is that it is un-

normalized or object-dependent. It measures defocus, but it 

also measures the distribution and character of the object 

within the effective integration window. To illustrate 

this, consider the two detector output signals after band 

pass filtering; S_ (t) and S_ (t). These are processed by A 13 

the integrators to yield A and B: 

Up to this point, the signals from each of the two 

A useful focus-error signal which corresponds 
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Fig. 7.3. Block diagram of signal processing system. 
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Where the integrals range from the present (t=0) well into 

the past (large t). The signals SA(t) and SB(t) are strongly 

dependent since they represent the same object transmittanca 

function convolved with different spread functions. In 

fact, since they are band limited their ratio, to a first 

approximation, depends only on focus parameters and is 

defined to be the effective modulation ratio, M: 

S (t) 
M = s^itr 

Substituting S0(t) = M SA(t) above gives: 

A = C. 

B = MC. 

C,t 
SA2(t)e* ^ dt 

/ 

V 
2 —^2^" SA2 (t) e ^ dt 

and the focus error signal is: 

A-B = (1-M) C. 2 -<~2^ (t)e ^ dt 

2  ~ C 2 t  
The term / (t)e dt is the offending object-dependent 

contribution. A good way to remove this dependency is to 

divide A-B by A+B, giving an object-independent focus-error 

signal: 

A-B 1-M 
A+B ~ 1+M 
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Since 0 £ M £ 00, and M = 1 at best focus: 

A-B is defined for all possible M and is zero at best focus. 

This symmetric behavior recommends this normalization 

technique over alternate approaches. The only circumstance 

in which this error signal is undefined is if A and B are 

both zero. This condition will occur if no structure is 

present in the object (if no cells are encountered), and can 

be remedied by adding the same small offset voltage to A and 

A—B B. This gives the desired value of zero if no object 

structure is encountered and has minimal effect otherwise. 

Reference to Pig. 7.3 will illustrate the formation of this 

normalized focus-error signal. 

Unless proportional focus control is specifically 

required, the A-B error signal may be entirely adequate. 

A digital correction system using this signal has been 

suggested for the laser scanner microscope. It would 

operate in the following way. Each pulse from a free-

running clock instructs the focus-correction servo to 

increment its position by one discrete step. The direction of 

the step is determined by the sign of A-B (its magnitude is 

unused). If the correction increments are small relative to 

the depth of focus of the system, the continual dithering 

about best focus will be of no consequence. The acquisition 
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range of such a system is noise limited and extends well 

beyond the peaks of A-B. 

Let us return to the question of smoothness versus 

response time, and the choice of the decay constant of the 

RMS integrators. Whether normalized or un-normalized, the 

focus-error signal will decay to zero in the absence of 

object structure within the effective integration window. 

Furthermore, we choose to regard this window as a distance 

along the scan path, rather than its temporal counterpart. 

Since we cannot rely on the occurrence of structured material 

between cells, the distribution of cells dictates the 

distribution of object structure. If the effective integra

tion window is short relative to the width of a cell, the 

error signal will drop abruptly to zero between cells. While 

such a system could respond very rapidly to focus changes, it 

is not well suited to our needs. Since no microscope slide 

surface-height variations can be expected which require 

correction at these rates, the high frequency fluctuations of 

the error signal must be regarded as spurious. The signal's 

drop to zero between cells has no value and it too must be 

disregarded. 

A more useful integration window would be long enough 

to be likely to contain at least one cell, and possibly many 
/ 

cells. Under these conditions the error signal would drop 
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to zero only rarely, it would be relatively smooth, and its 

response distance would more nearly match the scale of 

microscope slide irregularities. 

0 



CHAPTER 8 

EXPERIMENTAL RESULTS 

The experimental measurements and observations 

presented in this chapter resulted from efforts to satisfy 

the objectives set forth in Chapter 6. These results, the 

means by which they were obtained, and their potential 

significance are described here. 

The Quartz Lens 

As indicated in Chapter 5, a plano-convex lens was 

made from a good quality quartz crystal. This lens was 

assembled, with the two relay elements, in the lens tube as 

it was intended to be used in the experimental system. As 

a unit, this assembly was corrected for spherical aberration 

and, when used on-axis with a collimated input beam, could 

be expected to produce two axially displaced, orthogonally 

polarized, aberration-free foci. To determine if this per

formance could be realized, the foci were examined in the 

following manner. A linearly polarized, spatially filtered, 

expanded and collimated HeNe laser beam was input with the 

proper polarization orientation. The output foci were then 

re-imaged onto a screen with a well-corrected microscope 

objective. These projected spread functions were examined 

74 



75 

through focus and with an analyzer. The observed behavior 

will be described with the aid of the photographs in Fig. 

8.1 (a) through (i). These photographs illustrate the 

irradiance distribution in three transverse sections near 

focus. The expected symmetry with respect to mid-focus 

was observed, but has not been illustrated. Instead, the 

spread functions at mid-focus (a-c), at the focus of one 

component beam (d-f), and an equal interval beyond focus 

(g-i) have been shown. For each position, the sum of the 

intensity distributions is shown as well as the contributions 

due to the component beams (isolated with the analyzer). 

At mid-focus, the component spread functions (b and 

c) are similar. In the photos, their sum (a) appears larger 

only because its intensity is doubled (all photos are at the 

same scgle and were given the same exposure timel. The tot^l 

spread function at one component focus (d). is dominated by 

the peak of the Airy pattern (e), while the second beam con

tributes a large but low intensity ring (f).. Going beyond 

this focus, the pattern enlarges (g) but retains the bright 

center Ch) contributed by the nearby focus. Note that (bl 

and Ch) are nearly identical, verifying the absence of 

spherical aberration. 
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(a) (b} (c) 

(d) (e) (f) 

(g) (h) (i) 

Fig. 8.1. Intensity distribution near focus in the two
beam system. 
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Spectral Analysis 

A second objective of the experimental test was to 

measure the spatial frequency content of the cellular 

specimens. These data were needed to judge the suitability 

of the analytically determined band-pass-filter frequency 

limits. 

A monolayer slide preparation was scanned with a 

single 0.8 NA beam, and the temporal frequency spectrum of 

the detector's output signal was determined with a .Hewlett-

Packard Model 3590A wave analyzer. The resulting spectrum 

was displayed with an x-y plotter and is shown in Fig. 8.2. 

As is indicated on the plot, spectra were displayed for best 

focus and for 2.0, 4.0, and 6.0 p of defocus. The nominal 

frequency limits of the band pass filter have been indicated 

in Fig. 8.2. This figure serves to illustrate that the 

frequencies of interest are not only abundant in the scanned 

cells, but that the modulation or spectral power of these 

frequencies is indeed a sensitive indication of focal position. 

This plot is typical of those examined and shows no prominent 

spectral peaks. The structure which is evident could not be 

correlated between spectra at various locations on the same 

slide. 
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Fig. 8.2. Frequency spectra of cells. 
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A Comparison of Analytical and 
Experimental Sum and 
Difference Signals 

A critical test of the basic focus-error detection 

concept, the analytical model, the experimental apparatus 

and the signal processing system was to generate the basic 

error signal of the A-B type. 

This test was conducted for several values of Az 

(Az was varied by re-spacing the elements in the optical 

relay) and signals of the type A,B, and A+B were generated 

and plotted as well as A-B. These results are shown in Fig. 

8.3. The analytically derived signals ^(zg) are plotted 

in the figures for comparison (no attempt has been made to 

match the vertical scales). 

The agreement between the observed and predicted 

signals is considered to be good. The discrepancies which 

are observed can be attributed to several causes: 

1. The inability to adjust the optical relay as ac

curately as desired; errors in Az of about 8% are 

evident. 

2. Spurious signal modulation induced in scanning the 

field lens with the intermediate foci. 

3. The analytical calculation is performed at discrete 

frequencies whereas the electronics package 

operates over a band of frequencies. 
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4. Thermal drift and adjustment uncertainties in the 

electronics. 

The experimental data confirm the analytical result 

A z that — should not exceed 3.0 u, and that a choice of 2.0 \i 
n 

is a good one. 
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(d) ASB 

TTtr 

(a) ASB 

±r. 

uU 

•W] 
(f) A-B 

Fig. 8.3. Individual, sum, and difference signals through 
focus. 

For (a), (b) and (c), Az/n = 1.55 microns. 
For (d), (e) and (f), Az/n = 2.76 microns. 
Solid curves are experimentally measured. 
Dashed curves are analytically calculated. 
Horizontal scale for all plots is .254 u/div. 
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Fig. 8.3. (Continued) 

For (g) , (h) and (i), Az/n = 4.31 microns. 
For (j), (k) and (1), Az/n = 6.21 microns. 
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Additional Observations and Conclusions 

In almost every respect, the performance of the 

experimental system exceeded our expectations. Most of the 

anticipated, problems either never arose or were insignificant. 

This collection of non-problems includes: 

1. No significant stress birefringence appears to be 

introduced in cementing cover glasses to microscope 

slides. 

2. Rotational asymmetry of the spread functions 

produced by the quartz lens was not observed. 

3. No signal modulation at (or at multiples of) the 

scan rate was apparent when the system was properly 

aligned. 

4. The spatial frequency spectra of the scanned cells 

were not peaked, but exhibited a broad distribution 

of frequency components. 

The corresponding collection of unexpected problems 

is rather prosaic and unrevealing (plasma oscillation in the 

laser, difficulties in polishing crystal quartz, bearing 

failures in the scanner, deformation of the lens tube during 

machining, etc.). A problem of greater potential significance 

concerns first-order properties of the optical system. The 
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microscope objective used (63.3X) has a longitudinal magnifi

cation of more than 4000. As a result, the separation of the 

intermediate foci was nearly 25 mm in one test configuration 

(Az = 9.4y). Two effects of this condition are that the 

field lens adds appreciable differential power to the two 

beams, and the microscope objective must operate at improper 

conjugates for at least one of the beams. 

One aspect of the experimental work that was not 

entirely successful was the formation of the normalized 

A—B error signal . As previously noted, it was necessary 

to add the same small offset voltage to both A and B. This 
A-B prevents the quantity from becoming undefined in the 

absence of signal modulation (no cells in the scanned path 

or large defocus). In the electronics package used, the 

thermal drift of these offset voltages was not sufficiently 

well controlled. The observed effect was that, for small 

values of A and B, A-B was not necessarily much less than 

A+B, and the resulting error signal could be large. In

creasing the offset voltages was helpful but this reduced 

the error-detection sensitivity unacceptably. 

At the outset of this study, there was considerable 

doubt that the cytoplasm of the cells would exhibit enough 

texture to be useful in detecting focus errors. It was 

certain that the cells would display sharply defined edges 

and that the nuclei were well structured. Although these 
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features are certainly useful in focus detection they 

represent a small percentage of the area of a normal cell; 

the remainder being cytoplasm. During this study it was 

demonstrated that the cytoplasm is not only useful in 

generating the focus error signal, it is responsible for 

most of the signal modulation used in focus sensing. 

Although predicted analytically, it was gratifying 

to observe that focus errors as small as 1/30 of the cells' 

thickness were easily detectable, even though the cells 

themselves were twice as thick as the depth of focus of a 

single scanning beam. 

In this study, the thickness of the scanned object 

and the numerical aperture of the scanning beam were fixed. 

No effort was made to explore the relationship of these 

system parameters to the chosen value of Az, the axial 

separation of the scanning foci. Although a rigorous treat

ment of this subject will not be attempted, it is worth con

sidering briefly and qualitatively. 

Under the conditions of the present problem (0.8 NA 

scanning beam and 3.0 uthick object) Az, in glass, was 

ultimately chosen to be 3.0 y, equal to the physical thick

ness of the scanned object. This result leads us to con

sider whether this is simply a fortuitous occurrence or 

whether it follows from some necessary condition. The 
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question is best understood by looking at the two limiting 

cases. 

First, let us consider an object whose thickness is 

much less than the depth of focus of the individual scan

ning beams. In this thin-object limit, the transfer factor 

is effectively constant over the extent of the object and 

the integration procedure is not required. Under these 

conditions the maximum error detection sensitivity, for 

any given spatial frequency, occurs for the value of Az 

which causes the inflection points of the individual transfer 

factors to coincide. This condition is illustrated in 

Figure 8.4(a). Note that the value of Az indicated by this 

criterion is influenced by the choice of spacial frequency 

but that regardless of this choice, Az will be much greater 

than the thickness of the object. 

At the other extreme, consider an object much 

thicker than the depth of focus of the individual scanning 

beams. In this thick-object limit, the integration process 

is dominant in determining the slope of the error signal at 

best focus (defined to be error detection sensitivity). 

Now, this slope is maximized when Az equals the object's 

thickness, irrespective of the choice of spatial frequency; 

see Figure 8.4(b). 

Let us not hastily conclude from this that the case 

we have studied is adequately represented by the thick-object 
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Fig. 8.4. Thin-object and thick-object focal region 
geometries. 



88 

model, in fact it is not. To clarify this point, refer to 

Figure 7.1 which illustrates the dependence of the focus 

error detection sensitivity on Az and spatial frequency (p). 

For the spatial frequencies of interest, this sensitivity 

A z  is maximized when — is approximately 3.0, or when Az 

(measured in glass) is roughly 4.5 y. It is this value of 

Az which is recommended by focus sensing considerations not 

3.0 y. The 3.0y value was ultimately selected as the best 

compromise between focus-error sensing requirements and the 

need to synthesize an equivalent single-beam transmittance 

measurement. For the purposes of this transmittance measure- . 

ment, the system's performance is always improved by 

reducing Az. 

We can conclude that the case we have studied, 

while inclined toward the thick-object model is definitely 

an intermediate case. As such, it requires full analytical 

treatment rather than an adaptation of the solution 

appropriate for either limiting condition. 

Opportunities for Further Study 

Several interesting problems and unanswered questions 

are evident as a result of this investigation. 

The analytical study could be generalized by includ

ing the variation of numerical aperture, object thickness, 

and wavelength. The model itself could be further refined 
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by including integration over a range of frequencies 

(weighted perhaps by the object's spectrum). 

The irradiance distribution in the focal region of 

a high numerical aperture linearly polarized beam is not as 

simple as we have implied. Scalar diffraction theory is, at 

best, a poor approximation and the spread function will not 

be rotationally symmetric. This asymmetry causes the trans

fer function to vary with the orientation of the scan 

direction relative to the polarization orientation. In 

general, the component beams will exhibit different and 

possibly time varying (for non-linear scans) transfer 

functions. 

A question of considerable practical importance to 

the laser scanner project concerns the distribution of 

structured material between cells and its potential as a 

source of focus information. A wide variety of cellular and 

non-cellular debris typically occurs in the inter-cellular 

spaces. It would be of great value to configure the system 

to make optimum use of this material if, in so doing, focus 

errors could be detected in the absence of cells. 



APPENDIX A 

PAzJ AND &"_(za) FOR VARIOUS 
T S — S 

CHOICES OF Az AND SPATIAL FREQUENCY 

Note that the first plot in each sequence is- fully 

annotated. Succeeding plots differ only in spatial fre

quency, as indicated, with all other parameters remaining 

unchanged. 
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VV at a sPat;"-a-'- frequency of .2 cycles/micron for several 

choices of Az/n. 



9~ (z ) at a spatial frequency of 
i O 

choices of Az/n. 

4 cycles/micron for several 

u> 



^.(zs) at a spatial frequency of .6 cycles/micron for several 

choices of Az/n. 



&.(zc) at a spatial frequency of .8 cycles/micron for several » O 
choices of Az/n. 



^j.(zs) at a spatial frequency of 1.0 cycles/micron for several 

choices of Az/n. 



S~ (z ) at a spatial frequency of 1.2 cycles/micron for several 
"i" S 

choices of Az/n. 



^(zs) at a spatial frequency of 1.4 cycles/micron for several 

choices of Az/n. 



^.(zg) at a spatial frequency of .2 cycles/micron for several 

choices of Az/n. vo 
oo 



^(zs) at a spatial frequency of .4 cyclec/micron for several 

choices of Az/n. 



&_ (zs) at a spatial frequency of .6 cycles/micron for several 

choices of Az/n. 



^(zs) at a spatial frequency of .8 cycles/micron for several 

choices of Az/n. 



^T(z ) at a spatial frequency of 1.0 cycles/micron for several 
""" s 
choices of Az/n. 



(zg) at a spatial frequency of 1.2 cycles/micron for several 

choices of Az/n. 



^(z ) at a spatial frequency of 1.4 cycles/micron for several 
" s 
choices of Az/n. 



APPENDIX B 

The computer program (in basic) written for the 

Tektronix 4051 Graphics Terminal, to calculate 9" (z ) 
• S 

and 3~_ (z_) . — S 

105 



100 IIIIT 
102 SET RADIANS 
110 REM THIS PROGRAM CALCULATES AND PLOTS THE AREA UNDER THE T.F. 
120 REM BETWEEN TWO POINTS ASSYMETRICALLY LOCATED RELATIVE TO THE 
122 REM SYMMETRY PLANE OF THE TWO BEAMS, FOR THE CASE OF FILLED 
170 PFM rTRPIII OR PIIPTI <! 
150 PRINT "AREA UNDER THE TRANSFER FUNCTION VERSUS DELTA 2" 
160 PRINT "FOR THE INCOHERENT SUM OF TWO BEAMS ARISING FROM FILLED" 
1?0 PRINT "CIRCULAR PUPILS, WITH VARIABLE DEFOCUS.M 

180 PRINT "HAUELENGTH ?• 
190 INPUT L 
200 PRINT "NUMERICAL APERTURE ?" 
210 INPUT A0 
211 PRINT 
212 C1=2*A0/L 
213 PRINT "THE CUTOFF FREQUENCY IS *;C1 
214 PRINT 
220 PRINT "SPATIAL FREQUENCY ?" 
230 INPUT F 
6 0 0  D I M  A ( 4 2 1 ) f B < 1 2 1 ) » C ( 3 6 1 )  

610 W=F*L/<2*A0> 
620 FOR 1=0 TO 420 
622 2=1/40 
624 Dl=PI*Z*A0t2'L 
626 G1=4*W*(1-W>*D1 
630 IF Gl = >3 THEN 732 
680 Sl=Glt2/-8 
690 S2sGlt4/192 
700 S3=Glt6/-9216 
710 S4~Glt8/737280 
720 S5*G1t10/-8.84736E+7 
722 S6=G1112/1.48635648E+10 
724 S7=Glt14/-3.329438515E+12 
725 S8«Gltl6/9.588782924E+14 



726 S9*Gltl8'-3.451961853E+17 
727 S0=Glt20/l.518863215E+20 
730 S=1+S1+S2+S3+S4+S5+S6+S7+S8+S9+S0 
731 GO TO 740 
732 Y1=0.79788456+1.56E-6*<3/Gl>+0.01659667*(3/Gl>t2+1.7l05E-4*<3/Gl>t3 
733 Y2--0.00249511*<3/G1)t4+0.00113653*<3/G1>t5-2.0033E-4*<3/Gl>16 
734 Y=Y1+Y2 
735 Y3=Gl-2.35619449+0.12499612*<3/G1)+5.65E-5*<3'G1)t2 
736 Y4«-0.00637879*<3/Gl>t3+7.4348E-4*<3/Gl)t4+7.9824E-4*<3'G1)t5 
737 Y5=-2.9166E-4*<3/Gl>t6 
738 Y0-Y3+Y4+Y5 
739 S=2*Glt-1.5*Y*COS<Y0> 
740 Pl«<ACS(M)-H*SQR<l-Ht2))*2/PI 
750 A<I+1>=P1*S 
870 NEXT I 
890 FOR K=0 TO 360 
900 FOR J*1 TO 121 
910 IF 62-J+K<l THEH 940 
920 B<J>=A<K+62-J> 
930 GO TO 950 
940 B(.l)=A(J-60-K) 
950 NEXT J 
960 C2SB(1>+B(121> 
961 D=0 
962 E=0 
970 FOR H»1 TO 60 
980 M-2*M 
990 D=D+4*B<H) 
1000 HEXT H 
1010 FOR P*1 TO 60 
1020 Q*2*P+1 
1030 ESE+2*B<Q) 
1040 HEXT P m 
1050 T«(C2+D+E)*0.025/3 3 
1060 C(K+1>*T 



1070 NEXT K 
1098 PRINT "FOR SUM OF INTEGRATED AREAS, TYPE 1; FOR DIFFERENCE, TYPE 2 
1092 PRINT "FOR SUM DIVIDED BY DIFFERENCE, TYPE 3" 
1160 INPUT Q 
1110 IF Q=2 THEN 1322 
1112 IF Q=3 THEN 1530 
1120 PAGE 
1130 PRINT "SUM OF INTEGRATED AREAS UNDER TRANSFER FUNCTIONS OUER " 
1140 PRINt "3 MICRON THICK OBJECT FOR TWO INCOHERENT, AXIALLY SHIFTED" 
1150 PRINT "FOCUSSED BEAMS (UNIFORMLY FILLED PUPILS); AS A FUNCTION OF 
1160 PRINT "DEFOCUS DIST. (CENTER OF OBJECT TO CENTER OF TWO FOCI)," 
1170 PRINT -WITH PARAMETRIC DEPENDENCE ON DELTA Z <SEP. OF FOCI)" 
1172 PRINT " SPATIAL FREQUENCY *";F 
1180 WINDOW 0,240,-0.4,3.6 
1190 AXIS 8,0.1 
1200 FOR M=0 TO 24 
1210 H=M*5 
1220 FOR L=0 TO 240 
1230 R1-C(L+H+1) 
1240 R0=ABS(L-H) 
1250 R2=C(R0+1) 
1260 R=R2+R1 
1270 DRAM L,R 
1280 NEXT L 
1290 MOUE 0,8 
1300 NEXT M 
1310 MOUE 240,-0.4 
1320 GO TO 1098 
1322 PAGE 
1330 PRINT "DIFFERENCE OF INTEGRATED AREAS UNDER TRANSFER FUNC'S OUER" 
1340 PRINT "3 MICRON THICK OBJECT FOR TWO INCOHERENT, AXIALLY SHIFTED" 
1350 PRINT "FOCUSSED BEAMS (UNIFORMLY FILLED PUPILS); AS A FUNCTION OF 
1360 PRINT "DEFOCUS DIST. (CENTER OF OBJECT TO CENTER OF TWO FOCI)," 
1370 PRINT "WITH PARAMETRIC DEPENDENCE ON DELTA Z (SEP. OF FOCI)" 
1372 PRINT " SPATIAL FREQUENCY ="JF 



1360 WINDOW 0,240,-8.4,3.6 
1390 AXIS 8,0.1 
1400 FOR M=0 TO 24 
1410 H=M*5 
1420 FOR L=0 TO 240 
1430 R1=C(L+H+1) 
1440 R0=ABS<L-H> 
1450 R2=C(R0+1> 
1460 R=R2-R1 
1470 DRAW L,R 
1480 NEXT L 
1490 MOUE 0,0 
1500 NEXT M 
1510 MOUE 240,-0.4 
1520 GO TO 1090 
1530 PAGE 
1540 PRINT "DIFFERENCE OF INTEGRATED AREAS DIUIDED BY SUM OF INTEGRATED 
1550 PRINT "AREAS. NORMALIZED ERROR SIGNAL FOR 3 MICRON THICK OBJECT" 
1560 PRINT "AS A FUNCTION OF DEFOCUS DISTANCE? WITH PARAMETRIC " 
1570 PRINT "DEPENDENCE ON DELTA Z. SPATIAL FREQUENCY =";F 
1580 UINDOH 0,240,0,2 
1590 AXIS 8,0.1 
1600 FOR M=0 TO 24 
1610 H=M*5 
1620 FOR L-0 TO 240 
1630 R1-C<L+H+1) 
1640 R0-ABS<L-H> 
1650 R2»C<R0+1) 
1652 IF R2+R1<=0 THEN 1680 
1660 R=*<R2-RIV<R2+R1> 
1670 DRAW L,R 
1680 NEXT L 
1690 MOUE 0,0 
1700 NEXT M 
1710 MOUE 240,0 



1720 GO TO 1B98 
1739 END 
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