New Jersey Institute of Technology

Digital Commons @ NJIT

Dissertations Electronic Theses and Dissertations

Spring 5-31-1989

Close-range, noncontact distance measurement by controlled
image irradiance

Jaeho Kim
New Jersey Institute of Technology

Follow this and additional works at: https://digitalcommons.njit.edu/dissertations

6‘ Part of the Mechanical Engineering Commons

Recommended Citation

Kim, Jaeho, "Close-range, noncontact distance measurement by controlled image irradiance" (1989).
Dissertations. 1234.

https://digitalcommons.njit.edu/dissertations/1234

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at Digital
Commons @ NJIT. It has been accepted for inclusion in Dissertations by an authorized administrator of Digital
Commons @ NJIT. For more information, please contact digitalcommons@njit.edu.


https://digitalcommons.njit.edu/
https://digitalcommons.njit.edu/dissertations
https://digitalcommons.njit.edu/etd
https://digitalcommons.njit.edu/dissertations?utm_source=digitalcommons.njit.edu%2Fdissertations%2F1234&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/293?utm_source=digitalcommons.njit.edu%2Fdissertations%2F1234&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.njit.edu/dissertations/1234?utm_source=digitalcommons.njit.edu%2Fdissertations%2F1234&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@njit.edu

Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



INFORMATION TO USERS

The most advanced technology has been used to photo-
graph and reproduce this manuscript from the microfilm
master. UMI films the text directly from the original or
copy submitted. Thus, some thesis and dissertation copies
are in typewriter face, while others may be from any type
of computer printer.

The quality of this reproduction is dependent upon the
quality of the copy submitted. Broken or indistinct print,
colored or poor quality illustrations and photographs,
print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a
complete manuscript and there are missing pages, these
will be noted. Also, if unauthorized copyright material
had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are re-
produced by sectioning the original, beginning at the

upper left-hand corner and continuing from left to right in
equal sections with small overlaps. Each original is also
photographed in one exposure and is included in reduced
form at the back of the book. These are also available as
one exposure on a standard 35mm slide or as a 17" x 23"
black and white photographic print for an additional
charge.

Photographs included in the original manuscript have
been reproduced xerographically in this copy. Higher
quality 6” x 9” black and white photographic prints are
available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly
to order.

University Microfilms International
A Bell & Howell Information Company

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
313/761-4700 800/521-0600



Order Number 9003135

Close-range, noncontact distance measurement by controlled
image irradiance

Kim, Jacho, D.Eng.Sc.

New Jersey Imstitute of Technology, 1989

U-M'1

300 N. Zeeb Rd.
Ann Arbor, MI 48106




CLOSE-RANGE, NON-CONTACT DISTANCE

MEASUREMENT BY CONTROLLED IMAGE TRRADIANCE

by
Jaeho Kim

Dissertation submitted to the Faculty of the Graduate School
of the New Jersey Institute of Technology in partial fulfillment
of the requirements for the degree of

Doctor of Engineering Science
1989




APPROVAL SHEET

Title of Thesis: CLOSE-RANGE, NON-CONTACT
DISTANCE MEASUREMENT BY

CONTROLLED IMAGE TIRRADIANCE
Name of Candidate: Jacho Kim

Doctor of Engineering Science, 1989

Thesis and Abstract Approved:__

Dr. Harry Hé}sr;lelm ! Deée

Professor
Mechanical Engineering

Signatures of other members

of the thesis committee.
Date

Date

Date

Y U
’l/ Date




ABSTRACT

Title of Thesis: CLOSE-RANGE, NON-CONTACT

DISTANCE MEASUREMENT BY
CONTROLLED IMAGE TRRADIANCE

Jaeho Kim, Doctor of Engineering Science, 1989

Thesis directed by: Dr. Harry Herman

Dimensional measurement or check is a major part of the inspection
and quality control in manufacturing. Most of the measurement applications

are based on contact methods. While a number of non-contact methods are

available, they are limited in accuracy, in flexibility, or in the range of ap-
plication areas. An optical, close-range, non-contact distance measurement
method has been developed for manufacturing and other applications. Based
on a simple imaging principle, the method derives the distance information
from the power response of a small axial image area, the irradiance of which
is controlled by an active controlled illumination of the corresponding object
area. The proposed method uses a low power laser beam for the illumination
and can be used on both diffusive and reflective surfaces. The proposed sys-
tem configuration and development is discussed with the requirements of the
application environments. Based on the proposed system, the controlled illu-
mination using a laser beam and the theoretical responses from diffusive and
reflective surfaces are analyzed. The results are compared with the empirical

data obtained from an experimental system.
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CHAPTER I
INTRODUCTION

The dimensional check or measurement of a workpiece is a major part of
inspection and quality control in manufacturing. In the dimensional deter-
mination, the distance is measured between two points on the workpiece or
between a point on the workpiece and a reference point located outside of the
workpiece. Typically, the distance is measured by a device which contacts
the surface point(s). The measurement can be read directly or amplified to
increase the measuring accuracy. The measurement is based on a distance
control meth(.)d using pressure to ascertain that a contact is made between
two surfaces - the surface of the measuring device and the surface of the
workpiece. The amount of the contact pressure and the size of the contact
area are the important factors which affect the accuracy of the measurement.
Depending on the hardnesses of the two contact surfaces, the contact pres-
sure should be controlled so as not to damage one or both of the surfaces.
The measuring accuracy can be affected by the size of the contact area as
the dimension varies from one surface point to another on the same surface
depending on the surface profile and irregularities.

For accurate measurement, a very small contact area and light contact pres-
sure will be required. Sensitive measuring systems employ a spring-loaded
solid touch probe with a small round tip to reduce the contact area and to
apply light contact pressure.

In a manual measurement process, the time required for aligning the measur-
ing probe and finding the measurement will be increased if more accuracy is

demanded or if the workpiece becomes larger. It can be a difficult task to au-
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tomate such dimensional measurement in applications which require a single
or multiple point measurements on workpieces, the shapes and sizes of which
are different and considerably large so that the use of special inspection gages
is difficult or impractical. Also, there can be a situation which requires the
measurement of the coordinates of the surface points of a large and compli-
cated workpiece which must be controlled by computer vision or by remote
manual operation. In such a situation, the alignment of the measuring probe
to the desired target point can be a very difficult task, particularly, if three
dimensional data is required. Also, there may be a risk of forceful collision
between the measuring probe and the workpiece, damaging the measuring
system and/or the workpiece. This risk will be increased if there is an abrupt
change of the slope of the workpiece surface and if the measuring probe must

move to different surface-points consecutively.

For measurement applications such as those discussed above, a non-contact
distance measurement method will have considerable advantages over the
conventional contact methods if the non-contact method can provide the
same information and accuracy. To satisfy this objective, an optical system
has been configured to provide the results of the contact methods without
the contact requirement. This optical method is based on a simple imaging
principle together with controlled surface illumination, and can provide close
range, non-contact distance control by means of focusing control. The three
basic elements of the contact method - the size of the contact area, the
distance between the contact probe and the target surface, and the contact
pressure - are simulated in the proposed optical method. The size of the
contact area is equivalent to the size of the illumination spot on the surface,

and the distance is controlled using the power registered by the detector
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output in the optical system.

The discussion of the non-contact optical method is arranged as follows.
Before the discussion of the proposed method, conventional distance control
or measurement methods will be discussed for comparison in Chapter II. The

discussion of the methods will include the contact and noncontact methods.

Additionally, non-contact displacement methods will be discussed in context
of their relevant application areas. As the discussion of the optical method
is mostly based on optics, a review of optics fundamentals is provided in
Chapter III. In Chapter IV, the development of the optical system will be
discussed from the basic requirements of the optical system as a distance
measurement system to the proposed, functional system configuration. Based
on the proposed system configuration, the controlled surface illumination
will be discussed in various aspects in Chapter V, and the detector response
will be analyzed for the reflective and the diffusive surfaces in Chapter VI
and VII. In Chapter VIII, the experimental system will be discussed, and
the experimental results will be compared with the theoretical responses.
Chapter IX will discuss the problems encountered during the experiment
and the suggested corrective measures for these problems. The limitations,
design notes, and practical considerations about the proposed system will

also be discussed. Chapter X summarizes the conclusions.



CHAPTER II

DISCUSSION OF METHODS FOR
DISTANCE MEASUREMENT AND CONTROL

In inspection and quality control in manufacturing, the dimensional measure-
ment is mostly based on the methods which require a contact between the
measuring system and the workpiece. There are non-contact measurement
methods available for limited applications. Typical non-contact methods can
be found in the middle or long range distance measurement applications.

In this chapter, these measurement methods will be discussed. Additionally,
a number of displacement measurement methods will be discussed because

of their non-contact nature and relevance.

2.1 Methods used in inspection and quality control in manufactur-
ing

In the dimensional measurement in inspection and quality control, the dis-
tance is measured between two surface points of the workpiece or between a
surface point of a workpiece and a reference point which is located outside
of the workpiece. During measurement, a contact is made between the work-
piece and the measuring tool. For non-contact measurement, the measuring
system maintains a specific distance to the surface of the workpiece. For the
inspection of mass production items, specific gages are used to measure or
check the dimensions of the items.

2.1.1. Contact methods

Simple measurement is done with standard measuring tools such as microme-
ter, vernier calipers, height gages, etc. For the inspection of mass production

items, specific gages are used to measure or check the dimension of the items.
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The measuring tools and gages can be assembled from gage blocks, dial test
indicators, touch probes, etc. For accurate measurement, the displacement
of the contact probe is amplified using following methods[1].

Mechanical amplification:

Mechanical amplification is done with levers, gear trains, or reeds. Dial
indicators use gears to amplify readings. Amplifications with these indicators
can range 40-to 1 to as much as 1500-to-1. In this case a pointer or ball probe

1s attached to the end of a rack. The linear motion of the rack is transferred

to a gear train. A needle is attached to the output gear. The ratio of input-
to-output of the gears determines the amplification. The standards of the dial
indicators (American Gage Designers - AGD) have been established. They
have been standardized to sensitivities of 0.001 to 0.00005 inches per division.
Another type of widely used indicator is the dial test indicator. The dial is
generally graduated to read 0-15-0 in 0.001 or 0.0005 of an inch increments
with a total range of 0-t0-0.030 inches.

Electronic amplification:

There are a number of different methods used for electronic amplification.
Electrical gaging uses an indicator probe, which is similar to the standard
dial gage. The probe contacts the workpiece and actuates one of two on-off
switches. The gages can be read from 0.001 to 0.0001 inches. This electrical
gage is essentially mechanical.

Electronic gage has continuous output. The probe is moved by contacting
the work piece. The movement acts, through the movement of an armature,
on the alternating current which is brought to the gaging head.

Electronic amplification uses a movement of the contact probe to move a

coil in a electromagnetic field. This sets up an induced current flow in two
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oppositely wound coils. This induced current is amplified and fed into a

voltmeter.

2.1.2. Non-contact methods

For limited applications, following non-contact methods can be used[1].
Spark method:

Spark method uses a spark gap between the probe and the workpiece. This
method permits the continuous comparison of the shape of the workpiece
with a master. This method is used for tracing contours.

Pneumatic indicators:

This gaging process operates according to the constant pressure but uses a
varying air flow per unit time. The gage head masters the quantity of air
permitted to escape from the orifice between the workpiece and the walls of
the gage head. Assuming the air pressure is constant, the space between the
head and the work is changed for different workpieces. A noncontact gaging
head is used where the quantity of air escaping is controlled by the diameter

of the orifice and the clearance between the work and the gage.

2.2. Methods for middle or long range distance measurement
Optical range finding method:

Optical range finders mostly use the coincidence focusing method, in which
an object is positioned at the dead center of the finder and two images of
the same object are merged. Typical example is the coupled-rangefinder-
focusing(CRF) method, which is used in the photographic cameras such as

Leica M-camera and others.

The autofocusing method used in the photographic cameras is based on the

similar principle used in the optical range finder, but, for focusing, electronic
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phase detection is used instead of the optical image merging in the optical
range finder. The phase-detection range finders compare two parts of a beam
of light from the same object using charge-coupled-device( CCD) linear detec-
tor array. This is a passive method that the light must come from the object.
In some cameras, an infrared light source is employed for active measurement.
Other example is the stereo imaging method using two digital cameras. In
this method, the distance to an object is derived using the two screen coordi-
nates of the pattern of the object, which is recognized by optical processing.
Time elapse methods:

Using the properties of a propagating wave, the distance is derived from
the elapsed time of a wave travel from the wave generator to the receiver
which detects the reflected wave from a target. For short to middle range
applications, sonic or ultrasonic wave is used. A radar uses electromagnetic
waves for middle or long range distance measurement application.

If a laser beam is used for measurement, the accuracy of the measurement
depends on the parameters like the accuracy of the speed of light, which
is accurate to about 1 part in 100,000, the atmospheric condition, and the
speed of electronic instrument to measure elapsed-time, which is typically 1
nanosecond. With an assumed velocity of light of 300,000km/s, light travels
a distance of about 30cm for 1 nanosecond, so a range measurement error of
about 15cm can result[2].

Amplitude modulation method:

This method involves the amplitude modulation of a light beam at a mod-
ulation frequency w in the range of 30 MHz. The phase of the modulation
envelope of the returned light is then compared with the phase at the trans-

mitter. The detection circuit is arranged so that when the optical path from
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the modulator to the reflector and back is (0.5M + 1/4) wavelengths of the
modulation frequency, a null is obtained. The distance is obtained by varying
w and measuring the values for which the the detection circuit gives a null.
By measuring a number of nulls, the ambiguity in the value of the integer M
is resolved. Under good atmospheric conditions, it has been estimated that

sensitivities of one part in 10,000,000 over distances of 30 km or more are

possible[2].

2.3. Displacement measurement
There are a number of optical methods available for precise measurement of
the displacement of a target surface. The information of the absolute distance

to the target surface can not be derived from these methods.

2.3.1. Triangulation method

A low power HeNe or diode laser projects a spot of light on a diffusive sur-
face. A portion of the light is scattered from the surface and is imaged by a
converging lens on a linear diode array or a linear position detector. If the dif-
fusive surface has a component of displacement parallel to the light incident
on it from the laser, the spot of the light on the surface will have a compo-
nent displacement parallel and perpendicular to the axis of the detector lens.
The component of the displacement perpendicular to the axis causes a corre-
sponding displacement of the image on the detector array. The displacement
of the image on the detector can be used to determine the displacement of

the diffusive surface[3].

2.3.2. Interferometry
In measurement, interferometry method uses a mirror or a reflector instead

of the actual target surface.



Michelson interferometry:

This method can be used to make precise relative, linear displacement mea-
surements of one mirror relative to the other or to detect and/or measure
surface variations between the two mirrors. Typical linear displacement ac-
curacy is within one-quarter wavelength of the light being used. If HeNe laser
light with 632.8nm wavelength is used, an accuracy of 0.000158mm can be

achieved.

Two frequency interferometry:

Using a laser which operates at two slightly different frequencies, f; and
f2, with opposite circular polarizations, linear movement can be detected by
optical beating phenomena and counting the amplitude variation of (f; —
f2)/2. Using Doppler shift, velocity detection is also possible.

Other interferometry methods:

There are other interferometry methods: Fizeau interferometry, holographic

interferometry, etc.

2.2.3. Doppler method
Using the Doppler shift of a wave propagation, the displacement, velocity,

and acceleration of the target can be obtained.



CHAPTER III
OPTICS FUNDAMENTALS

This chapter provides a brief review of the areas of optics, which are relevant

to the optical system to be discussed.

3.1. Gaussian Optics

Gaussian or first-order optics is often referred to as the optics of the perfect
optical system. The first-order equations are based on the simplified expres-
sions of the exact trigonometric ray path equations by using the first order
approximations of the trigonometric functions. These approximate equations
are valid for an paraxial region, which is an infinitesimal thread-like region
about the optical axis. A well-corrected optical system will follow the first-
order expressions almost exactly; also, the first-order image positions and
sizes provide a convenient reference from which to measure departure from

perfection[4].

3.1.1. Optical system definition

An optical system, which may consist of a single element or a multiple-
element group, can be treated as a “black box” whose characteristics are
defined by its cardinal points and its entrance and exit pupils, as illustrated
in Figure 3.1.

The cardinal points are the first and second focal points, the first and second
principal points, and the first and second nodal points. The focal points are
defined as those points at which light rays parallel to the optical axis are
brought to common focus on the axis. If the rays entering the system and

those emerging from the system are extended until they intersect, the points
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Figure 3.1. Optical system definition
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of the intersection will define a surface, usually referred to as the principal
plane. The principal point is the intersection of the principal plane and
the axis. The effective focal length(efl) is the distance from the principal
point to the focal point. The distances from the focal points to the nearest
surfaces of the system are defined as the front focal length and back focal
length, respectively. The entrance pupil and the exit pupil represent the
finite apertures through which light must pass through to enter and to exit
the system. The finite extent of the two pupils is found by geometrically
projecting the smallest aperture of the system through the imaging elements

onto the entrance and exit planes[5].

3.1.2. Gaussian Image formation
The relationship of the locations of the object plane s; and the image plane

Sg is defined by

1 1 1
= 3.1a
82 f 81 ( )
or
Slf
Sg = 3.15
2 81 — f ( )

where f denotes the effective focal length of the system and positive signs
are used for s; and s, as in Figure 3.2.
The lateral magnification of an optical system is the ratio of the image size

to the object size and is given as



Object

|
I
l
8 - - { -
|
f ! T
5 ————— ! Image

Principal planes

Figure 3.2. Image formation by an optical system

13




3.1.3. Thin-lens concept

If the thickness of a lens element is small enough so that its effect on the
accuracy of the calculation may be neglected, the element is called a thin
lens. Since the thickness is assumed to be zero, the principal points of a thin
lens are coincident with the location of the lens[4]. As this thin-lens concept
is very useful one for preliminary analysis and calculation, this concept will be
used throughout this thesis together with the principal plane-concept unless

specified otherwise.

3.2. Diffraction
When light rays pass through an aperture, their paths deviate from the paths

predicted by geometric optics due to the diffraction effects of the aperture.

3.2.1. Fresnel diffraction

Fresnel diffraction formula provides the ground for an analysis of aperture

diffraction effects[5].

U(%,yo)— exp(]kz) // U(-’Chyl

jkz
exp {j%{(xo )t 4 (g — yl)ZI} doydy;  (3.9)

In this formula, the complex amplitude of the field U(z,, y,) of an observa-
tion point Po is related to the complex amplitude of a given aperture field
U(z1,y1), as illustrated in Figure 3.3. Area A denotes the region of integra-
tion in the whole aperture, and

2

14




Yo
1 ‘ Iy
Z Po
P
D O -
s
/
- -
S -
e 7
-~
= »”
-
VAN :
-~
Y. e
-~
<
Aperture

Observation region

Figure 3.3. Diffraction geometry
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is the propagation constant of free space. For circular aperture, Fresnel

diffraction formula is given by [6]

U(ro) = M-—pi_jkﬁ /: U(T‘1)J0(k7'17‘o)

Lk
- exp [—] -2;(7'% + rﬁ)} ridry (3.5)

where r; and ry are the radius coordinates in the planes of the aperture and
the observation, a is the radius of aperture, and Jy is a zero order Bessel

function.

3.2.2. Fraunhofer diffraction

If the restriction,

k(xz + yz)maz
2

zp D> (3.6)

is imposed in the Fresnel diffraction formula, the far-field diffraction pattern
can be found from a Fourier transformation of the aperture distribution. This
pattern is called Fraunhofer diffraction[5], for which we may write

exp(jkz) i 2 2
e exp [‘722(% + vp)

U(mo,yo) =
2m
/] U(z1,y1)exp [“] 3“;(3?0331 + yoyl)} dzidy; (3.7)
A

For a circular aperture with radius a, the Fraunhofer diffraction can be ex-

pressed as[6]

jk ) r? ¢ krir,
U(T‘o) = 7exp [—]kz (1 + 222)] A U(‘I‘l).]o ( 2 Tld'l‘l (38)
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For a circular aperture with uniform amplitude field U(r;) = 1, the diffraction

pattern becomes

Ulr,) = j exp [—jkz (1 n 2’"52)] (sz) [N‘k(fi"/"z/ z)} (3.9)

where J; is a Bessel function of first kind of order 1. The intensity distribution

can be written as

I(re) = (ka2>2 [2J1(karo/z)r (3.10)

2z kar,/z

This pattern is usually referred to as the Airy pattern, which defines the
diffraction limit of an ideal lens[8]. The Airy pattern has successive maxima

and minima. The first minimum occurs at

A
ro = 1.2222 (3.11)
a

The amount of energy contained within the first ring with a radius defined

by Eq.(8.11) is 86% of the total energy.

3.3. Radiometry

Radiometry deals with the measurement and specification of radiation(4,8,9].

3.3.1. Definition of radiometric quantities and units

Radiant energy:
The fundamental quantity for optical radiation is radiant energy. It is char-

acterized by the symbol @ and is in units of joules(J).
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Radiant power:
This is defined as the partial derivative with respect to time of radiant energy.

This is in units of watts(W).

=== 2
P 5t watts (3.12)

Radiant intensity:

Radiant intensity is defined as the radiant power per unit solid angle radiated
in a given direction from a point source. It is given the symbol I and is
measured in units of watts per steradian(W/sr).

Steradian:

A steradian is the solid angle subtended by 1/47 of the surface area of the
sphere. Thus, a sphere subtends 4m steradians from its center.

Solid angle:

A solid angle in steradians is defined by determining the area of that portion
of the surface of a sphere which is included within the solid angle and dividing
this area by the square of the radius of the sphere.

Radiance:

The radiation characteristics of an extended source are expressed in terms of
power per unit solid angle per unit area(W/sr-cm?) and the symbol is N.
Irradiance:

Irradiance, H, is the incident power per unit area and is obtained by multi-

plying the intensity of the source by the solid angle subtended by the unit

area.

(3.12)




3.3.2. Lambert’s Cosine Law

For radiant energy emitted by a planar source, the radiant intensity I in
W/sr varies as the cosine of the angle between the viewing direction and
the surface normal. Surfaces for which this relationship is valid are called

Lambertian or diffuse surfaces.
Iy =1I,cos0 (3.13)

where Iy is the radiant intensity at angle 8 and I, is the radiant intensity
normal to the surface. The radiance from a Lambertian source is indepen-
dent of the viewing angle. For a perfect diffuse source, the radiance is also

independent of the angle of the incident light.

3.3.3. Axial irradiance produced by a circular diffuse source
As illustrated in Figure 3.4, a point P is located at a distance S from a

Lambertian source of radius R and is on the normal axis of the source.

The irradiance dH produced at the point by an infinitesimal area dA located

at the coordinates (r, ¢) on the source is

cos® 6

S2

dH = Iycosb
_ NdAcos* 8
- s

N cos? Ordrdé

_ N cos* §S tan 0d(S tan 6)d¢
= 53

= N cos 8sin 8dfd¢ (3.14)
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Circular diffuse source

Figure 3.4. Axial irradiance produced by a circular diffuse source
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where 8 is the inclination angle from the surface normal, IV is the radiance of
the source, and I is the radiant intensity of dA at angle 8 from the surface
normal. The total irradiance H produced at the point by the whole circular

source can be obtained by integrating dH over the source,

27 9
H=/ /dmmw
0 0

2 =2
sin”® 8
= N

o 2

d¢

=7rNsin?8  watt/cm?. (3.15)

3.4. Laser A
3.4.1. Introduction to lasers

Lasers are radiation sources capable of delivering intense coherent electro-
magnetic fields ranging from infrared to ultraviolet or even higher frequency
regions.

A laser system consists of: a laser medium consisting of an appropriate col-
lection of atorus, molecules, ions, or semiconducting material; a pumping
process to excite this medium into high quantum energy levels; optical feed-
back elements that allow a beam of radiation to either pass once through the
laser medium or bounce back and forth repeatedly through the laser medium.
When the laser medium interacts with an electromagnetic field, transitions
between various quantum energy levels of this medium will occur through
absorption, spontaneous emission, and stimulated emission processes at fre-
quencies characteristic to the medium.

Laser pumping provides a condition of population inversion, in which more

atoms are excited in some higher quantum energy level than are in some
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lower energy level in the laser medium. Stimulated emission during down
level transition provides laser amplification.

Oscillation in a resonant laser cavity which is formed by small mirrors placed
at each end will occur whenever the amplification through stimulated emis-
sion is sufficiently high to exactly balance the attenuation caused by various
losses in the system. One of the losses is the useful laser output extracted
through a partially transmitting mirror. This output, which can be in con-
tinuous or pulsed operation, is a highly coherent beam with propagation

characteristics determined by the modes of the laser resonant cavity.

3.4.2. Mode configuration

The shape and arrangement of mirrors in the cavity tends to maintain par-
ticular transverse electromagnetic field configurations with sufficiently low
loss. Oscillation and further amplification by the laser material will take
place only in these modes. These different modes are designated by TEM;,,
where m and n designate the orders of the mode. The beam operating in the
fundamental mode, TEM,,, possesses a Gaussian intensity distribution. The

size of the beam waist in this mode is determined by the configuration and

the arrangement of the mirrors[2].

3.4.3. Coherence
Laser beam has a high degree of coherence, both temporally and spatially.

The temporal coherence of the laser beam can be explained by that the ampli-
tude and phase of the laser output at any one time is strongly correlated with
the amplitudes and phases at earlier or later times. The spatial coherence can
be described by that there is a very high degree of correlation between the

instantaneous amplitudes, and especially between the instantaneous phase
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angles, of the wave front at any points across the laser beam(10].

3.4.4. Gaussian beam characteristics
A detail description of the Gaussian beam has been developed(2,6,7]. The
propagation characteristics - w and R, the beam radius and the radius of

curvature of the wave front at the distance z from the beam waist - are

described by

w?(z) = w? [1 + (W’\;z)z} , (3.16)

R(z) =z [1 + (”Zg)z] . (3.17)

The propagation of the beam is depicted in Figure 3.5.

The beam radius w describes the effective size of the beam cross section and

is the distance at which the amplitude is reduced to 1/e times that on the

axis.

For large z, the beam expands linearly with a far-field diffraction angle given

by

A

f=—s:.
mw?

(3.18)

From Egs. 3.16 and 3.17, the beam waist w, and the distance z can be

derived from the known w and R as

wl= — (3.19)




Figure 3.5. Gaussian beam propagation
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R

2= . (3.20)
1+ (23)°]
The field u of the Gaussian beam is given by
= Yo Cikr— @) g2 L IF 9
u(r,z) = ” exp{ jkz—®)—r (w2 + QR)} (3.21q)
where
® = tan"!(\z/w?) (3.21b)

and r is the radial distance from the beam axis, k = 2w /) is the propagation

constant in the medium.

The intensity distribution I is

I{r,z) =1, Do exp{—2[r/w(z)]*}. (3.22)
w(z)

The peak intensity I,, obtained at the center of the beam waist, can be found

from the total power P, as follows.

P, = /0~27f /0.00 Iyexp [—2(r/w,)?] rdrdé

(3.23)

Hence
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CHAPTER IV

FOCUSING CONTROL SYSTEM
DEVELOPMENT AND CONFIGURATION

In an imaging system, the intensity distribution of the image depends on the
radiation characteristics of the object. If the radiation of the object surface
is provided by external incoherent illumination, the intensity distribution of
the image will be directly related to the radiance of the object surface. If the
distance between the object surface and the imaging system is changed, the
image will become blurred and the intensity distribution of it will be changed.
The relationship between the object distance and the image intensity varia-
tion of a simple imaging system has a potential for distance control but does
not provide the necessary information or precision to be used as a control
variable for close-range focusing control or distance control. The relationship
can be controlled to yield an information which can be used to find a certain
distance to the object by a specific configuration of an imaging system by

controlling the variables involved in the relationship.

4.1. Problems of the simple imaging system for distance control
application

As the surface profile depends on the surface shape and roughness, very
accurate measurement on a specific target point on the surface depends on
the ability of the measuring system to measure as small an area as possible.
Furthermore, as the target area becomes small, it becomes more critical that
the measuring system align on the target point precisely.

In a conventional imaging system such as a microscope, the distance be-

tween the object and the microscope is controlled by the image analysis of
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an observer, which involves optical processing to determine the best imaging
situation. Alternatively, an optical range finding technique can be used to
determine the distance to the object, which is based on image alignment. The
stereo imaging method and the autofocusing method used in photographic
cameras can be categorized as such a method. To monitor a certain area of
the target surface, a specific area of the image plane, which is the correspond-
ing image area of the reference target surface formed by the imaging system,
should be used. The total irradiance of the corresponding image area will be
affected by a number of different external conditions. If the target surface
has an even intensity distribution, the intensity variation or the total power
of the image plane may not necessarily change. Even if they do, the variation

will not be great enough for precise distance variation interpretation.

If the radiance of the target surface is provided by external illumination
sources, the total irradiance of the image area varies depending on the amount
and power of the incident light on the target surface. This can be caused by
the instability of the illumination sources, any stationary or moving obstacles
between the illumination sources and the target surface, the existence of any

stray light from the environment, etc.

If the target has a polished surface, this surface may act like an an optical
mirror, and the image detected by the system may be only an image reflected

by the mirror instead of the polished surface itself.

The radiation of the target surface, which is provided by uncotrolled external
illuminations, make it very difficult to distinguish the desired target point
from its environment, to guide, or to align the imaging system to the target

point.

27



4.2. Control’led surface illumination

To reduce or eliminate the obstacles discussed in the previous section, the

surface radiance should be controlled to induce a suitable variation of the

irradiance on the image area.

4.2.1. Requirements of the controlled illumination

The intensity of the illumination should be high enough to remove the influ-
ence of environmental lights and should be stable enough to maintain the ra-
diance of the target surface within acceptable level. The illumination should
be controlled to provide high radiance only on the small spot on the surface
so that the spot can be easily distinguished from the surrounding surface and
so that the imaging system can be aligned to the desired spot. The direction
of the active illumination should be controlled to align the illuminated target
point on the optical axis of the imaging system to be used on a reflective

surface.

The illumination should be controlled to provide the variation of the size and
intensity of the target surface to cause the specific irradiance variation on the

image area to be used as the distance control information.

4.2.2. Illumination source

There are two types of illumination sources:incoherent and coherent. Typical

thermal radiation sources are incoherent sources. Monochromatic laser beams

possess a high coherency with a beam profile of specific intensity distribution.
Conventional thermal light sources not only emit many wavelengths but also
emit randomly with the result that total energy is, on the average, radiated
in all directions. The amount of energy in particular direction is propor-

tional to the solid angle subtended by the observing device. Any attempt to
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increase the brightness of an image over the brightness of the source of the
lens cannot succeed, because even under ideal conditions the reduced area of
the the image just makes up for the reduced collection angle that the lens
intercepts from the source. In contrast, the coherent light produced by a laser
is generated over a sizable volume with the proper phase, so that when it is
focused with a lens, all the individual contributions by the atoms in lasing
medium are in correct phase to add up. Accordingly,with a suitable lens,
essentially all the energy of the laser can be concentrated into a very small
spot, resulting in much greater energy density than the energy density of the
source(2,10,11].

Accordingly, the laser radiation has superior characteristics to the incoherent
radiation for an active illumination medium. The coherent property makes
it possible to focus the laser beam into a spot only a few wavelengths in
diameter. The single-wavelength characteristic helps to effectively identify
and select a target point from the environment and reduces the correction

requirement for the chromatic aberration of the imaging lens.

4.3. Optical system arrangement

Based on the requirements of application environment, the limitations of an
imaging system, and the requirements of the controlled illumination discussed
in the previous sections, an optical system can be configured as in Figure 4.1
to be used as a focusing control system. The optical system is represented
as a single lens system.

Two different systems - an imaging system and an illumination control system
- are combined to establish a specific relationship between the distance to the

target surface and the irradiance on the image plane.
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focused laser beam

for illumination

beam splitter

target surface

detection window

Figure 4.1. Optical system arrangement

30



4.3.1. Controlled illumination system

The controlled illumination is provided by a laser beam which has the Gaus-
sian beam characteristics. The laser is focused by the lens to form the beam
waist at a specific distance from the lens. The distance between the beam
waist and the lens is specifically determined by the beam sizes at the beam
waist and the lens plane. Alternatively, the size of the beam waist can be
determined by the distance between the beam waist and the lens and the size
of the beam profile at the lens plane from Eqgs. 3.19 - 3.20.

The Gaussian beam provides a varying illumination condition on the target
surface depending on the location of the target surface. The size and the
intensity of the illuminated spot on the target surface become minimum and
maximum, respectively, when the target surface i1s located at the beam waist.
With the increase of the distance between the target surface and the beam
waist, the illuminated spot on the taget surface will become larger in size and
lower in intensity as expressed in Eq. 3.16- 3.22.

If the target surface is diffusive, the illuminated area will scatter the incident
beam in all directions and can be distinguished from its surrounding area by
its higher radiant intensity. The size and the radiant intensity of this spot

are determined by those of the profile of the gaussian beam incident on the
area.

If the surface is highly reflective, the Gaussian beam will be reflected on
the surface and will propagate with the beam charateristics changed by the

surface curvature and the texture of the surface.

4.3.2. Imaging system
The imaging system consists of the imaging lens and detection unit and has

the identical axis as the laser focusing system.
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The imaging system uses the same lens used in the laser beam focusing as
an imaging lens. The imaging lens collects the scattered and/or reflected
beam, which is provided by the controlled illumination system, and forms
the image on the detection plane which is defined by the location of the
detector window. The detection window is a pinhole mask and controls the
amount of light energy reaching the detector. As the detection window has a
fixed size and is located on the axis, the response of the detector is the total

nradiance of the image formed on the detection window.

4.3.3. The relationship between the location of the target surface
and the detector response

For a reflective target surface, the reflected beam on the surface will enter the
imaging system and form a new waist. This location of the new beam waist is

defined as the location of the detector. As the size and the location of the new

beam waist formed changes depending on the location of the target surface,
the detector has a window which has a fixed opening area with a circular
shape to monitor the power of the beam passing through the window.

The location and the size of the detection window and the detector is the

position of the new beam waist formed by the imaging lens when the target
surface is located at the waist of the illumination beam. For the target
surface not positioned at the location of the waist of the illumination beam,
the imaging system will form the beam waist at other than the location of

the detection window and the beam cross section on the detection window

will become larger. The power detected through the detection window will
vary specifically depending on the location of the target surface.
For a diffusive target surface, the surface scatters the incident Gaussian beam

and the illuminated surface can be distinguished from its surroundings by its
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high radiance, The size and the intensity of this area is defined by those
of the incident Gaussian beam. The imaging system will form the image
of the illuminated area on the detection window. Similarly to the case of
the reflective surface, the size and the intensity of the image formed on the
detection window will become smallest and highest when the target surface
is located at the waist of the illumination beam. The power response of the
detector varies in a specific pattern with relation to the distance between the
target surface and the waist of the illumination beam.

This pattern is a bell-shaped curve in both the reflective and the diffusive
cases of the target surface characteristics with the peak response occuring
when the target surface is located at the waist of the illumination beam.

By monitoring the response curve of the detector as the distance between
the optical system and the target surface varies, the situation that the target

surface is located at the waist of the illumination beam can be found.
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CHAPTER V

CONTROLLED SURFACE ILLUMINATION
BY A GAUSSIAN BEAM

In an imaging system, the energy distribution of the image is directly related
to the those of the object. The object can be defined as the area on a target
surface, which is selectively illuminated by an Gaussian beam. Therefore, the
size and the radiation intensity of the object are determined by those of the
incident Gaussian beam on the surface and by the reflection characteristics of
the surface. The proposed focusing control method depends on the diverging
rate of the illumination beam. Because that the propagation characteristics
of the Gaussian beam is determined solely by the size of the beam waist as
described by Eqs.3.16 - 3.18, smaller size of the beam waist is desirable to in-
crease the efficiency of the focusing control. It is generally necessary to shape
the Gaussian beam to a desired specification from a practical laser output,
which normally has a small diverging rate and a substantial beam size. Using
one or more lenses, the propagation characteristics of the Gaussian beam can
be changed to a desired specification. In addition, there are other factors to
be considered in beam shaping by a lens; the distance to the new beam waist
from the lens and the effect of the lens aperture which limits the transmitting

beam radius.

5.1. Gaussian beam shaping

An ideal lens leaves the transverse field distribution of an incoming Gaussian
beam mode unchanged. However, it changes the radius of the curvature
of the beam wave front R(z) and forms a new beam waist. An ideal thin

lens of focal length f transforms an incoming spherical wave with a radius
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R, immediately to the left of the lens into a spherical wave with a radius
R, immediately to the right of it. The diameter of the beam is the same
immediately to the left and to the right of the thin lens[6]. From the known
parameters of the input beam - the radius w, and the location d; of the beam
waist -, the parameters of the beam transformed by an ideal thin lens of focal
length f can be derived using Eqgs. 3.16-3.20 as follows. Referring to Figure
5.1, the radius R, of curvature of the transformed wave right after the lens

can be found from the geometric imaging form Eq.3.1.

(5.1)




Figure 5.1. Transformation of Gaussian beam by a lens
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The beam radius w; at the plane of the thin lens can be given as

w,2 = wz(dl)

= [1 + (:—1‘%)2] w?. (5.2)

The location of the new beam waist can be derived as

(5.3)
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Finally, the radius of the new beam waist can be given as

2
w
w2 = ——#, (5.5)
1+ (3e)

2

1+

Although the above relationships are based on the transformation by an ideal
thin lens, they are equally applicable to more complex systems, provided
that the distances from the principal planes and the combined focal length
are used. The specifications of the desired shape of the final beam can be
given by the radius wy of the beam waist and the distance zy of the beam
waist from the transforming lens. It may be necessary to shape the beam in
a cascade system with multiple lens elements for successive transformation.

The sizes of the lenses can be determined from the beam sizes on the each

lens surfaces. In addition, the effects of the limited apertures of the lenses
- the effective power transmission rate and the diffraction effect - should be

considered.
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5.2. The location and size of a transformed beam waist
There is a region around the beam waist, where the diverging rate of the
beam is considerably small. This region is called Rayleigh or confocal region

and defined by

TW,

)\ ?

:*:ZR = (56)

using w, as the general notation for the radius of the beam waist. The

distance zr defines the location at which the beam radius becomes V2w,.
The location of the transformed beam waist, dy in Eq.5.4, is slightly differ
from that of the geometric image point which can be defined by R, in Eq.5.5.

The distance between these two locations is given by

Ze=R2—d2

2 2
—d, (1422 d
= d2 N, 2

2
1y
dy A

ZR
= —, T
- (5.7

where wy is the radius of the transformed beam waist. In the beam trans-

formation for strong down-sizing of wy,
dy >> z R,

and the distance z, in Eq.5.7 approaches an infinitesimal value. In this case,
an Airy disk pattern is formed at the geometric image point, if an ideal lens

is used in the beam transformation. The first ring of the Airy disk contains
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86% of the beam energy transmitted through the effective aperture of the
transforming lens. The first ring is defined by a radius w4, which can be

given, from Eq.3.11, as

61 Ry A
wy = 281 F2d (5.8)

Tp
where r}, is the effective lens aperture. If the predicted size of the transformed

beam waist is smaller than the Airy disk, the Airy disk will dictate the

minimum spot size[12].

5.3. The intensity distribution of a transformed beam

The intensity distribution of the Gaussian beam is Gaussian in every beam
cross section while the beam radius increases as it expands through space,
as expressed in Eq.3.22. A Gaussian beam after transformed by an optical

system has a peak intensity, which occurs at the center of the beam waist,

2
Ip=T;- (“’—> I, (5.9)

where T; is the optical system transmission, w, and I, a,ré the radius and
the peak intensity of the beam before transformation, and wy is the radius
of the transformed beam waist. The power of the transformed beam Py is
less than the original power P, of the untransformed beam due to the limited

apertures of the lenses.

2w prp(0)
Ps = /0 /0 Is exp[—2(r/wg)?|rdrdé

= ngwfr (1 —exp {=2[rp(0)/wf]*}), (5.10)
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where rp(0) is the radius of the nominal aperture of the beam shaping optic
system projected onto the normal plane at the transformed beam waist and
represents the cut-off radius which defines the zone with valid beam intensity.
The nominal aperture of the beam shaping optic system is determined by one
of the elements in the system, which has the smallest ratio of the aperture

size to the beam diameter on the element surface. For other cross section of

the transformed beam, the cut-off radius can be defined by

w(z)
wyg

ro(2) = 14(0) (5.11)

An aperture with radius r, = w transmits about 86% of the total power in
the Gaussian beam. w is the radius of beam waist where the intensity falls
1/€? of the value at the axis. With radius r, = Zw, 99% of the total power

can be transmitted through the aperture. Based on Eq. 3.21 and under the
condition that the aperture of the optical system is large enough to neglect

the diffraction effects, the intensity distribution of the transformed beam can

be given by

1 —2r2

7 €Xp 2 ’
Az Az
7rw2) w?f [1 + (m) ]

'
for 7 < rp(z), otherwise, the intensity becomes zero.

I(z,r) = Iy

1+(

5.4. Consideration of diffraction effects and aberration

The limited aperture in the beam transforming optic system truncates the
Gaussian beam and causes diffraction effects. Along the transformed beam

path, the field amplitude distribution in the near- and far-field can be given
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by the diffraction formulas Eqs. 3.7 and 3.8, with the far-fleld pattern ap-
pearing in the focused beam spot. For an aperture with radius r, > 2w, the
diffraction effects along the beam axis and on the cross section of the propa-
gating Gaussian beam in the near-field and the far-field are negligible. If the
aperture radius is smaller than 2w, then the rings become more prominent
and the intensity distribution in the focal plane becomes more similar to that
of the Airy disk. When the aperture radius is equal to w, the focused spot
is qualitatively indistinguishable from an Airy disk. To make effective use of
most of the optical properties of a Gaussian beam, the beam should not be
apertured to less than 3w. At an aperture with radius w or less, the Gaussian
beam theory should be discarded and the apertured wave treated essentially
as a wave of uniformed intensity[13-15].

Among the lens aberrations, the spherical aberration is a major importance
in the beam transformation. The primary effect of the spherical aberration is
to shift the effective focal point to a value between the paraxial and marginal
foci, somewhat closer to the paraxial foci than to the marginal foci. The
aberration also tends to introduce rings in the plane of the best focus, but
these rings are in very low intensity. Since a Gaussian beam tends to con-
centrate its energy more along the axis of the beam , the effect of spherical
aberration on a Gaussian beam is, in general, less than it would be for the

same optical system with a uniformly illuminated wave[13,14].

5.5. Other considerations
Besides the diffraction and spherical aberration, there are other factors which

can cause some deviation from the ideal characteristics of the transformed

beam.
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Any misalignment of the lens axes in the beam transforming optic system may
deviate the axial beam intensity distribution as the axes of the beam and the
optic system does not coincide. The imperfections and dusts on the surfaces
of the optical elements produce beam scattering and cause interference in the

beam path.

Most lasers exhibit both a primary spot and a secondary spot of light when
the beam is viewed from a short distance. When the laser beam emerges
from the exit mirror of the laser cavity, it passes through two glass surfaces
. Internal reflections between these surfaces produce secondary rays which,
unlike the primary beam , are highly divergent[16]. To remove this undesired
rays, spatial filtering using a small pinhole may be employed.

The instability of the laser output caused by internal and external factors
exhibits time-varying fluctuations of the beam intensity. The external insta-
bility can be caused by the floating particles in the beam path, which can
scatter the beam. The internal instability is caused by the inherent lasing
process in the laser cavity, especially, by the fluctuation of the power supply

system[12].

5.6. Surface radiance

When the focused laser beam is incident upon the surface of a object body,
some of it is, in general, directly reflected, some is diffusely reflected, while
the other passes on into the substance of the body. Of this matter, some is
absorbed, some os reflected back into the body of the surface of emergence,
while the remainder emerges, some of it directly, according to the law of

refraction, and the rest diffusely.
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The energy relationship of these different reactions can be expressed as

Qincident = Qabaorbed + Qtransmitted + Qreflected (5-13)

where @) denotes the energy.

The rate of the reflected energy to the total energy of the incident beam is

given by reflectance p as

p = Drestected (5.14)
Qincident

Based on the specular response characteristics of an object body, the re-
flectance p varies depending on the frequency of the incident light[9].

If a surface is smooth and reflective, it reflects the incident light directly
following the law of reflection. A flat surface can be defined as a mirror-
like surface or a highly polished surface, if the reflected beam maintains
the propagation characteristics of the incident Gaussian beam except the
propagation direction, which is defined by the law of reflection.

If a surface is diffusive, it scatters the incident light in all directions. There
are two general types of scattering; coherent scattering and incoherent scat-
tering. In coherent scattering, a definite phase relationship exists between
incoming and scattered waves, and interference can occur by two or more
scattering centers. In incoherent scattering, no direct relationship exists be-
tween different parts of the scattered waves[2].

For a perfectly diffuse surface with a Gaussian beam illumination, the surface
becomes a diffusive radiating source with a radiation intensity distribution
identical to that of the incident Gaussian beam, if the scattering on the

surface is considered as incoherent scattering by ignoring the interference
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effect. The radiance N of an infinitesimal area dA on the diffusive surface

can be given as follows.
Refering to Figure 5.2, the total power of the diffuse radiation from the area

dA can be given as

21 pr/2 :
P / / NdA cosf - (rd@)(rsin 8d¢)
0 0

r2

2r  prwf2 '
= / / NdA cos8sin 8d8de
0o Jo

wf2

.2
= 27 NdA [sm ‘9}

0

=nrNdA (5.15)

The power P of the radiation from the area dA is identical to the power of

the reflected beam on that area, and this can be expressed as

P = pl.dA

= nNdA _ (5.16)

where I4A is the intensity of the incident beam.

Hence
I
N=p2 (5.17)
T
Even for highly polished surfaces, surface scattering can occur. This surface
scattering may arise from irregularities such as scratches, digs, particulates
which are larger than, comparable to, or smaller than the wavelength of in-

cident beam. Dust particles on the surface, which have average diameters

45



Figure 5.2. Radiation from a diffuse source
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of about 1pm, also causes scattering. A number of different theoretical and
emperical treatments can be used to evaluate the scattering from the microir-

regularities on the polished surface[17-20].
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CHAPTER VI
ANALYSIS OF REFLECTIVE SURFACE RESPONSE

If an object with highly reflective surface is positioned in the propagating
path of the Gaussian beam which is coming out from the system aperture,
the beam will be reflected by the surface. The propagation characteristics and
the direction of the propagation of the beam may be changed upon reflection
on the surface, but the Gaussian intensity profile and coherency of the beam
will be reasonably maintained, if the reflective surface has a smooth contour
with specific radius of curvature. The degree of the maintaining the Gaussian
intensity profile and coherency of the beam after reflection depends on the

surface finish.

For a flat surface with mirror-like finish, which has a curvature with infinite
radius, the reflected beam will maintain the Gaussian intensity profile, and
some of it may reenter the system aperture, be transformed by the objective
lens, and reach the detector. The total power of the beam reaching the
detector varies depending on the location and inclination of the surface.

In this chapter, the detection response of the optical system will be discussed
with relation to the positional variation of the object with a flat and reflective

surface, and the location and size of the detection window will be determined.

6.1. Response from a vertically positioned flat surface

A flat surface, positioned normally to the axis of the illumination beam, will
reflect the beam without changing its propagation characteristics except for
the reversed direction of propagation, as illustrated in Figure 6.1.

The reflected beam will reenter the system aperture, be retransformed by

the imaging system to form an imaged beam, and arrive at the plane of the

48



the aperture of
the imaging system ds

the propagating path of

the illumination beam

/ .

object surface \~
- Sf 2do =—————

Figure 6.1. Reflection of the illumination beam on the object surface

49



detection window.

As the reflected beam has the Gaussian intensity profile, the imaged beam
will have a new waist, the location and the size of which are determined by
the location of the object surface and the focal length of the imaging system.
At the plane of the detection window, the cross section of the imaged beam
will have a different size and peak intensity, depending on the location of the

object surface.

6.1.1. Determination of the location of the detection window

The system focus is defined by the location s of the waist of the illumination
beam. For an object surface located at the system focus, the waist of the
imaged beam will be formed at a location z4, and have a radius wg,. If
the position of the object surface changes, the location and the radius of
the imaged beam will change accordingly. However, the radius of the cross
section of the imaged beam at a normal plane located at z4, can not be
smaller than wy,.

If the detection window is located at zg4,, the cross section of the imaged beam
at the plane of the detection window will have minimum size and maximum
peak intensity only when the object surface is located at a distance sy from
the imaging system.

From Eq.5.3, zg4, is given by

et 22T [ (2] [ (22)" =]

(6.1)
(4 (=) s} o [ro+ 0 [s2 4 (52" - o14]

Zdo = 2

where f is the focal length of the imaging system, and wy is the radius of
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the illumination beam waist, which is located at the system focus.
The location zg4, differs slightly from the image position predicted by geo-

metric optics. The difference will be discussed in more detail in Chapter

VIL

The radius wy, of the waist of the imaged beam at the location z4, is given

as, from Eq.5.6,

The response of the detector which measures the power of the imaged beam
that passes through the detection window is given by the total irradiance on

the circular region of the detection window.

2w rd
Po= [ | L exp [~2r/we, )] rdrds
= g'Idow?z., . {1 — exp[—2(rq/wy, )2]} (6.3)

with
I, = pTiIg (6.4)

where I, is the peak intensity at the waist of the imaged beam ;T; is the
transmission rate of the imaging system;p is the reflectance of the object
surface;If is the peak intensity at the waist of the illumination beam;r and

¢ are the polar coordinates at the surface of the detection window.
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If wy, is used as the radius of the detection window, 86% of the total power

of the imaged beam can be detected.

6.1.2. The formation of the imaged beam

A change in position of the object surface causes a change of the location
and size of the imaged beam waist and, accordingly, affects the size and
intensity distribution of the cross section of the imaged beam at the plane of
the detection window. This situation is illustrated in Figure 6.2.

For an object surface located at a distance z from the system focus which
is located at a distance sy from the principal plane of the imaging system,
the location z4 and the radius wy of the imaged beam waist are given, from

Eqgs.5.3 and 5.6, as

( 2 2\ ? \
{m; + *——[A(S,i;r{)]?} [m v+ (Tf> }

2\ 2
X l:(sf+z)2+ (7”;"> —(Sf’*'Z)f} f

/

Zd(z) = ( - 2 2 2y’
Ass + 2)]? Twh
Tw} + s £ 2 ;w; (s5+2)*+ | —(sr+2)f
{
rw? ) : |
+ [(sf+z)2+ (Tf) J Af
(6.5)
and
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Figure 6.2. Formation of the imaged beam - vertical object surface
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H@+au(%aquwyp+@%y§1
we(z)? = = ! v
2)’ w2\’
{Trwjzr + —————[/\(ST{J%Z)] } [(sf +2)2 + (—Xi) —(sf+ z)f}

J >
2\ 2 ?
+ { l:(sf +2) + ("—;"i> } Af}

(6.6)

With these parameters of the imaged beam waist, the radius wgq of the cross
section of the imaged beam at the plane of the detection window can be

expressed as

(6.7)

2
2 2 [z2, — za(2)]A
wgg(2) = wa(z) <1+{ —T)
6.1.3. Power response of the detection system

If the aperture size of the imaging system is assumed to be infinite, the

detection response can be given by the total radiance on the detection window

as

w

Paz) = / L [wdfb

- (1~ exp{—2lrafwals)])).

2
] I, exp{—2[r/wy(2))*}rdrd¢
(6.8)

The effect of the limited aperture will be considered later.

The power response Py(z) can be compared with Py, as
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Py(z) _ 1= exp {~2fra/wa(2)’}

P;,  1—exp[-2(ra/wa,)?] (6.9)

where Py, is the power response of the vertical object surface when 2z = 0.
This is the normalized rate of the power response for the vertical object

surface located at a random position in the path of the illumination beam.

6.2. Response from an inclined flat surface

If the object surface is inclined from the axis normal, the amount of the
reflected beam entering the imaging system will be limited because of the
limited aperture size of the system. The propagating axis of the imaged
beam will be inclined, and the shape, size, and intensity distribution of the
cross section of the imaged beam at the plane of the detection window differ

from the previous case of the vertical surface.

6.2.1. The formation of the imaged beam

If the axis of the reflected beam does not coincide with that of the imaging
system, the imaged beam will have an inclined axis. The location of the
imaged beam waist will not lie on the axis of the imaging system except
when v = 0. The shape of the cross section of the imaged beam on the plane
of the detection window will not be circular, and the intensity distribution
on the cross section is not Gaussian, in general. The shape and the intensity
distribution of the cross section will depend on the parameters of the imaged
beam, namely the location and the size of the imaged beam waist and the
inclination angle of the imaged beam axis. These parameters of the imaged
beam can be determined under an assumption that the aperture size of the

imaging system is infinite. This assumption is valid, because the aperture
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only limits the amount of energy passing through it and does not affect the
path of the imaged beam, if the diffraction effect by the aperture edge is
ignored.

For an inclined object surface located at a distance z from the system focus,
the distance s; from the principal plane to the intersection of the axes of the

imaged beam and the system is given, from geometric optics, as
s2(2) = M (6.10)

as illustrated in Figure 6.3.

The inclination angle v; of the reflected beam is

7 =2y (6.11)

The inclination angle v, of the imaged beam axis is given by geometry as

v2(2) = tan™! [s tan'yl] (6.12)

Sz(z)

where + is the inclination angle of the object surface.

The distance z; between the waist of the reflected beam and the the principal

plane is

+ 2 (6.13)

From Eq. 3.17, the radius R; of the spherical wave of the reflected beam

arriving at the principal plane can be expressed as

aw? |”
Ri(z) =z1(2){ 1+ [Azl(i)] . (6.14)
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Figure 6.3. Formation of the imaged beam - inclined object surface
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From zeometric optics, the new radius R, of the spherical wave right after

the principal plane is

- fRy(z)cosv . 1
Ry(z) = Ri(z)cosy; — f cosv(z)

(6.15)
The size and shape of the beam cross section does not change across the
principal plane. Because of the inclination of the beam axis, the shape of
the cross section on the principal plane is not circular unless the inclination
angle is zero.

As illustrated in Figure 6.4, the height w; of the bottom half of the cross
section can be used as a reference dimension on the principal plane, and it

can be written as

2
A\ _ .
[wi cos71]2 — w%- 1+ { [21(2) 7;01 Sln’)’l]} ) (6.16)
TW}

After arranging the terms in Eq.6.16, a quadratic equation in w; can be

derived.

(1 AZsin? 7 ) w? + r2/\"":51(;:) sinﬁ] "

nzw} cos? 1

[ v P C) J:o (6.17)

cos?y; w2 w% cos?m

The two solutions for w; in Eq. 6.17 are given by
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Figure 6.4. Beam cross section on the plane of the aperture
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z1(2)A?siny; AZtan? v,
wn, o (2) = = m2w? cos? 1- T2w?
f M Wy

\/[___n!z)/\zsin'n]z_*_(l__ A2sin? v )[ w; + EHO)
+

1r2w} cos? v, we w; cos? v cos? ¥ w2 w} cos? v;

1 — AZsin? T

wzw% cos? v,

_ zl(z)Az sin v, Az (2) __ A%tan?
cos 'n w 1 + 2 w2

nzw} cos? 4 Tw}g
= - (6.18)
To be a valid solution, w; must satisfy the following conditions
0<m <z, (6.19a)
wi(z) > 0. (6.19b)
The valid solution for w; is given as
zl(z)A sin v, w ,\zl(z) 2 ,\2 tan2 7
w2 w} cos? v, cos -71 Tnw? e
wi(z) = (6.20)

- ———M,::::
The expression for w;, of Eq.6.20 is valid whether z; is larger or smaller than
zero, 1.e., whether the waist of the reflected beam is formed in front of the
principal plane or in the rear of the principal plane.

The location z; and the radius wy of the imaged beam waist can be derived
from wy, as the dimension of the beam cross section does not change across

the principal plane.
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By squaring both sides of Eq.6.20, we have

= g (14 [ o

cos? y2(2) Twi(z)

Rearranging Eq.6.21 for w3,

wh — [w?(z) cos® v2(z)] w3 + {A[z2 — wl(;) sin ()] }2 =0 (6.22)

Using Eq. 3.20, wg can also be written as
/\2
wj = ;r?[Rg(Z)Zg - 222] (623)

After substituting wg from Eq.6.23 to Eq.6.22, we have

N Ra(2)22 — 23] — [wi(z) cos va )2 2 Ral)ez — 23

N {,\[z2 — wi(z) siny2(z)] }2 =0 (6.24)

s

Eq. 6.24 can be rearranged as

\/ Ra(2)z2 — 22 = " TTor(s) c/Z‘)s T {22[R2(2) — 2w(z) siny2(z)]

+wi(z)sin2(2)]*}  (6.25)

After squaring both sides of Eq. 6.25, we have
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A

m[wi(z) cos vz

Ry(2)zy — 23 = { BiE } {22[R2(2) — 2wy(2) sin v (2)]?

+ 223 [Re(2) — 2wi(2) sin y2(2)][wi(z) sin v,(2)]?

+ [wi(2) sin y2(2)]?}? (6.26)

A quadratic equation in z; can be derived from Eq. 6.26 as

([R2<z) — 2wy (z) siny2(2)]? + {,r[wz(z) c?\svz(z)]’} )
+ 29 (2[R2(2) — 2w(z) sin v (2)){wi(z) sin v2(2)]?

} {ﬂ[wmz) con (=) } Rz(z))

+ [wi(2) siny,(2)]* = 0 (6.27)

Of the two possible solutions of z; from Eq. 6.27, only one is valid based on

the analysis of the case with v, = 0. This is given as

—B,,(2) + v/B%,(z) — 4A,,(2)C,,(2)
2A.,(z)

ze(z) =
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where

2y 2
Res(2) = [Ra(2) = 2u(z) s (o) + {w LR (2

B.,(z) = 2[Rz(z) — 2wi(2) sin y2(2)][wi(2) sin y2(2)]?

_{W[wl(z)cc;‘s'yz(z)] } Ry(z) (6.28¢)

Co(2) = [wi(2) sinya(2)]* (6.284)

The radius wy of the imaged beam waist can be obtained from Eq. 6.22 as

.
w, (2) =5wi(2)? cos? 72()

_ %\/wl(z)’* cost yo(z) — 4 { A [ZZ(Z) — wi(2) Sin'YZ(z)] }2 (6.29a)

s

1
w3, (2) =§w1(z)2 cos? ¥o(2)

+ %\/wl(z)‘* cost yo(2z) — 4 { Alz2(2) = w;r(z)sin 12(2)] }2 (6.29b)

If z, is smaller than the confocal region zgr of the imaged beam, the radius

of the waist of the imaged beam can not be smaller than the confocal radius

wi(z) cos¥2(z)/V/2. Considering this condition, w} can be defined as

2 2
wi(z) = | VR () iflm(e) S BEEEEE b w()sinn(z)  (g30)
d 2 :

wg,(2), otherwise
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6.2.2. Power response of the detection system

The power of the imaged beam reaching the detector is the total irradiance
on the circular region of the detection window. Because of the inclination
of the imaged beam axis, the pattern of the irradiance distribution on the
detection window is not Gaussian, as the individual infinitesimal areas in
the detection window lie on different normal cross sections of the imaged
beam. If the aperture size of the imaging system is assumed to be infinite,

the irradiance of an infinitesimal area in the detection window can be derived

from the relative position of this area to the center of the imaged beam waist.
As illustrated in Figure 6.5, the position of an infinitesimal area ds in the
detection winciow, defined by the polar coordinates (r,4), can be expressed as
a function of z4, and a ; theses are the cylindrical coordinate with its origin
located at the center of the imaged beam waist. The cylindrical coordinates

can be derived as follows.
The distance z3, measured on the imaged beam axis, from the imaged beam

waist to the plane of the detection window is

= 292(z —'&. .
a(2) = m(2) ~ s (6:31)

The distance yg, measured on the plane of the detection window, from the

center of the detection window to the imaged beam axis is given by

ya(z) = [s2(z) — z4] tany2(z). (6.32)

The axial distance z4, from the imaged beam waist to the normal cross section

where ds lies on can be defined by
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Figure 6.5. Geometry of the detection window
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zas(z, 7, @) = z3(z) — [ya(z) — r cos @] siny2(2)

= z(2) — E)Ss_d—')(/z% — [ya(z) — r cos @] sin y,(2) (6.33)

The radial distance a to ds from the axis center of the normal cross section

can be expressed by

a(z,r,$) = \/a:f + (rsin ¢)”

= \/{[yd(z) — 1 cos ¢] cos 12(2)}? + (rsin¢)? (6.34)
where
a; = [yq(z) — r cos @] cos ¥2(z) (6.35)

The mean radius wg, of the normal cross section is given

2
wi,(z,7m,¢) = wi(z) {1 + [M] } (6.36)

rwl(z)

The irradiance at ds can be given by

Hys(z,7,¢) = Iyo - [w—"w)] : exp {—2 [-9-(5-—1?1)—] 2} (6.37)

wds(zv wds(zara ¢)

where I, and wy, are the radius and the peak intensity of the imaged beam
waist when z = 0 and v = 0, as defined by Eqs.6.2 and 6.4.
The power dPy, at ds can be expressed by
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des(zarv ¢) = Hds(z7r7 ¢)Tde¢ COS72(Z) (638)

In the above equation, the projected area dscos~, is used instead of ds to
include the effect of the area reduction due to the inclination of the imaged

beam axis.

The total power P; on the detection window can be given as

Py(z) = /0 T /0 A dPys(z,7, 4)

/21{/ Hys(z,7, ¢) cosyo(z)rdrdé (6.39)

/ / fao [wds(z r, ¢)]

x cos v2(z) exp {—2 [M] 2} rdrd

wds(za L ¢)

a(z,r,4)

2w exp{ wd,(z r,d))] }
= Iow3, cosvg(z)/ / o P rdrd¢g  (6.40)

The normalized power response can be expressed as

s e N

Pd(Z) — 0 0 wﬁ,(l,r,(ﬁ) rdrdqb (6 41)
Py(0) exp{ ~2[ z2r2) ] '
2w pryg P wy,(0,7:9) d d
L b wZ, (0,r,8) rdrd¢

where P4(0) is the power response when z = 0.
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6.3. Consideration of the effect of the limited aperture

In the previous discussions, the aperture size of the imaging system was
assumed to be infinite. In a practical imaging system, the finite sized aperture
limits the energy input into the system by allowing only a portion of the beam
to enter the clear aperture area.

If the object surface is inclined or located too far away from the aperture,
the beam will be truncated by the aperture. The imaged beam will have the
truncated cross section and propagate maintaining valid Gaussian intensity
profile only in the truncated cross section, if the effect of the diffraction of
the limited aperture is not considered.

The shape of the truncated beam cross section can be defined as the over-
lapping area of the two closed contours ;one is the circle representing the
aperture, the other is the shape representing the beam cross section on the
aperture plane. The sizes of the circle and the shape of the beam cross sec-
tion can be defined by the radius r, of the aperture and the height w; of
the bottom half of the cross section, respectively. The distance between the
contours is determined by the location and inclination angle of the object
surface.

As the imaged beam contracts or expands during propagation, the truncated
cross section will be maintained, and the shape and size of the truncated sec-
tion will be defined by the overlapping area of the two transformed contours,
as illustrated in Figure 6.6.

At the plane of the detection window, the truncated beam cross section with
valid intensity can be defined as follows.

The transformed height w;; of the bottom half of the cross section of the

untruncated beam at the plane of the detection window can be given, from
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Figure 6.6. Truncated cross section of the imaged beam
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Eqs. 6.20 and 6.31, as

wlt(z) =-

|72(2) - e | M tan? 3 (2) /[1 X tan? 72(2)]

w2wy(z)? m2wq(z)?

z 2
. A[2(0) - e A tan? 7(z)
vy o 72(2)\ wd(z)2 <l + { rrwd(z)gz ) . al:rzﬁfz z

1— A2 tan? v,(z)
w2wy(z)

+ (6.42)

The radius r,; and distance y,; of the projected aperture at the plane of the

detection plane can be given as

wie(z) (6.43)

rat(2) = Tq wlz)

and

_ 2 'U)[t(Z)
yat(z) = yl( ) 'LU[(Z) ’

= (85 + z) tanm Zl,t((zz))’ (6.44)

where y; is the distance between the beam axis and the center of the aperture
on the plane of the aperture, and w; is the height of the bottom half of the
beam cross section on the plane of the aperture.

The distance y(z) between the center of the projected aperture and the center

of the detection window on the detection plane is

y(2) = lya(z) — yar(2)| (6.45)
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To reach the detector, the beam must pass through the detection window
which has a circular shape with radius rg.

The cross section of the beam which can reach the detector is defined by the
overlapping area of the detection window and of the projected aperture on
the plane of the detection window, under assumption that the reflected beam
is not truncated before entering the imaging system. Because the detection
window and the projected aperture have circular shapes with radii r4 and 7,
respectively, six different overlapping cases can occur as illustrated in Figure
6.7.

The power response of the detector in the individual cases can be derived as
follows.

Case 1: The two circles intersect at two points and the projected aperture
encloses the center of the detection window.

The power response of the detector can be given, by means of Eqs. 6.37 -

6.39, as

d1(2) pri(z,¢)
Py(z) =2 / / Lis(2,7, 8) cos ya(2)rdrds
0 0

T rd
+ 2/ / Iis(z,7, §) cosva(z)rdrde (6.46)
$1(z) JO

where ¢;(z) defines the angle of the intersection, and r;(z, ¢) is the distance
from the center of the detection window to the boundary of the transformed

aperture.

The angle ¢,(z) can be defined from the law of cosines as
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Figure 6.7. Overlapping cases of the detection window and the projected aperture
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cos[m — ¢1(z)] = —cos ¢1(z)

— 7'5 +y%(2) = ray(2)
2y(2)ra

= U(z) (6.47)

with condition,

From Figure 6.8, r1(z, ¢) can be given by

r¥(z,¢) = r2,(2)sin® ¢ + [rae(2) cos ¢ — y]° (6.48a)

or

ri(z,8) = \/r2(z) + ¥2(2) — 2y(z)ra cos ¢ (6.485)
The necessary conditions for this overlapping case can be expressed by,

|T(z)| <1 and Y(2) < roe(2)

Case 2: The two circles intersect at two points and the projected aperture
does not enclose the center of the detection window.

The necessary condition for this case can be given by

T(z)| <1 and Y(z) > r41(2)

The power response of the detector can be expressed as
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¢1(z) 7‘2+(Z,¢)
Py(z) =2 / j Lio(z,7, 6) cos va(2)rdrde
é2(z) Yra_(z,0)

T Td
+ 2 / / Iis(z,r, ) cos y2(2z)rdrdé (6.49)
$1(z) /r2_(z,9)

where ¢2(z) defines the angle of the tangent to the projected aperture, and

r2,.(z,4) and ry_(z,¢) are the distances from the center of the detection

window to the boundary of the projected aperture. The angle ¢2(z) can be

given as
sin [ — ¢2(z)] = sin ¢2(z)
_ ra(2)
- (6.50)
= sin™? rat(2)
() = sin | 2] (6:51)

with condition,
m/2 < ¢a(2) S
From Figure 6.8, r_ and rz, can be derived as follows.
rsin ¢ = rq(z)sind (6.52)

—71cos @ + ro(z) cos @ = y(z) (6.53)
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Eq. 6.52 can be expressed as

sin g

sin ¢

T =714(2) (6.54)

After substituting r with the expression of Eq.6.53 and rearranging the terms,
Eq. 6. 53 can be expressed as

cosf = V1-—sin’8

_ y(z) 1
 ra(2) * tan ¢ sin 8 (6.55)

After squaring both sides of Eq.6.55, we have

1 —sin?8 = [%]2 + (E—;I];—g>zsin29+2 [rzf(zz))] (taiqﬁ) sinf  (6.56)

From this quadratic equation in sin8, the solutions for sin8 can be derived

as

2 2
(2) y(2) 1 (2)
_raz(yZ)zt&ntﬁ * \/[ru(Z)zt&n ¢] - (1 T Gans ¢) { [rljtfz)] - 1}

1
1+ tan? ¢

sinf =

tanqﬁ{-—%‘f—(z-l—):t\/[%]z— (tan2¢+1){[;':-§(%]2—1}}

tan? ¢ + 1

z
tan ¢ [— —-(—Lr":‘(zz) + \/sec2 ¢ — [ri’,(z:)] tan? 45}

sec? ¢

2
= sin ¢ [— y(z) cos ¢ & \/1 — [—?ig—] sin? ¢>J (6.57)

rat(2) rat(2)
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From Eq.6.54 and 6.57, we have

= —y(z) cos ret(2 — y(2) 2sin2 a
— —y(z) cos = rurl )\/1 L i g (6.58)

The values of r2(z, ¢)— and ry(z, ¢)4 can be given from Eq.6.58a as

ro(z,¢)- = —y(z) cosgb——rat(z)\/l — [ y(2) ] sin? ¢ (6.58b)

rat(2)

ra(2, #)4 = —y(2) cos  + rat(z)\/ - [M] sn’é  (6.580)

rat(2)

Case 3: The detection window is enclosed by the projected aperture.
In this case, there may be no or one intersection point.

The necessary condition can be given by

Y(z) Sre(z) —rg and ret(2) 2 14
¥(z) £ -1

The power response of the detector becomes,

Py(z) = 2/0" [)rd Iis(z,7, ¢) cosve(z)rdrdd (6.59)

Case 4: The projected aperture is enclosed by the detection window, and

the projected aperture encloses the center of the detection window.
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The necessary condition can be given as
Y(2) S ra —ra(z) and Y(z) < ra(z) Sy
T(z) 21

The power response of the detector becomes,

* pri(z9)
Py(z) = 2/(; /(; Iys(z,7, @) cos yo(z)rdrdd (6.60)

Case 5: The projected aperture is enclosed by the detection window, and
the projected aperture does not enclose the center of the detection window.

The necessary condition can be given as
rat SY(2) Sra—ra(2) and  re(z) Sy
U(z) 21

The power response of the detector becomes,

r2(z,0) 4+
Py(z) = 2/ / Iis(z, 7, @) cosy2(z)rdrde (6.61)
d1 Jro(z,4) -

Case 6: No overlapping of the two circles. The following condition must be

satisfied for no overlapping.

y(z) 2rq+ T',u(z) and \I}(Z) >1

There is no beam passing through the detection window, and there is no

detection response.

Py(z)=0 (6.62)
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The power responses in the different cases above can be summarized in one
expression, under an assumption that the beam is not truncated before en-

tering the imaging system.

$2(2)  pia(s, ¢>)
= 2/ / I(z,7,$) cos¥2(z)rdrdé
o1(z) Ji(z,9)

T prd
+ 2/: / I(z,r, @) cos v2(2z)rdrdé (6.63)
¢3 /T z1¢)

where
0 < ¢1(2), $2(2), $3(2) < 7 (6.64)
and
i sin™ [22#@] | if [ 0(2)| 2 1 and rac(z) < y(2) < ra = red(2)
$1(z) = or if [¥(2)| < 1 and y(z) > rqi(z); (6.65)

0, otherwise.

if ¥(z) 21 and y(2) < rae(2); (6.66)

otherwise.

sTH-T(2)], if [¥(2)] < 1;
$a(2) = 0

f¥(z)21; (6.67)
otherwise.

sTH=T(2)], if1¥(2)| <1
$3(z) = 0

ri1(z, @), i |¥(z)] 2 1and re(z) <y(z) < 1g — re2)

_ _ or if |¥(z)| < 1 and y(z) > rqae(2); 6.68
r1(z,¢) = rd, ifU(z) 21 and y(z) 2 rqg + rae(z); (6.68)
0, otherwise.
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((T21(2,0), if (¥(z) > 1 and y(z) > rae(2))
or if (|¥(z)| < 1 and y(2) < rae(2));
roa(z,4), if|¥(2)| 21 and ru(2) < y(2) < rg — ras(2)

72(z,6) = | or if |¥(z)| < 1 and y(2) > rqe(z); (6.69)
Td, ifU(z) > 1and y(z) 2 rqg + ral2);
. 0, otherwise.
where

rat(2)

2
ri1(z, ¢) = —y(z) cos ¢ — rat(z)\/l - [ y(2) ] (6.70)

ro1(z, @) = \/r?u(z) + y2(2) — 2rq4(2)y(2) cos ¢ (6.71)

2
ro2(z, ) = —y(z) cos ¢ + rat(z)\/]_ - [ y(2) ] (6.72)

rat(2)

If the illumination beam has a truncated intensity profile due to the limited
aperture of the beam shaping system, the area of the integration should be
modified to exclude the area which does not lie within the truncated beam
profile. If a numerical integration is used to evaluate Eq. 6.63-6.72, 7;(z, ¢),
72(z,¢) , and rq should be compared with the radius r, of the truncated
beam, which is given in Eq. 5.11.

If the object surface is located within a short distance from the system focus
and if the inclination angle of the object surface is small, the diffraction ef-
fect caused by the limited aperture of the imaging system is not significant.
The diffraction effect will be increased significantly, if the distance between

the object surface and the aperture increases. If the inclination of the object
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surface increases, the truncation of the beam by the aperture becomes consid-
erable, and the diffraction effect will be severe enough so that the Gaussian
intensity profile will be no longer valid.

For small z variation with small inclination angle, the diffraction effect is not
significant. Even for large z and +, the normalized power response expressed
in Eq. 6.63-6.72 is expected to be reasonable because the power response

is the measurement of the total irradiance on the detection window. To

include the diffraction effect, the irradiance expression in Eq. 6.37 should be

modified.
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CHAPTER VII
ANALYSIS OF DIFFUSIVE SURFACE RESPONSE

If a highly diffusive surface is positioned across the propagating path of a
laser beam, the surface scatters the incident laser beam in all directions and
can be treated as a collection of independent point radiators, the strength
of which varies from point to point according to the radiation characteristics
of the surface. The distribution of the field amplitude and intensity on the
object surface depends on that of the incident Gaussian beam and on the
scattering characteristics of the surface.

For this diffusive object surface, the imaging system will form an image of the
illuminated area of the object surface at a location predicted by geometric
optics. If the plane of the detection window, the location of which was deter-
mined in Chapter VI, is used as the fixed image plane, the detector response
will depend on the irradiance of the image formed on the detection window.
In this chapter, the detector response will be analyzed with relation to the
location and the inclination of an object surface, under an assumption that
the object surface is flat and perfectly diffusive, i.e., the secondary radiation

characteristic of the surface follows Lambert’s law[see Chapter III].

7.1. Location of the image plane

If a diffusive surface is positioned at the waist of the illumination beam, which
is located at a distance sy from the principal plane of the imaging system,
the imaging system will form an image of the illuminated area of the object
surface at a distance sq from the principal plane of the imaging system. The

distance sy is, from geometric optics, given as
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sgf

= — 7.1
Sd sf— f7 ({ )
where f is the focal length of the imaging system.
The magnification of the imaging system is, from Eq. 3.2, given by
m=-32 (7.2)

Sf'

This situation is illustrated in Figure 7.1.
The location of the image plane slightly differs from that of the detection
window, which was defined in Chapter VI using the Gaussian beam transfor-

mation principle. The difference 8; of the two locations is given as

81 = sq — Zdo, (7.3)

where z4, is the distance to the detection window from the principal plane
of the imaging system and is given by Eq. 6.1.

If wy is very small and sy is considerably larger than f, the distance between
the image plane and the detection window becomes infinitesimal, i.e., §; ~ 0.
If the plane of the detection window is defined as the image plane, the location

of the corresponding object plane is determined by

Zdo
= 7.4
%o Zdo — f, ( )

where s, is the distance to the object plane from the principal plane of the

imaging system.
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Figure 7.1. Imaging system
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The location of the object plane differs slightly from the location of the waist
of the illumination beam, and the difference é of the two locations is expressed
as

6 =5,—5f. (7.5)
Similarly to the case of 61, é§ becomes infinitesimal if wy is very small and sy

is considerably larger than f.

7.2. Intensity distribution on the image plane
The intensity distribution I;(z;, yi) on the image plane predicted by geometric

optics is an exact replica of the object, magnified and reversed as

1
Ii(zi,y) = —I(— 22, - ¥2), (7.6)

m?2 m’ m
where I,(—2&, —¥) is the intensy distribution on the object plane, z; and

y; are the point coordinates on the image plane, z, and y, are the point
coordinates on the object plane, and m is the magnification factor of the
system and is given by Eq. 7.2.

In an ideal imaging system, the intensity distribution of the image 1s a
smoothed pattern of the image predicted by geometric optics because of the

diffraction effect of the lens aperture, and this is given by[5,21]

k o0 o0
Li(zi, y:) = W/ / [R(zi—mz,,yi — my,)]?
x Iy(mzo, myo,)dzodys,, (7.7)

where k is a real constant and I,(mz,, my,) is the geometric intensity distri-
bution pattern given by Eq.7.6. The impulse response h(z; — mz,,yi — Yo)

is the Fraunhofer diffraction pattern and is given by
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h(z; —mz,, yi — myo) =

27

K/ / P(z,y)exp [—jxs—;[(xi—mwo)z+(yi—myo)y] dzdy, (7.8)

where X is a complex constant and the value of the pupil function P is unity
inside the pupil and zero outside the pupil.

If the object is illuminated by an incoherent source, the image will have the
intensity distribution pattern given by Eq.7.8.

If the object surface is illuminated by a coherent monochromatic source, the
intensity distribution on the image plane differs from the previous expressions

because of the interference effect, and this can be given by

1 oo oo 2
Ii(z,y:) = —3 [/ / h(z; — mz,,yi — my,)Ug(mz,, my,)dz,dy,| , (7.9)

where Uy (mz,, my,) is the amplitude distribution pattern on the image plane

and is given, from geometric optics, as

1 Zo [
Uy(ai,ys) = —5Uu(— =2, ~£2), (710)

where Uo(—2%2,—%) is the amplitude distribution pattern on the object

plane.

7.3. The method for the analysis of the power response of the

detector

If the plane of the detection window is defined as the image plane, the cor-

responding object plane will be located at a distance s, from the principal

86



plane. If a diffusive surface is positioned at the location of the object plane,
the imaging system will form an image of the object, the size of which is de-
fined by the illuminated area on the surface by the incident Gaussian beam,
on the detection window. Because of the coherent illumination, the intensity
distribution on the image plane will have the pattern given in Eq. 7.9.

If the surface is positioned at other than the location of the object plane, the
size of the object will increase as the profile of the incident Gaussian beam
increases, and the image will be formed in front of or in the rear of the plane of

the detection window. With the increase of the distance between the surface

and the object plane, the image will be formed further away from the plane
of the detection window, and the intensity distribution pattern on the plane
of the detection window will be a blurred image of the object. Additionally,
vignetting will occur, as the object size grows and the distance between the
object and the object plane increases.

Regardless of the position of the object surface, the area of the object surface,
which produces the irradiance on the detection window, can be traced by
projecting the detection window through the imaging system and onto the
object surface. Of the scattering rays emanating from this area of the object
surface, only the rays which follow specific ray paths can enter the aperture of
the imaging system and reach the detection window. From geometric optics,
the path can be determined using the projected detection window on the
object plane, as illustrated in Figure 7.2.

Only and all the rays which pass through this projected detection window on
the object plane and enter the aperture of the imaging system can reach the
detection window, if the diffraction effect of the aperture edge is ignored. The

radius r¢ of the projected detection window at the object plane is determined
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Figure 7.2. Projection of the detection window
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as

S
ry= Td;do— (7.11)
[+

where ry is the radius of the detection window, and zg4, is the distance to the
detection window from the principal plane of the imaging system.

The rays, which are originated from the object surface and arriving at the
detection window, interfere each other adding or cancelling their field am-
plitudes depending on their phase relationships, as the coherent illumination
is used. The resulting intensity distribution pattern differs from that of the
incoherent case, in which interference does not occur as no phase relationship
exists among the rays. Despite of the difference in the intensity distribution
pattern, the total irradiance over a finite area should be equal in both cases
because of the same amount and energy of the rays arriving on the area.
The response of the detector which measures the total irradiance on the
detection window can be derived based on radiometry by treating the coher-
ent imaging as an incoherent imaging. If the object surface is positioned at
the location of the object plane and the value of § is infinitesimal, the size
and the intensity distribution of the waist of the illumination beam can be
used as those of object. If the imaging system is assumed to be an ideal
diffraction limited system, the corresponding image which is formed on the
detection window will be a smoothed pattern of the geometric image which
is the replica of the object, magnified and reversed.

If the size of the detection window is larger than the size of the image, most
of the energy of the image will be confined within the detection window.
Little energy of the outer Fraunhofer rings of the image , which are formed

outside of the edge of the detection will be lost. Furthermore, as the object
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has a Gaussian intensity profile, the energy of the image will be concentrated
at the center ,region of the image, and the energy loss across the edge of the
detection window will be further reduced. As the distance between the object
surface and the object plane increases, the intensity across the edge of the
detection window will become more even, and the loss and the gain of the
energy across the boundary will approach more similar level.

Based on the considerations described above, the total irradiance on the
detection window can be derived from geometric imaging and radiometry
instead of coherent imaging. In following sections, the detection response
will be analyzed using the principles of incoherent illumination, geometric
imaging , and radiometry, and the effects of the coherent illumination will be

ignored.

7.4. Radiance of the object surface
The radiance of the diffusive object surface which is positioned across the
propagating path of the illumination beam depends on the beam intensity of

the incident illumination beam surface and on the surface reflectance.

The maximum radiance Ny occurs when the surface located at the waist of

the illumination beam and is given, from Eq. 5. 16, by

Nf= lﬂ'[f (7.12)
P

where p is the reflectance of the object surface, I¢ is the peak intensity at

the waist of the illumination beam.

For an surface area, the position of which is given by (z, r) using the cylindri-
cal coordinate with the origin at the center of the beam waist, the radiance

N(z,r) is expressed as
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N(z,r) = Ny [wu()i)]zexp {—2 [w(z)Jz} (7.13a)

where wy is the radius of the beam waist, w(z) is the mean radius of the

beam at a distance z from the waist.

If the illumination beam has a truncated profile due to the limited aperture
during the beam transformation, the radiance expression in Eq.7.13 is valid

only within the truncated beam profile. This condition can be expressed as

r < rp(2) (7.13b)

The truncated beam radius r,(z) is discussed in Section 5.3 and is expressed

in Eq.5.11.

7.5. Response from a vertical object surface

For a diffusive surface positioned vertically to the axis of the illumination
beam, the irradiance of the image will be contributed by the radiation rays
which are originated from the object surface and follow the specific path,
which is determined by the projected window on the object plane and the
aperture of the imaging system.

The total irradiance on the detection window depends on the amount and
strength of the radiating rays which enter the imaging system through this

path. The power response P; of the detector can be expressed as
Py =T,P, (7.14)

where T; is the transmission of the imaging system, and P, is the power

of the rays entering the system through the path and does not include the
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contribution of the rays entering the aperture without passing through the

path.

7.5.1. Response from an object surface located at the object plane

If the vertical surface is located at the object plane as illustrated in Figure

7.3, the power P, intercepted by the aperture can be derived as follows.

For an infinitesimal area ds located at the center of the object plane, the
power intercepted by the aperture of the imaging system can be derived

using the method used in Eq. 3.14 as follows.

The power dPy,qs produced at an area dm on the aperture by an infinites-

imal radiation area ds, which is located at the center region of the object

surface, is given by

d
dPym|das = N(6,0)ds cosb cos 9?7721
S tan 8d(s, tan 6)df

= N(6,0)ds cos® 8
(6,0)ds cos (5.7 cos B

s2 tan 8 sec? 8d0dp
(50/ cos6)?

= N($,0)ds cos® 8

= N(6,0)ds cos® 8 tan 8d0dA (7.15)

where N (6,0) is the radiance at ds.
Of the radiation from ds, the power Py, intercepted by the whole aperture
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Figure 7.3. Imaging of a vertical surface - object plane
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area can be given by

2T 8,
dPjgs = / dPym|ds
o Jo

2w 8
_ / / N(6,0)ds cos? 8 tan 8498
0 0

L

ds
0

.2
= 21N (6,0) [S‘n 9]
= N (6,0)sin? 0,ds (7.16)

If the radiation area ds is not located at the center region of the object, the

power intercepted by the aperture can be shown to be[22,23]

1+ tan?u — tan?
2 Vtan®u 4+ 2tan?u - (1 — tan® 6,) + sect 8,

(7.17)

where r is the distance to ds from the axis, V(§, r) is the radiance of ds, and

8, and u are given as

6 =tan™! = (7.18)
So
u = tan~! — (7.19)
So
where r, is the radius of the aperture.
Ifry<<s,
tanu = L ~ 0 (7.20)
So
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By making rf << s,, the effect of the off axis distance r can be ignored, and

Eq. 7.17 degénerates to Eq.7.16 as

dPjgs = nN(8,r)sin’ 0,ds (7.21)

The total power P,, intercepted by the aperture is given, by integrating dPq,
over the radiation area within the projected detection window on the object

plane, as

2w ry
P, = / / dPy4s
0 0

- /0 ” /0 7 N (5, r)sin? O,rdrdg

-semate [ 5] {2 [gi5] |
<zysnnan [ 2] [ D e [ ] H ’

= gt (1-em {2 [25]'}) (122

The power response Py, 1s given as

Py, =T Py, (723)

7.5.2. Response from an object surface located at a random posi-
tion
If the vertical object surface is positioned at other than the location of the

object plane, the power intercepted by the area dm on the aperture 1s con-
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tributed by the radiation rays which originated from the object surface and
passed through the path determined by the area ds on the object plane and
the area dm on the aperture, as described in Figure 7.4.

The area of the object surface, the radiation from which can pass through
this path and enter the area dm, can be determined by projecting the whole
aperture of the imaging system through the area ds and onto the object

surface.

The power dPjy,4,(z) intercepted by the aperture area dm can be derived as

follows.

The radial distance r’ to an infinitesimal area dn on the object surface from

the system axis 1s given by

' =r 4+ (z— §)tanf cos B. (7.24)

where z is the distance between the object surface and the waist of the
illumination beam.

The distance 2’ from ds to dn is given as

r_(z2=9) .
Z =0 (7.25)

The area of dn is expressed as

dn = (z — 6) tan 8d[(z — é) tan 8]dB

= (2 — 6)% tan O sec? 4043 (7.26)

The power dPyp|4,(2) intercepted by the aperture area dm can be derived,

from the irradiance dHy,4n(2) produced at ds by the radiation area within
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Figure 7.4. Imaging of a vertical surface - random location
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the projected aperture on the object surface, as

dem[ds(Z) = dea|dn(z)dS

dn
2'%ds

= N(z,7")cos® 8

’ 9(2 — 6)? tan Osec? 6d6dJ

= N(z,r')cos [{;;8691]2 ds
B w} T+ (z — 6)tanfcos B 2
BRRE) ex"{‘Q[ roaa }

x cos® ftanfddB  (7.27)

Of the radiations which pass through the area ds on the object plane, the

power dP4,(z) intercepted by the whole aperture can be given by

2 pB,
dP]ds(z) = / / desldm(z)
0 0

= /027r /09a Not%exp {—2 [7‘+(z _w‘szj‘necosﬂr}

x cos? 0 tan 8d6da (7.28)

The total power P,(z) intercepted by the aperture can be obtained by inte-
grating dPy, over the whole circular region of the projected detection window

at the object plane. This can be expressed as
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27 r
P,(z) = /0 /(;I dPgs(z)rdrdé

2w ry 2 ‘A
L[ ) v
0 0 0 0
2 27 Ty 2w fa
=No#—/ / / / cos? Gtan 6
w?(z) Jy 0 0 0

2
X exp {—2 [T +(z —j%iz)znGcosﬁ:l } rd8dBdrdé

w2 Ty 2T 8,
= 27rNo—f/ / / cos? @tan @
wi(z) Jo 0 0

o exp{—Q [r+(z —iziz)mt%osﬁ

2
} }rd&dﬁdr (7.29)

where r¢ is the radius of the projected detection window on the object plane.

The power response Py(z) is given as

Py(z) = T; Pa(z) (7.30)
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The normalized power response can be expressed as

Pi(z) _ TiPu(2)
Pdo B TiPao

w2 ry 2w oa
2r Ny I / / / cos’ B tan 8
w?(z) Jo 0 0

2
X exp {—2 [’" +(z2=6) tanec"sﬁ] } rdOdBdr

w(z)

2
im2Ng sin? 9,111)?r . (1 — exp {—2 [w(rb-)] })
ry 2 00
4/ / / cos? ftan 6
o Jo Jo

2
X exp {-2 [T +(z=9) tangcosﬂ] } rdfdBdr

w(2)

7 sin? f,w?(z) (1 — exp {—2 [;}(g—)]z})

7.6. Response from an inclined object surface

(7.31)

If the object surface is inclined with angle v from the normal plane , the
power response of the detector can be derived based on the same principle
discussed in the previous sections.

The power d Py, 4,(2) intercepted by an infinitesimal area dm on the aperture

can be derived as follows.

From Figure 7.5, the distance z,, between the object plane and the normal
plane which passes through the radiation area dn on the object surface can

be derived from the following relationships.

(z—6—zol)tan(g —v)=rcos¢ (7.33)
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(20, — z(,z)tan(-g- — ) = Z,, tanfcos g (7.34)
From Eq. 7.33 and 7.34, 2,2 can be given by

_(z—=08)tan(§ —) —rcos¢

= 7.35
%oz tan & cos B + tan(Z — ) (7.35)

The distance r' between dn and the axis is given as

r' = \/(rzsin B)? + (12 cos B + r cos ¢)?

= 4/T2 + 2ry7r cos ¢ + (rcos ¢)?

= \/(20, tan 8)? + 2z,,7 cos ¢ tan 8 cos B + (r cos $)? (7.36)

The area dn can be expressed as

dn'

COs Y

T2 dT‘g dﬂ
cos 7y

dn =

_ (20, tan 8)(z,, sec? 8)dodp
- cos Y

_ z2, tan @ sec?® 6d0dp (7.37)
cos 7

The distance z' from dn to ds is given as

2 = 2 (7.38)
cos b
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As illustrated in Figure 7.6, the area dn of the object surface faces the area

ds with an angle §' from the normal axis of the area dn. ' can be given by

— [(2, tany — z,, tan 8 cos B)? + (z,, tan O sin 3)?

8 = cos™!
9 Zo, Zo,
cos § cos ¥

\

1
—_ 17 g
Ccos {2 cos COS'V[C 29 + s

— (tan®? v — 2tan vy tan 8 cos B + tan? 8 cos? B + tan? fsin® ,B)] }

2l cosf  cosy

1 6
_ cos—! { 1 [cos'y + cos

( (20,/ cos6)? + (2,,/ cosv)? \

— (tan® v — 2tanytan 8 cos B + tan® 8) cos ¥ cos 9} } (7.39)

where

The radiance at dn can be express as
Nl(za YT ¢7 97 ﬂ) = N[ZOZ(Z7 YT ¢7 07 ﬁ)a T"(Z, Y7 ¢7 97ﬂ)]

The power dPy,,|4,(2) intercepted by dm can be expressed as
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dn
demlds(z) = Nl(zv Y, Ty ¢a evﬁ) Cosz[e'(’)’, 91 B)]dsﬁ

, tan O sec? 9d6dp

cos 7 - (2o2/ cos 7)?

2
Zo

= No(z,7,1, 8,8, B) cos®[8'(7, 8, B)]ds

tan b
cos Y

= No(z,7,7, 4,8, 8) cos®[6'(7, 6, B)] dsdfdp (7.41)

The power dPj4,(z) intercepted by the whole aperture is given by

2w 84
dp|ds(z) = / / dem|d.9(z)
0 0

2w rba el tan 8
= Ny(z,7,7,9,6,8) cos*[0'(v, 6, )] dsdfdf (7.42)
o Jo cosy

The total power P,(z) intercepted by the aperture can be given as

2w Ty
Pa(z) = /0 /0. dPIda

_ /02" /O i /0 ” /0 " Ny(5,1, 6,6, 8) cos?[6'(+,6, B)

tané
cos 7y

X

rd8dBdrds (7.43)

The power response Py(z) of the detector is expressed as
Py(z) = T;P,(z) (7.44)

The normalized power response is given as
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where Py(6) is the power response when the inclined object surface is located

at the object plane.
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CHAPTER VIII
DISCUSSION OF EXPERIMENT

The topics related to the experiment are discussed in this chapter. The
scope of the experiment includes the development of a functional optical sys-
tem configuration, the analyses of the responses of the experiment system
for different types of surfaces to test the validity of the theoretical predic-
tions discussed in the previous chapters, the determination of the difficulties
and limitations of the experiment system and the proposed method, and the

investigation of the factors which influence the system performance.

8.1. Experimental system

The experimental system is based on the optical system discussed in Chapter
IV, and its configuration is shown in Figure 8.1.

For a laser source, a low power HeNe laser operating in TEMoo mode is used.
The wavelength of the laser output is 632.8nm. Functionally, the experi-
mental system can be divided into two different sub-systems:the controlled
illumination system and the imaging system. A beam splitter separates the
optical path of the imaging system from that of the controlled illumination
system. A single-axis positioning table provides a linear positional change of
a target surface which is mounted on the top of the positioning table by a
vertical mounting device. The movement of the translation stage is provided
and controlled by a micrometer head which has 1” travel length with 0.0001”
graduation.

The specifications of the system components are listed in Table 8.1.

8.1.1. Controlled illumination

Five lenses are involved in the laser beam shaping. The lenses L, and L,
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Components Specification

Laser He-Ne, output:0.8mW, beam dia.:0.53mm,
random polarization
manufacturer: Metrologic

Ll DCX, dia.:6mm, fl:6mm, uncoated

L2 PCX, dia:30mm, f1l:50mm, uncoated

L3 PCX, dia:40mm, fl:76mm, uncoated

L4 PCX, dia:50mm, f1l:8lmm, uncoated

L5 PCX, dia:50mm, fl:8lmm, uncoated

Bl beam splitter, mirror type, 35% transmission,
147 and 6% reflection, 25x38x3mm

D1 pinhole, copper plate, dia.:0.03mm approx.
thickness:0.2mm, approx.

D2 silicon photodetector, range:0.02uW - 20mW,
detection area: 1 sq.cm,
display: 4 digit with range (0-1999)
manufacturer: Metrologic

Tl single axis positioning table, travel length:1"

micrometer head control with 0.0001" readout.

T2 optical bench

T3 components mounts, side sliding type

others mounting plates, support columns, etc.

Table 8.1. System components specification
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function as a beam expander to increase the size of the input beam consider-
ably without {rlcreasing diverging or converging rate of the beam. This beam
is focused by the lens L; to form a new beam waist in front of the beam
splitter. This beam passes through the beam splitter B; and increases its
size of the profile considerably before entering the lens Ly. The lenses Ly and
Ly focus the beam to form a beam waist at the outside of the optical system.
From the input, which is the laser output with diameter of 0.54mm, the exper-
imental system produces an output which has its waist of radius 0.00172mm
at a distance 39.7mm from the plane of the lens Ls. Table 8.2 shows the
beam shaping data by the individual lenses, which are calculated using Eq.

5.1 - 5.5.

Also listed in the Table 8.2 are the truncation rates of the beam by the
individual lenses due to their limited aperture size for determination of the
effective beam radius and the sizes of the Airy disk patterns for comparison

with the sizes of the beam waist.

During beam shaping, the laser beam is focused twice within the experimen-
tal system, and, as a result, considerable amount of spherical aberration is
introduced and accumulated. The intensity distribution of the illumination
beam is expected to deviate considerably from the ideal Gaussian pattern.
The level of the deviation is aggravated by the imperfections of and dusts
on the optical components, which cause scattering and interference in the
beam propagation. No spatial filtering is used throughout the beam shaping
process. The power loss during the beam shaping process is considerable due

to reflection on the uncoated lens surfaces and the beam splitter.

8.2.2. Imaging system

The imaging system shares a portion of the optical path which is used in the
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(All units are in mna)

lens element beam—input beam—output airy aperture
no f r wl dl w2 d2 r wl/r

L1 6.0 3.0 .270000 10.000000 .004442 6.001083 .001533 .090034
L2 50.0 15.0 .004442 81.998920 .006941 128.126900 .006544 .246012
L3 76.0 20.0 .006941 -70.126910 .003610 36.472820 .001397 .100986
L4 81.0 25.0 .003610 168.527200 .003341 155.959500 .004780 .373296
L5 81.0 25.0 .003341 -77.959550 .001702 39.725350 .001217 .186600

1. Notations
f: focal length
r: radius of lens
wl: input beam radius
dl: distance to the waist of the input beam
d2: " " output beam
w2: output beam waist
alry: radius of the expected Airy disk
wl/r: the ratio of the beam radius to lens radius on the lens plane

2. Specification of the input laser beam

beam radius: 0.27
location of the beam waist: 10mm is used
(approximate value. from cavity mirror)

3. Specification of the final beam output
beam radius(wf) : .0017023
waist location from the last lens(sf): 39.7253500
size of the expected Airy disk pattern: .0012174

Maximum ratio of beam size to aperture size: .3732958
at element : L&

Table 8.2. Beam shaping data
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beam shaping process. The optical path of the imaging system is determined
by the reverse beam transformation path. The imaging system consists of
the lenses Ly and Ls, the detection window D,, and the detector D, and its
display unit. The imaging system can be represented as a single lens system
using the combined focal length of the two lenses Ly and Ly as illustrated in
Figure 8.2.

By assuming the lenses Ly and Ly are thin lenses, the combined focal length

fc 1s given as

_ frefL,
fe= frs + fra—1s (8:1)

_ 81 x 81
T 8148178

=781 mm

where fr, and fi, are the focal lengths of the lenses Ls and L4, respectively,

and ls is the spacing between the two lenses.

The back focal length is

bfl. = folfr, = 15) (8.2)

fL,

i
N
©
=
=

The distance sy between the the waist of the final beam and the principal

plane of the single lens imaging system is
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Figure 8.2. Single lens representation of the imaging system
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sp=lpg+ fc—b.f.l
=39.7+781-29

=114.9 mim

where [ is the distance between the waist of the final beam and the principal
plane of the lens Ls. The radius r, of the clear aperture of the single lens

imaging system is derived as

fe—=bfl —(lels/(lf = fry)
Is = (Igls/(lf — fLy)

_ T81-29+475
— L7781 4 75

Tag =TL,

=0.98rr,
~ TL,

=20

where rp, is the radius of the lens L4 and is reduced to 20mm from 25mm
considering the widths of the side portions which are blocked by the mounting
clamps. The location of the detection window is determined by the reverse
transformation of the illumination beam. Although the location of the beam
waist obtained by the single-lens system with focal length given by Eq. 8.1
slightly differs with that obtained by the two-lens system, é; and é6 become

zeros in the single-lens system.
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The ideal size of the detection window can be determined by the size of the
transformed Beam waist formed by the reverse transformation. The ideal
radius of the detection window of the experimental system is 0.0036mm from
the data in Table 8.2. In the experimental system, the detection window is
improvized by punching a small hole on the thin copper plate. The shape
of the improvized pinhole is not exactly circular and some amount of burrs
exist along the edge. The radius of the pinhole is about 20 - 50um. The
copper plate covers the face of the detector so that only the lights entering
through the pinhole can reach the detector. The detection window is aligned
approximately by positioning a mirror vertically at the waist of the illumina-
tion beam and finding the position of the detection window with maximum

detection response.

8.1.3. Experiment procedure

A number of test surfaces are used for the response analysis. For each test,
the surface is mounted vertically to the top surface of the positioning table.
For each test, the location of the beam waist is determined by the position
which gives the peak power response of the detector. From this position, the
position of the surface 1s varied and the corresponding power response of the
detector is obtained from the digital power meter.

All measurement and monitoring process is done manually without using any

interfaces.

8.2. Reflective surface response
For the analysis of the reflective surface response, a first surface mirror is used
in the experiment. Figure 8.3 shows the experiment results of the detector

response curve of a mirror surface.
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Figure 8.3(a,b). Reflective surface response - empirical
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In Figure 8.3a shows the response curves of two different surface inclination
angles - 0 radian and 0.07 radian- within the distance range z = +5mm.
In the both cases, the position change of minimum 0.02mm from the pealk
response position causes discernible change in the detection response. The
response curves are not symmetrical about the center. These can be at-
tributed to the differences of the aperture effects by the lenses Ls and L4 and
the beam splitter By. A slight misalignment of the detection window also
contributes these differences. In Figure 8.3b shows more detailed response
curves within z = £1lmm.

Figure 8.3c shows the experimental results of the peak power response versus
the surface inclination angle.

In the experiment, the response is measured by increasing the inclination
angle to one direction, and the figure shown is the projected view of the one
side measurement.

The theoretical detector responses are shown in Figure 8.4. The responses
are calculated based on Egs. 6.64-6.73. The composite Simpson method[24]
is used for the numerical integration.

In detection response analysis, three different radii of the detection windows
are considered: :0.03mm to approximate the pinhole radius of the experiment
system, 0.0036mm radius for the ideal size as discussed in previous section,
and 0.0lmm for additional comparison.

The detection responses of the vertical surface are shown together with the
experimental result of the mirror surface response. As the size of the detec-
tion window increases, the width of the plateau of the peak increases. The
response curve of the experiment has less sharp curve shape because of the

limited resolution of the detector and the larger sized detection window.
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Figure 8.4c and 8.4d show the responses of the surfaces with the inclina-
tion angle of 6.07 radian. The sharpness of the center portion of the curve
increases with the increase of the inclination angle.

The lack of the center sharpness of the experiment cases may be attributed
to the factors such as the accumulated aberration, the deviated Gaussian in-
tensity profile, noises, the limited resolution of the detector, the imperfection
and thickness of the pinhole, misalignment, etc.

The peak response versus the surface inclination angle is shown in Figure

8.5e together with the experiment result for comparison.

8.3. Diffusive surface response

The diffusive surface response could not be experimented because of the
limited measuring range of the detector used.

The experiment was attempted using number of relatively diffusive surfaces
such as a white chalk, matte surface paper, etc. The peak detection responses
of theses surface are too weak for the measuring range of the detector for
reasonable analyses.

The theoretical response of the experimental system is shown in Figure 8.5.
These responses are calculated from Eq. 7.45 by numerical integration.

The normalized detection responses of vertical diffusive surfaces with different
sizes of the detection windows are identical as shown in Figure 8.5a. The
responses much sharper than those of the reflective surfaces. The widths
of of the peaks of these response curves are less than 0.00lmm as shown in
Figure 8.5b.

The effect of the surface inclination is less clear as shown in Figure 8.5¢ and

8.5d. The normalized response curve of the inclined surface is identical with
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that of the vertical surface except the magnitude of the peak response which
is shown in Figure 8.5e.

In Figure 8.5f, the diffusive surface responses are compared with the reflec-
tive surface responses, for the case of the detection window with radius of

0.0036mm.

8.4. Response from other target surfaces

Most of the typical surfaces in manufacturing environment are partly diffusive
and partly reflective.

Four different surfaces are used in the experiment as listed in Table 8.3. The
detection responses are measured for these surfaces with zero inclination an-
gle. Because of the considerable amount of scattering on the surfaces, the
range of the power responses are considerably low for the detector measur-
ing capability. Only two decimal digit resolutions can be obtained for the
detection responses.

The individual responses are shown in Figure 8.6a-8.6d. The normalize de-

tection responses are compared in Figure 8.6e - 8.6h with different scales to

show the detail.

The response of the aluminum bar which has face milled surface shows the
effect of the surface roughness on the detection response as shown in Figure
8.6a. Even with the low detection resolution, the positional variation of
about 0.003mm around the peak is detectable. Other surfaces shows the
sensitivities of under 0.03mm. In Figure 8.6, the responses are compared
with the mirror surface responscs. Even with the low detection resolution,
the responses of these surfaces show more sensitive responses than the mirror

responses, because of the partial diffusiveness of the surfaces.
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Test surface

Specification

S1

S2
S3

S4

Aluminum plate, standard product,
1/16" thickness

Aluminum bar, face-milled surface.
Stainless steel, matte finish

Molded polymer surface, white and smooth.

Table 8.3. List of test surfaces
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CHAPTER IX
ADDITIONAL DISCSSION

The experiment was limited in scope and quality mostly bacause of the lack
of available resources. The difficulties and problems encountered in the ex-
periment, the corrective measures for the problems, and the consideration for

practical system are discussed in this chapter.

9.1. Difficulties and problems in the experiment
The difficulties and problems can be summarized as follows.

Laser source ’

The HeNe laser used in the experiment has noticeable noise and output vari-
ation as discussed in Chapter V. The stray beams in the original source is
not removed. The fluctuation of the power output is considerable. Even after
warm-up, the power of the beam varies in quasi periodic pattern with slowly
varying period of from several minutes to more than 20 minutes and with
amplitude variation of up to 16 percent. Along with this wave-like fluctua-
tion, there is a small ripple with amplitude variation of 1 to 2 percent and
with period of several seconds.

Optical components

In the experimental system, all the lenses used are of converging type. During
beam process, the beam is focused twice within the system, and considerable
amount of spherical aberration is introduced and accumulated.

The imperfections of and dusts on the lense surfaces cause scattering and
interference in the beam propagation. This disturbs the coherent beam profile

This disturbance together with the accumulated spherical aberration and
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the inherent noise in the laser beam causes considerable departure from the
perfectly coherent beam profile and propagation.

As all the lenses are not coated, the reflection on the lens surfaces are con-
siderable. Although these reflections do not cause noticeable noise in the
detector response but causes considerable amount of the power loss.
Detection system

The improvized pinhole used in the experiment is not The size and the shape
of the improvized pinhole used in the experiment are far from the perfection.
As the thickness of the pinhole is considerable(about 0.2mm), the effect of
the scattering on the wall of the pinhole can not be ignored.

The limited measuring range and resolution of the detection system is the

most

The limited measuring range and resolution of the detection system are the
most critical limiting factors in the experiment. The responses in the ex-
periment(0 - 6.56uW) are two weak for the measuring range of the detector,
which is 0.00uW - 20mW, to provide proper resolution.

Misalignment

Considerable misalignment is present in the experimental system. The align-
ment of the detection window is considerably difficult. In the experimental

system, the detection window is aligned rather roughly.

9.2. Suggested corrective methods

The instability of the laser output can be easily compensated by use of dual
detector. One detector can be used to monitor the power variation of the laser
beam output, and the response from the other detector can be compensated

of this power variation. Spatial filtering can be used to remove the stray
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lights which are present in the laser beam.

The focusing érror will be reduced with use of the lenses which are corrected
of spherical aberration to the Rayleigh degree. The anti-reflection coating on
the lens surface will reduce the noise and energy loss caused by the reflection

on the lens surfaces.

The performance of the system will be increased greatly if the detector can

provide proper measuring range and high resolution.

9.3. Consideration for practical system
The performance of the system will be increased as the size of the detection
window approaches the size of the waist of the imaged beam on the detection

window.

Most of the surface The response will be affected more by the reflective com-
ponents. If reflective effect is low or the a surface inclination is considerable
so that the effect of direct reflection is insignificant, the response will follow

that of diffusive surface.

Even the highly polished surface, there is always surface irregularities as dis-
cussed in Chapter V. For considerable surface inclination so that the refelctive
response can not be expected, there is a very weak scattering occurs by these
microirregularities. if the detector is sensitive enough, this can be detected
and the response will follow that of the diffusive surface.

The response curve of the detector is well defined. The peak response can
be easily detected during the distance variation. In this case, the distance
with the peak response can be found by an open loop control if the response
and the position of the system is recorded by a suitable memory device. If
this peak is not well defined, the proper position can be found by finding the

center of the plateau of the response curve.
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If maintaining the correct distance between the system and a target surface
is the objective, the positioning control can be done by searching for the peak
by constantly varying the distance in a mall degree and checking the slope

of the movement as the slope of the curve at both sides of the peak is almost

identical.
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CHAPTER X

CONCLUSION

The dimensional measurement and/or check of workpieces is a major part of
the inspection and quality control in manufacturing In the majority of the
applications, the contact methods are used. While a number of non-contact
methods are available, most of them are inflexible, require special attention
and configuration, and are limited in applications. Regardless of the methods
used, the measurement process requires considerable time and skill. If higher
level of accuracy is required, the time and skill involved increases accordingly.
This process is a very difficult one to automate if the measurement of a
single or multiple point coordinates on workpieces is required and if the use
of the go-and-no-go type limit inspection gages is impractical, uneconomical,
or impossible. This is especially true for such applications in which the
production quantities are low, in which the workpieces are large and have
complicate shapes, and in which the measurement requires high accuracy.
These difficulties are the backgrounds for the development of the proposed
non-contact method. Based on a rather simple principle, a number of dif-
ferent approaches have been tried, and tested. The proposed method is the
possible conclusion of these approaches considering several factors:the essen-
tial features of the close-range measurement, the automation possibility, the
available technology, etec.

Of this development process, the background and motives, the required fea-
tures for a measurement system, the configuration of the proposed system,
and the theoretical analyses have been explained and described in this dis-

sertation. The experimentation of the proposed method was too limited in
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scope and quality due to the limited availability of resources, equipments,
and components. It is expected that the empirical result will closely fol-
low the theoretical predictions, if good quality components are used and the
suggested corrective measures are taken in the experiment.

The performance of the proposed method can be affected by the surface
condition of a target and any floating particles between the proposed system
and the target surface. These are the drawbacks, but these drawbacks can be
used for other applications:surface roughness measurement, the examination
of floating particles in the air and fluid, etc.

As the level of automation and computer integration increases, the demand
for flexible, versatile, non-contact measurement method will grow. This pro-
posed method can be proved to be quite valuable or, at least, can provide
an alternative in the conventional or automated measurement applications in

inspection and quality control in manufacturing,.
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