United States

USOORE37740E

Reissued Patent (10) Patent Number: US RE37,740 E
Chadwick et al. 45) Date of Reissued Patent: Jun. 11, 2002

(19)
(12)
(54) METHOD AND APPARATUS FOR OPTICAL
INSPECTION OF SUBSTRATES
(75) Inventors: Curt H. Chadwick, Los Gatos; Robert
R. Sholes, Ben LLomond; John D.
Greene, Santa Cruz; Francis D.
Tucker, 111, Menlo Park; Michael E.
Fein; P. C. Jann, both of Mountain
View; David J. Harvey, Campbell;
William Bell, San Jose, all of CA (US)
(73) Assignee: KLA-Tencor Corporation, San Jose,
CA (US)
(21) Appl. No.: 08/373,084
(22) Filed: Jan. 17, 1995
Related U.S. Patent Documents
Reissue of:
(64) Patent No.: 4,877,326
Issued: Oct. 31, 1989
Appl. No.: 06/158,289
Filed: Feb. 19, 1988
(51) Int. CL7 ..o GO01B 11/30
(52) US.CL ... 356/394; 356/636; 356/446
(58) Field of Search ................................. 356/237, 386,
356/387, 389, 394, 446, 448
(56) References Cited
U.S. PATENT DOCUMENTS
3,833,762 A 9/1974 Gudmundsen
4160169 A 7/1979 Endicott, Jr., et al.
4,264,921 A 4/1981 Pennington et al.
(List continued on next page.)
FOREIGN PATENT DOCUMENTS
JP 55-57103 4/1980
JP 55-74409 6/1980
JP 55-89706 7/1980
JP 56-96204 8/1981

(List continued on next page.)

OTHER PUBLICATTONS

R. Wight, “The Design of Linecar and Quasi—linear CCD
Detectors and Detector Arrays to Meet System Performance
Requirements”, Fairchild Weston System, Inc.

(List continued on next page.)

Primary Examiner—Samuel A. Turner
(74) Attorney, Agent, or Firm—Burns, Doane, Swecker &
Mathis

(57) ABSTRACT

Substrate inspection apparatus and methods, and illumina-
fion apparatus. The inspection apparatus and method
includes memory for storing the desired features of the
surface of the substrate, focussed 1lluminator for substan-
fially uniformly illuminating a region of the surface of the
substrate to be 1nspected. Additionally there 1s a sensor for
imaging the region of the substrate illuminated by the
illuminator, and a comparator responsive to the memory and
sensor for comparing the 1imaged region of the substrate with
the stored desired features of the substrate. The 1llumination
apparatus 1s designed to provide substantially uniform
focussed 1llumination along a narrow linear region. This
apparatus includes first, second and third reflectors ellipti-
cally cylindrical 1n shape, each with 1ts long axis substan-
tially parallel to the long axes of each of the others. Fourth
and fifth reflectors are also included with each being flat and
mounted parallel to each other and at opposite ends of each
of said first, second and third reflectors, and first, second and
third linear light sources each mounted parallel to a corre-
sponding one of said first, second and third reflectors with
cach of the light sources mounted so that 1t 1s at the first
focus of the corresponding reflector and the illuminated
linear region 1s at the second focus of each of the first,
second and third reflectors.

REEXAMINAITION RESULTS

The questions raised in reexamination request No. 90/003,
232, filed Oct. 29, 1993, have been considered and the
results thereol are reflected in this reissue patent which

constitutes the reexamination certificate required by 35
U.S.C. 307 as provided in 37 CFR 1.570(e).

52 Claims, 24 Drawing Sheets
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METHOD AND APPARATUS FOR OPTICAL
INSPECTION OF SUBSTRATES

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

CROSS REFERENCE

This application 1s related to another patent application
Ser. No. 158,252 entitled “Stable Instrument Bench With
Replicated Precision Surface” filed Feb. 19, 1988, in the
names of Larry M. Rosenberg, Alexander Brundy and Curt
H. Chadwick and assigned to the same assignee as the
present application.

BACKGROUND OF THE INVENTION

The present 1nvention relates to automated inspection of
surfaces such as printed wiring boards and the like, and more
particularly to the automated high speed inspection of sur-
faces using a TDI sensor as a detector.

A printed wiring board (pwb) comprises a pattern of
electrical conductors (made of a material such as 1.4-mil-
thick copper) residing on a non-conducting substrate (made
of a material such as FR-4 epoxy-fiberglass composite).
During the manufacture of pwb’s, the top surface of the
conductive material 1s often intentionally roughened, in
order to promote adhesion of photoresist to the conductor.
Among the methods of roughening are mechanical abrasion,
chemical etching, and application of a textured surface layer
by electroplating (as in so-called “double-treat copper™).
Each roughening method produces its own characteristic
surface texture.

It 1s therefore a requirement, 1n the design of a machine
for the optical inspection of pwb’s that the machine be able
to cope elfectively with a wide variety of surface textures. It
1s also desirable, in order that the machine be as flexible in
application as possible, that it be able to correctly 1nspect
pwb’s 1n which the conductors have smooth surfaces.

The most common and straightforward way to illuminate
opaque optical surfaces for inspection 1s to provide 1llumi-
nation through the same lens that will be used to view the
inspected surface, and to collect with that lens the light
which 1s reflected or scattered from the surface. This method
1s commonly known as brightfield vertical 1llumination, or
simply as brightfield 1llumination.

FIG. 2 1llustrates the problem which is inherent in using,
brightfield 1llumination to inspect pwbs. A copper conductor
8 (shown in cross-section) resides on an insulating substrate
9. The top surface of conductor 8 is shown to be rough (the
characteristic dimension of the roughness 1s greatly exag-
gerated for illustrative purposes). Illumination is provided
through lens 11, which 1s also used for viewing light
reflected or scattered from the surface.

Consider now the behavior of this system 1n inspecting a
particular point 13 on the conductor surface. Point 13 has
been selected, for illustrative purposes, to be within a small
arca that 1s sloped substantially away from level. Illumina-
fion rays 1 and 2 arrive at point 13 from the extreme edges
of lens 11. All other light rays striking point 13 will arrive
at angles between rays 1 and 2. The inclination of the surface
at point 13 1s such that ray 1 1s reflected into ray 3, and ray
2 1s reflected 1nto ray 4, both of these rays lying outside the
aperture of lens 11. All other 1llumination rays will reflect
somewhere between ray 3 and ray 4, which 1s to say that
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2

none of the 1lluminating light will be reflected back into lens
11. Any optical sensor that 1s placed above lens 11, so as to
view he returning rays, will see point 13 as being black,
because none of the light leaving point 13 gets through the
lens.

The general point being 1illustrated here 1s that when a
rough surface 1s viewed by brightfield vertical 1llumination,
the steeply inclined portions of that surface will tend to
appear dark, and the overall appearance of the surface will
be strongly mottled.

It 1s necessary for the optical inspection machine to
distinguish between regions of copper and regions of 1nsu-
lator. This 1s often done by taking advantage of the fact that
conductive regions are more reflective than are insulating
regions, at least at selected wavelengths. Electronic logic
can be employed which identifies dark regions as being
insulative and bright regions as being conductive. If an
optical illumination system causes conductive regions to
appear mottled, then some parts of the conductive regions
will be falsely identified as being insulative.

A known cure for this problem 1s to average observed
reflectance values over a relatively large region, so as to take
advantage of the fact that the average reflectance, even of
rough-textured copper, 1s often higher than the average
reflectance of substrate materials. This method has the
disadvantage, however, that 1t makes 1t impractical to detect
actual missing-copper defects of a size smaller than the
averaging region.

Defining Numerical Aperture (NA) of the illuminator in
the conventional way, which is to say that NA=sin (0), 0
being the angle between a normal to the surface and the
extreme 1lluminating ray, the NA of illumination should be
at least about 0.7 NA, and preferably greater than 0.8 NA.
In addition, the 1llumination should be of constant intensity
(watts/steradian/cm?) over all angles of incidence (i.e. quasi-
Lambertian).

An achievement of the present invention 1s that, by
reducing optically the apparent mottling of rough-textured
surfaces, 1t 1s made possible to avoid large-area averaging,
and consequently it becomes possible to detect smaller
regions of missing conductive material.

It 15 not new to provide focussed 1llumination from a large
range of angles, up to a numerical aperture which may even
exceed 0.9. Such i1llumination 1s achieved, for example, 1n
brightfield vertical 1lluminators used in high-magnification
microscopes employing high-NA objectives. The best of
such microscopes achieve 1lumination NA’s on the order of
0.95. The mtensity of 1llumination in such microscopes in
not, however, independent of the angle of incidence. The
falloff 1n transmission of strongly-curved lens elements at
large angles causes the illumination provided by such objec-

fives to be significantly weaker at angles far from the
normal.

Thus, the present invention 1s distinguished by the fact
that it provides quasi-Lambertian focussed illumination.

SUMMARY OF THE INVENTION

In accordance with the preferred embodiments of the
present 1nvention there i1s provided substrate inspection
apparatus and methods, and illumination apparatus. The
inspection apparatus and method includes memory for stor-
ing the desired features of the surface of the substrate, and
a focussed 1lluminator for substantially uniformly illuminat-
ing a region of the surface of the substrate to be inspected.
Additionally there 1s a sensor for imaging the region of the
substrate illuminated by the illuminator, and a comparator
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responsive to the memory and sensor for comparing the
imaged region of the substrate with the stored desired
features of the substrate.

The 1llumination apparatus 1s designed to provide sub-
stantial uniform focussed illumination along a narrow linear
region. This apparatus includes first, second and third retlec-
tors elliptically cylindrical segments 1in shape, each with its
long axis substantially parallel to the long axes of each of the
others. Fourth and Fifth reflectors are also included with
cach being flat and mounted parallel to each other and at
opposite ends of each of said first, second and third
reflectors, and first, second and third linear light sources
cach mounted parallel to a corresponding one of said {irst,
second and third retflectors with each of the light sources
mounted so that 1t 1s at the first focus of the corresponding
reflector and the illuminated linear region 1s at the second
focus of each of the first, second and third reflectors.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a block diagram of the automatic printed wiring,
board 1nspection machine of the present invention.

FIG. 2 1s cross sectional view that illustrates the light
scattering effect of a representative copper trace on a printed
wiring board to be inspected.

FIG. 3 illustrates a portion of the surface of a copper trace
where 1llumination of the surface i1s impossible by any
illumination scheme.

FIG. 4 1s a histogram that 1llustrates the difference 1n the
intensity of the reflected light from a copper trace versus a
fiberglass substrate.

FIG. 5 1s a graph that shows the relationship between the
width of the copper reflectivity peak and the numerical
aperture of the i1lluminator.

FIG. 6 1s a cross-sectional schematic representation of a
quasi-Lambertian reflected light 1lluminator of the present
invention.

FIG. 7 1s a perspective view of the illuminator of FIG. 6.

FIG. 8 15 a cross-sectional view of a pwb to illustrate the
cifect of incident and reflected light rays when the pwb 1s
illuminated through a low and a high N.A., with and without
the use of an i1llumination-restricting slit.

FIG. 9 1s a set of histograms that illustrate the contrast of
the 1lluminated fiberglass substrate and the copper conductor
for three different conditions of N.A. and the presence of a
slit 1n the configuration of FIG. 8.

FIG. 10 1s a graph of the transmission spectrum of DuPont
Riston 216R photoresist.

FIG. 11 1s the same basic figure as that of FIG. 6 wherein
the reflection of selected light rays 1s illustrated.

FIG. 12 1s a modified arrangement from that of FIG. 6 for
the true combination of brightfield and darkfield 1llumina-
tion.

FIG. 13 1s a cross-sectional view of the illuminator of
FIG. 6 showing an air flow control system for cooling the
lamps and mirrors, and, thereof minimizing Schlieren
cllects.

FIG. 14 1s a perspective view of the 1lluminator cooling
system and related ducts.

FIGS. 15a and 15b are plan vertical cross-sectional and
bottom views, respectively of the slit assembly and integral
air bearing of the 1lluminator of the present invention.

FIGS. 16a and 16b are plan cross-sectional and perspec-
tive views of a first embodiment of a fluorescence 1llumi-

nator of the present invention.
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FIG. 17a 1s a schematic representation of a second
embodiment of a fluorescence 1lluminator of the present
invention.

FIG. 17b 1s cross-sectional schematic representation of an
illuminator capable of both reflected light and fluorescence
1llumination.

FIG. 18 15 a perspective view 1llustrating the mechanical
mounting of the slit assembly, the 1lluminator assembly, the
sensor lenses, and the sensors with associated electronics
with respect to each other.

FIG. 19 1s a schematic view of the multi-segment TDI
sensor selected by the applicants for their particular appli-
cation.

FIG. 20 1s a more detailed view of the individual sensor
segments of the TDI sensor of FIG. 20.

FIGS. 21a through 21; illustrate the modulation speciii-
cation of the selected TDI sensor by showing the desired
response to selected mput 1llumination patterns.

FIG. 22 1s a graph of the minimum quantum efficiency
versus wavelength of the selected TDI sensor.

FIG. 23 1s a block diagram of the TDI electronics for one
section of the multi-section TDI sensor of the present
invention.

FIG. 24 1s a timing diagram of selected signals from
various blocks of the TDI electronics of FIG. 24.

FIG. 25 1s a block diagram of a single 1mage processor

clectronics section which corresponds to one of the TDI
clectronics sections of FIG. 24.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

System Overview

In FIG. 1 there 1s shown an overall block diagram for the
inspection system 10 of the present invention. In system 10
the method of testing i1s basically the comparison of the
surface being inspected to the surface of a selected good
substrate. In the present invention rather than comparing the
surface pattern on the substrate being tested directly with the
viewed pattern on a known good substrate at the same time,
the basic characteristics of the pattern on a known good
board are stored in memory and the viewed characteristics of
the substrate being inspected are compared against the
prestored characteristics. The applicants’ application of the
system herein disclosed is the mspection of wafers, masks,
printed wiring boards, photo tools, and the like.

System 10 1n the embodiment of the present invention 1s
a computer controlled system having a CPU 26 that com-
municates with various other elements of the system via data
bus 40. The other elements of the system coupled to data bus
40 are, ROM 30, RAM 32, monitor 34, X-Y servo control
36, location sensors 38, and 1mage processor 25. Keyboard
28 1s provided for user interaction with the system to 1nitiate
and manually control mspection of the substrate 14, and
monitor 34 1s provided for visual feedback to the user of the
arca of substrate 14 that 1s currently being viewed. RAM 32
and ROM 30 are included for the usual functions in a CPU
controlled system. X-Y servo control 36 1s mechanically
linked to X-Y stage 12 to move substrate 14 to the desired
location under CPU 26 control. Location sensors 38 are
linear scales for determining the X and Y position of stage
12. Mounted directly above substrate 14 1s optical illumi-
nator 20 which provides illumination to the surface of
substrate 14 by light ray 16, and through which the surface
of the substrate 1s viewed by light rays 18 and 18' by sensor
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20. Sensor 20 converts the viewed 1mage of the surface of
substrate 14 to an electrical signal that 1s applied to 1mage
processor 25. Image processor 25 1n turn operates on the
signals from sensor 24 to both enhance the detected image
and to restructure the data to compress it to minimize the
memory necessary to store the received data in RAM 32.

In operation, the user initially stores 1n RAM 32 the
design characteristics of the pattern on the surface of the
substrate 14 to be inspected. Those characteristics 1nclude
location and characteristics of features and connectivity
information. This can be done in two ways, €.g. from the
database used to generate the pattern, or by placing a
“oo0lden board” substrate 14 on X-Y stage 12 and automati-
cally entering its characteristics with the image aquisition
system as 1t 1s moved benecath illuminator 20. “Golden
board” 1s a term of art in the testing field where a device 1s
tested by comparison against another device that 1s know to
be good, or one where the flaws are known and the data 1s
corrected accordingly.

Through the use of various illumination techniques dis-
cussed below 1n combination with a selected image sensor,
¢.2. a TDI sensor, the surface of substrates, such as printed
wiring boards, can be 1nspected with the substrate traversing,
in a straight line beneath the illuminator at speeds in the
range of 25 inches per second.

Optical Illuminator

One of the basic elements of the invention 1s an 1llumi-
nation apparatus which, to the greatest extent possible,
provides a uniform sky of 1llumination above the workpiece
bemng inspected, so as maximally to suppress texture-
induced mottling effects.

The optical 1lluminator 20 of the present invention may be
understood by considering illumination ray §, in FIG. 2. This
ray is provided by an illumination system (not shown), from
an angle outside the aperture of lens 22. Ray 5 1s reflected
by the inclined surface at point 13, to become ray 6, which
enters lens 11. This ray, when 1maged on a sensor, will
contribute to making the surface region around point 13
appear bright rather than dark. The reasoning exemplified by
this discussion of FIG. 2 led to proving that the mottled
appearance of rough surfaces can be markedly reduced or
even eliminated, by providing 1lluminating light rays from a
ogrecat many angles, so that whatever the local inclination of
a particular region of the surface, there will always be
illuminating rays available at the appropriate angles to be
reflected into the viewing lens.

For each angle at which an element of surface may be
sloped, there will be a particular group of illuminating rays
that will be reflected from that surface into the viewing lens.
In order that surfaces sloped at different angles may appear
to the sensor to be equally bright, 1t 1s important that all the
different groups of rays be of similar intensity. From the
standpoint of an 1maginary observer, stationed on the con-
ducting surface and looking up, 1t should appear that light 1s
arriving from all directions with equal intensity; 1.e. that the
observer stands beneath a sky of uniform brightness.

This 1llumination condition would pertain 1f there were a
Lambertian diffusing surface, such as a piece of opal glass,
located directly above the observer, and 1if spatially uniform
illuminating light were delivered through this surface. A
Lambertian surface 1s one which radiates equal optical
power densities 1into equal solid angles, so that an observer
looking at the surface from any direction sees the same
brightness. An 1maginary observer residing on the work-
piece would look up at the opal-glass sky, and 1n no matter
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what direction he looked would see an 1ntensity proportional
to the intensity of light striking the top of the opal glass at
the point where he was looking. Thus the spatial uniformaity
of light striking the top of the opal glass would result in
angular uniformity of light as seen at the observation area.

Such an 1lluminator would be unusable, if for no other
reason than that the opal glass would prevent viewing of the
object. The 1lluminator of the present invention 1s a practical
illuminator which approxmiates the 1deal Lambertian 1llu-
minator to a useful extent. It can be described as a quasi-
[Lambertian 1lluminator.

There are some forms of surface roughness which make
total suppression of mottling impossible. This can be under-
stood by considering FIG. 3. Point 205 on the surface of
conductor 8 1s tilted so far from the horizontal as to be
inaccessible to sky i1llumination. Rays 201 and 202 extend
from point 205 to the boundaries of lens 11. Rays 203 and

204 are the illuminating rays which would have to be
provided, in order to be reflected into rays 201 and 202.
These rays would have to come from within conductor 8,
which 1s not possible, or would have to arrive at point 205
after undergoing one or more reflections from other points
on the conductor surface. Since the reflectivity of surface
materials 1s 1mperfect, indirectly-illuminated points like
point 205 will appear to be darker than points that are
directly 1lluminated by the sky.

In spite of the theroretical impossibility of total suppres-
sion of mottling, we have observed empirically that the
closer we come to providing a uniform sky of 1llumination
above the workpiece, the more effectively mottling 1s sup-
pressed. With optimal suppression of mottling, we can adjust
the 1nspection algorithms to find the smallest possible
defects 1n the conductor pattern, without creating false
defects due to 1incorrect 1dentification of dark copper areas as
insulator.

Based on data collected 1n an experiment using a quasi-
Lambertian 1lluminator, the histogram of FIG. 4 shows the
distribution of pixel intensities for areas of the object (a
small sample cut from a pwb) which are covered with
copper, and another distribution for areas i which the
insulating FR4 substrate 1s exposed. We observed the width
of the copper peak, as a fraction of 1ts average value, while
varying the numerical aperture of i1llumination. This func-
tion 1s plotted in FIG. 5.

It can be seen that the peak narrows as the numerical
aperture increases, up to the limit of the experiment. The
data demonstrate that, from the standpoint of minimizing the
apparent surface mottling of rough copper surfaces, it 1s
desirable to have the highest possible numerical aperture of

illumination, that numerical aperture exceeding at least 0.7
NA, and preferable exceeding 0.8 NA.

It should also be understood that, while FIGS. 2 and 3
show cross-sections in which illumination 1s shown as being
uniform 1n one particular cross-sectional plane, 1t 1s desir-
able to hav uniformity in all directions about the object. If
this were not done, for example, a small area of surface
which was tilted 40 degrees from the normal 1n a northerly
direction would have a different apparent brightness from an
clemental surface areca tilted 1n an easterly direction.

The general rule that emerges from the experiments 1s that
every part of the sky must, to the greatest extent possible, be
uniformly filled with light, in order to minimize apparent
mofttling of rough surfaces.

There 1s an advantage of quasi-Lambertian 1llumination in
addition to the advantage of mottling reduction, which 1s that
such 1llumination 1improves the ability of an optical 1nspec-
tion system to find the bottom edges of conductive lines.
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Returning to FIG. 2, note that edge 7 of the conductor line
1s sloped at an angle to the vertical, so that the line has
orcater width at the bottom than at the top. A common
inspection requirement 1s to determine the gap between
adjacent conductors at the bottom since 1t 1s at their closest
distance of approach that conductors are most likely to be
short-circuited. A brightfield 1lluminator will typically cause
an edge like 7 to appear dark, and indistinguishable from the

substrate material, because edge 7 will not reflect brightfield
rays back into the viewing lens. It 1s therefore a tendency of
brightfield 1lluminators to cause conductor widths to be
measured at the top (since only the top of the conductor can
be seen). It can be demonstrated that for many of the varying
cdge profiles that are seen on pwb’s, the use of quasi-
Lambertian illumination 1s helptul 1in providing rays that
make conductor edges visible, so that conductor widths and
spacings can be measured at the bottom of the conductor
profiile.

A general requirement for the 1lluminator 1s that the light
intensity 1n the optical field-of-view be substantially uniform
along the length (Y direction) of the TDI sensor. However,
it need not be uniform i1n the X direction, the direction of
motion of the stage (perpendicular to the long axis of the
TDI sensor). This 1s due to the integrating property of the
TDI sensor 1n that direction. This property allows the light
to have any intensity proiile in the X-direction, so long as the
integrated total energy across the sensor field-of-view 1is
uniform along the length of the field-of-view. This makes the
construction of an illuminator for a TDI sensor much casier
than for a convnetional area sensor that requires substan-
fially constant light in both axes. This integrating property
even makes the system tolerant of pixel-blocking dust
particles on the face of the sensor. Their effect 1s simply
integrated out by the TDI sensor.

a. Focussed quasi-Lambertian 1llumination

A disadvantage of most forms of diffuse 1llumination, and
in particular of most 1maginable realizations of quasi-
Lambertian 1llumination, 1s that they are very wasteful of
light.

In the design of a high-speed optical inspection machine,
system performance i1s often limited by the amount of
available light. If quasi-Lambertian 1llumination 1s achieved
at the expense of great waste of light, it may be necessary to
slow the machine down in order to maintain an adequate
signal to noise ratio.

The essential feature of the present invention 1s that it
provides focussing elements, 1n at least one axis, so as to
achieve quasi-Lambertian illumination within the limited
arca that 1s to be viewed by a sensor, while minimizing the
wastage of light to illuminate non-viewed areas.

It will also be seen below that the inclusion of an
illumination-controlling slit to limit the quasi-Lambertian
illumination further improves the signal-to-noise ratio by
suppressing noise as well as by enhancing signal. This 1s a
second advantage of the present invention.

It will further appear below that the particular embodi-
ments of our invention that are designed to work with
oenerally-linear detector arrays achieve efficient focussed
high-NA illumination over a very long field of view.

While the basic mvention 1s the provision of focussed
quasi-Lambertian illumination, there are additional design
principles that should be incorporated in the design to
optimize the usefulness of the inspection system of the
present invention. In the design of optical illuminatior 20 of
the present mvention the viewing lens has an NA of 0.06,
and the 1llumination NA 1s approximately 0.9.
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It 1s well known that, 1n conformance with the second law
of thermodynamics, no illumination optical system can
achieve an apparent brightness greater than that of the light
emitting source. In practical terms, this means that 1f the
light source used 1n a certain system has a surface area of ten
square 1nches, then the most efficient possible design of
illumination optics will deliver all of the ematted light to an
arca of ten square inches, and most 1lluminators actually

achievable will spread the light over a larger area than ten
square 1nches. It may therefore be concluded that, for
maximal efficiency in design of a quasi-Lambertian
illuminator, the light source must be of dimension compa-
rable to or smaller than the area to be 1lluminated.

A second requirement, in the design of an efficient quasi-
Lambertian illuminator, 1s that focussing means must be
provided, 1n at least one axis, so that light rays which
naturally diverge from the source will be reconverged
toward the object being 1lluminated.

A third requirement 1s that the combination of whatever
focussing and non-focussing optical elements are provided
in the 1lluminator should ensure that the sky above the object
appears substantially uniform from all angles above the
object, and not just 1n one cross-section. An example of the
application of this principle will appear 1n the discussion
below of the particular mmcandescent-lamp 1mplementation
of a focussed quasi-Lambertian illuminator.

In the 1lluminator of the present invention, the focussing
optical elements are elliptical cylinder segments which
provide convergence in only one plane (see mirrors 901,902,
and 903, in FIG. 6). Flat end mirrors 1102 and 1103 (FIG.
7) are perpendicular to the lamp filaments (907a, 908a, and
909a) and the to axes of the elliptical cylinder segments of
mirrors 901, 902 and 903, these end mirrors provide mul-
tiple reflections of the ellipses and lamps creating the
equivalent of very long lamps and elliptical reflectors when
viewed from the pwb target. Thus the combimation of end
mirrors (1102 and 1103) and cylindrical focussing mirrors
(901, 902 and 903) has the effect of causing the object to see

a uniform sky 1n all directions.

In the design of the focussed quasi-Lambertian 1llumina-
tor for 1nspection of surfaces, a design principle is to trace
rays from the workpiece back toward the filament that emits
the 1llumination. Taking into account the tolerances of
system manufacture, 1t should be ensured that every such ray
eventually strikes the region occupied by the filament, and
that the net loss incurred by the ray due to surface reflections
should not exceed 20% and preferably should not exceed

10%.

What 1s unexpected i1n the illuminator of the present
invention 1s that 1t achieves efficient focussed high-NA
illumination over a very large linear field, by providing
cifficient optical coupling to a generally-linear light source. It
1s also unexpected that the present invention illuminator
provides substantially-uniform high-NA illumination in both
axes, said 1llumination being focussed 1n at least one axis,
without requiring the 1llumination to pass through the same
lens that 1s used to form an 1mage on an 1mage sensor. This
achievement optimizes the design to reduce the cost of the
sensor lens.

b. Removable slit to improve signal to noise ratio

When illumination of very high numerical apertures 1s
used to 1nspect pwb’s, a surprising phenomenon occurs,

which must be overcome 1f high-angle i1llumination 1s to be
used. This phenomenon 1s 1llustrated by FIGS. 8 and 9.

Begin by imagining FIG. 8 with slit assembly 607 absent.
A focussed quasi-Lambertian 1llumination system provides
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rays of light at many angles. The 1llumination strikes region
602 which 1s viewed by the optical sensor, and also, because
of 1mperfections 1 the illuminator, strikes arcas outside
region 602. The excess 1llumination area 1s made as small as
possible, 1n order to conserve light, but 1t 1s 1mpossible to
force all the light to strike within region 602.

Light rays 604, 605, and 606 arc selected examples of the
many rays whicih are present in the system. Ray 604 is
shown striking a portion of conductor 603 and reflecting at
such an angle that 1t will contribute to forming an 1image of
the conductor. Ray 6035 strikes the fiberglass substrate,
diffuses randomly through the substrate material, and
emerges at a poimnt within viewed region 602, where 1t will
contribute to the apparent brightness of the substrate at the
emergence point. Ray 606 strikes the substrate at a point
outside the viewed region 602, and diffuses into the viewed
region before it emerges, so that ray 606 also contributes to

the apparent brightness of the substrate 1n the viewed region
602.

The usual mode of viewing a pattern of copper conductors
on a fiberglass substrate is to rely on the fact that the
apparent brightness of copper exceeds the apparent bright-
ness of the fiberglass substrate. Consider now the effect on
copper/fiberglass contrast of 1mncreasing the numerical aper-
ture of 1llumination. When the NA 1s low, certain regions of
the copper, which happen to be nearly level, will appear to
be bright. Regions which are tilted away from level will
appear dark. Thus the histogram of copper reflectivity, as
seen 1n FIG. 9, condition 1, will be broad.

Under this same low-NA illumination condition, a large
fraction of the light rays entering the fiberglass substrate will
emerge at angles such that they escape from the optical
system. A random sample of these rays, after diffusion, will
emerge 1n such a position and at such an angle that they can
be seen. Because of the multiple refractions undergone by
every light ray as 1t travels 1n the substrate, light intensities
will be throughly randomized, and the general brightness of
the substrate will seem rather uniform. Because at least half
the diffusing rays randomly pass toward the back side of the
substrate rather than the viewed side, and because some of
the rays are absorbed without ever emerging from the
substrate material, the substrate generally appears to be
darker than the copper. The unifomity and darkness of the
substrate appear in FIG. 9 condition 1 as the narrowness and
small average brightness value of the histogram peak cor-
responding to the substrate material.

Now consider how the situation changes as the numerical
aperture of the 1llumination system 1s increased. The copper
arcas which were 1nitially bright do not greatly change 1n
brightness, because the added high-angle rays, when they
strike these nearly-level areas, are retlected out of the optical
system. Copper areas which were 1nitially dark will tend to
increase 1n brightness, as has been previously explained. The
net effect 1s to reduce mottling, but not greatly to increase the
level of the peak brightness seen from copper arcas. The
cifect on the Condition 2 histogram 1s that the copper peak
ogets narrower, but not much further to the right on the
brightness axis.

The effect on the diffusive substrate material 1s different.
Because of the diffusive action of the substrate, any ray that
enters the material has an approximately constant chance of
emerging at such an angle as to be seen by the optical
system. As the range of provided illumination angles is
increased, the total amount of light entering the substrate is
increased, and the observed brightness increases 1n propor-
tion. This situation 1s exacerbated by rays such as ray 606,
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which strike the substrate outside the viewing area, so that
they can contribute nothing to the apparent brightness of
conductors, but because of diffusion, they can increase the
undesirable apparent brightness of the substrate.

The net effect of increasing greatly the numerical aperture
of 1llumination 1s a histogram such as that shown 1n FIG. 9,
condition 2, where the substrate peak overlaps the copper
peak. The brightest points on the substrate, 1n other words,
look brighter than the dimmest points on the copper. The
computer can no longer distinguish unambiguously between
copper and substrate. We have narrowed the copper peak in
the histogram, which 1s desirable, but have introduced
another highly-undesirable etfect.

A solution to this phenomenon 1s the addition of means to
restrict the 1llumination to a narrow region on the substrate,
thereby eliminating rays such as ray 606, which have only
undesirable effects. The slit assembly 607 shown 1n FIG. 8
1s one such means. 1 one experiment with 0.9 NA
illumination, it was found that by changing from a 1.6 mm
slit to a 0.8 mm slit, there was a change from an unaccept-

able Condition 2 histogram, to a desirable histogram such as
that in FIG. 9, condition 3.

c. White Light Source, with spectral selection {filter

In designing an optical inspection machine for pwbs, 1t 1s
desirable to be able to vary the color of light seen by the
sensor, 1n order to optimize contrast in particular inspection
applications. For example, it 1s sometimes desirable to
inspect patterned photoresist on copper, prior to the etching
of the copper. If defects are found 1n the photoresist pattern,
the resist can be stripped and replaced, without wasting the
substrate. Photoresist 1s supplied in several colors, and
successtul mspection requires selection of inspection light
wavelengths that will optimize contrast between the resist
and the copper.

For example, FIG. 10 shows the transmission spectrum of
Dupont Riston (TM) 215 R, a commercially available red
photoresist material. By restricting the inspection wave-
lengths to a range between 500 and 575 nm, we can make
the resist appear to be dark, while the copper will be bright;
the reflectivity of copper varies from about 63% at 500 nm

to about 80% at 575 nm.

In order for an optical mspection machine to exhibit
maximum flexibility in the mnspection of pwbs, the following
items are suggested:

a. Interchangeable color filter (915, FIG. 6), permitting
selection of different filters to optimize the 1nspection of
different materials.

b. A light source which has available substantial energy
throughout a wide spectral region, such as 500 to 700 nm.

c. An 1mage sensor which 1s responsive throughout the entire
useful spectralband of the light source.

d. Auxiliary enhancing means for improved signal to noise
rat1o, that enable the machine to run at high speed despite
the loss of signal level entailed 1n use of a narrow-band
filter, for example, a TDI sensor, a light source whose
physical size 1s similar to the size of the region viewed by
our photosensor, and a focussed-light 1lluminator. These
features jointly suffice to permit 100 Mpixel/sec. opera-
tion even with a filter mnstalled that permits only 500 to
575 nm radiation to reach the sensor.

It 1s not new to provide a filtered light source. For
example, the Optrotech Vision 1035 provides interchangeable
filters. Comparing the machine of the present invention to
that one, however, we sce that Optrotech has needed to
employ a high-efficiency sodium arc lamp in order to get
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enough light to keep their machine working even at 10
Mpixel/s. This lamp does not provide substantial radiation 1n
the wavelength range below about 550 nm. The present
invention 1s able to use less efficient lamps (tungsten-
halogen), which do provide a useful amount of energy to 500
nm, because of the provision of various above-cited tech-
niques that enhance the efficiency with which available light
1s used. What 1s new 1s the combination of a filtered
broad-band light source with the efficency-enhancing fea-
tures that make such a light source usable for high-speed
inspection.

The use of a 64 row TDI sensor with an efficiency of 64

times that of a normal sensor 1s what allows the use of
tungsten-halogen lamps (907, 908 and 909 FIG. 6).

d. Implementations with multiple linear tungsten-
filament lamps

FIGS. 6, 7 and 11 show one embodiment of the design of
the present invention. The light sources 1n this 1lluminator
are three linear-filament tungsten-halogen lamps 907, 908
and 909. Each lamp has a filament (907a, 908a and 909a
respectively, located approximately centrally in a tubular
glass envelope). Each lamp filament is imaged in the inspec-
fion areca 912. Filament 908a 1s imaged by elliptical mirror
901, filament 909 by elliptical mirror 902, and filament 907a

by the combination of elliptical mirror 903 and beamsplitter

904.

The filament of lamp 909 lies at the first focus of elliptical
reflector 909 and the linear 1lluminated area 912 lies at the
second focus of the same ellipse. Thus, due to the well-
known imaging properties of an ellipse, light emanating,
from filament 909 that strikes retlector 902 1s focussed 1n a
line along areca 912. The imaging of filament 910 by reflector
901 corresponds exactly to the imaging of filament 909 by
reflector 902. Similarly filament 907 lies at the first focus of
the upper elliptical reflector 903 and area 912 lies at the
second focus of reflector 903 as reflected from beamsplitter

904.

Any generally-linear light source may be used with the
described optical system. One alternative 1s to use capillary
arc gas discharge lamps.

The 1nspection area 912 1s viewed, through beamsplitter
904, by lelns 906, whose function 1s to form the image of
area 912 on a photo sensor (not shown) through sensor lens
system 906. For best efliciency, the sensor will be of the TDI
type as discussed below. Slit assembly 910 1s provided, as
has been explained above, to 1improve the contrast between
copper and fiberglass material. End mirrors 1102 and 1103
(visibel in the exploded view of FIG. 7) are so positioned as
to make the lamp filaments appear to be of infinite extent.
Because of these mirrors, skew rays such as ray 1101 in FIG.
7) find their way to observation region 912 by undergoing

one or more reflection from the end mirrors enroute to region
912.

The presence of the end mirrors 1102 and 1103 1s respon-
sible for the fact that this illuminator delivers substantially
uniform illumination not only 1n the cross-sectional plane of
FIGS. 6 and 11, but also in the perpendicular plane and all
intermediate planes. This 1s necessary 1f we are to have
ciiective quasi-Lambertian 1llumination. An 1maginary
observer stationed on the observation region 912 and look-
ing up 1nto the sky, would see the surface of a lamp filament
in any direction he looked, out to an angle of 0, from the
surface normal. FIG. 11 shows that limiting angle 0, 1is
established by the edges of mirrors 901 and 902 1n the plane
of FIG. 11. FIG. 7 shows that limiting angle 0 1s established
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in the orthogonal plane by the lower edges 1104 and 1105 of
end mirrors 1102 and 1103.

The relationship between angles 0, and 0, 1s also impor-
tant. 0, 1s the angle from the surface normal whthin which
sensor lens 906 collects light. This angle will typically range
up to about 5.74 degrees (0.1 NA), or perhaps somewhat
larger. Angle 0, 1s from the normal to the inner edge of
mirrors 902 and 901. 0, 1s greater than 0., so that the inner
mirror edges do not obstruct the light rays travelling from
the observation region 912 to the viewing lens 906. Angle 0.,
angle from the surface normal to the outside edges of the
mirrors, establishes the extent to which the 1illuminator
approximates a full uniform sky. In the current design, this
angle 1s approximately 70°, which corresponds to a numeri-
cal aperture of 0.94.

[llumination rays such as ray 916, (FIG. 11) which are
reflected so as to pass through the lamp envelope on their
way from the mirror to the obsevation area, may be some-
what deflected by the envelope, and their intensity will be
somewhat reduced because of the partial reflections that
occur at each glass/air interface. It 1s therefore a feature of
the preferred embodiment of the invention that the lamp
filaments are positioned at an azimuth close to extreme
illumination angle 0,. Thus the distorting and intensity
reducing effects of the glass envelope are concentrated in the
extreme-angle rays. Experience has shown that these rays
are less important 1n reducing apparent mottling of rough
surfaces than are rays that strike the object closer to normal
incidence.

The focussing action of the elliptical mirrors causes this
system to be much more efficient than an i1lluminator not
having focussing. Putting aside the losses caused by imper-
fect mirror and beamsplitter reflectivity, and 1llumination
imperfections caused by non-straight lamp filaments, the
brightness experienced by our 1maginary observer 1s the
same as 1f the entire sky above him were filled waith
white-hot tungsten, at a color temperature which may exceed

3100 K.

The arrangement of three uniaxially-focussing mirrors
and a beamsplitter, in combination with generally linear
light sources and end mirrors which make those light
sources appear to be of infinite extent, 1s believed to be
Innovative.

It 1s also believed to be innovative to have an arrangement
of umaxially focussing 1lluminators and linear light sources,
in which the sky 1s divided into two portions as follows:
there 1s an outer portion of the sky 1n which the mirrors may
be fully reflective, and an inner portion in which at least one
partially-transmissive object, such as beamsplitter 904, 1s
required 1 order for a viewing lens to view the object
through the 1lluminator.

There 1s a temptation to use the nomenclature of micro-
scope 1lluminators, to describe the 1lluminator of the present
invention as comprising a “brightfield” portion, which pro-
vides rays generally within an inner viewing cone, and a
“darkfield” portion which provides rays outside that cone.
This 1s not strictly correct, as may be seen 1n FIG. 7. In the
direction along the long axis of line-like observation region
921, the upper lamp and mirror system provide both rays at
angles 1nside viewing cone 917, and other rays that lie far
outside cone 917. Thus the upper illuminator 907 shares
some brightfield and some darkfield characteristics.

A variation of the design of the present invention that is
uselul 1n some circumstances 1s an arrangement 1n which the
sky 1s 1n fact partitioned into true brightfield and darkfield
sections. To do this (FIG. 12) the beamsplitter 904 is placed
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above lens 906', so as to provide brightfield 1llumination
through the lens. Mirrors 901' and 902' extend and intersect
in the middle, with an open circular region 918 of angular
extent O,, so that they provide wideangle darkfield
illumination, 1 all regions not 1lluminated by lens 906'.

An advantage of the optical arrangement of FIG. 6 1n
which the beamsplitter 904 1s below the sensor lens 906, 1s
that there 1s no opportunity for stray light to be reflected
from the lens back into the sensor. Because of the very high
levels of 1llumination used 1n high-speed inspection systems,
suppression of such stray light 1s important.

It 1s desirable for the reflective surfaces in the 1lluminator
to have wavelength-dependent properties. Each tungsten
lamp filament emits a wide range of wavelengths, primarily
in the visible and infrared, but only a selected portion of the
spectrum, typically 1n the 500 to 700 nm range, 1s useful. To
the extent that other wavelengths are reflected, and focussed
on the observation region 912, they will contribute to
undesired heating of the pwb.

One approach to wavelength selection 1s to make the
mirrors of glass, and to make the mirror coatings multilayer
dielectric cold mirrors, which are designed to reflect the
wavelengths of interest, and to transmit other wavelengths.
Another approach, suitable 1f the mirror substrates are of
opaque material such as electroformed nickel, 1s to employ
a dark mirror coating. Dark mirror coatings are also multi-
layer coatings, designed to reflect selected wavelengths and
ciiciently couple others into the substrate material, where
they are absorbed.

In either case, it 1s necessary to ensure that the non-
reflected energy 1s elfectively carried away 1n a cooling
airstream (see FIG. 13). In the case of dark mirrors, the
unwanted energy serves to heat the mirror substrates. Air
flowing directly over the substrates will then absorb the heat
and carry 1t away.

In order to minimize the amount of waste energy which
must be transferred to the cooling air stream, i1t may be
desirable to provide the tubular envelopes of the lamps with
dielectric coatings, so designed as to transmit desired visible
wavelengths and reflect at least a portion of the unwanted
longwave radiation back onto the filament. Such lamps are
available, for example, from General Electric, under the
fradename “Watt-miser”.

It may also be desirable to provide auxiliary tubes,
surrounding the lamp envelope, the infrared-rejecting coat-
ing being provided on the auxiliary tube. This approach has
the advantage of allowing lower-cost uncoated lamps to be
used. The relatively expensive lamp coating would reside on
the auxiliary tubes, which do not require periodic replace-
ment.

Because beamsplitter 904 1s partially transmissive, a
beam of waste energy 1s transmitted through the beamsplit-
ter. Ray 920, 1n FIG. 6, 1s the extreme uppermost ray of this
beam. An important design feature 1s that sensor lens 906 1s
placed high enough so that the waste energy beam does not
enter the lens housing. If the beam 920 did enter, 1t would
be likely to bounce around 1nside the housing, giving rise to
stray-light artifacts in the image.

An 1mportant feature of the 1lluminator design shown 1n
FIGS. 6, 7 and 11 1s that beamsplitter 904 1s tilted at a
relatively small angle to the optical axis. A more conven-
tional way to configure a vertical illuminator would be with
the beamsplitter at 45 degrees. In the system of the present
invention, however, 1t 1s necessary for lens 906 of have a
relatively high numerical aperture (up to NA 0.1), and to
exhibit low optical aberrations. Furthermore, the low-
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aberration performance must be maintained over a substan-
tial depth of focus, on the order of £0.002 1nches. It has been
determined that a 1 mm thick beamsplitter tilted at 45°
would contribute so much aberration in the viewing optical
system as to make the required combination of resolution
and depth of focus unattainable, even with a perfect lens.

A tilted glass plate contributes less aberration as the angle
of tilt 1s reduced. It has therefore been found advantageous
to make the angle as small as possible, consistent with other
design constraints. This led to a choice of tilt of about 20°.

Even if the glass plate could be completely untilted, there
would remain some spherical aberration, but this 1s not a
serious problem, as 1t can be corrected by the proper design
of the lens 906. The astigmatism resulting from tilting the
plate cannot easily be corrected in the lens design (partial
correction by means of tilted lens elements might be
possible, but it would be expensive), so tilt must be mini-
mized.

As will be discussed further below, it 1s advantageous to
provide a flow of cooling air through the 1lluminator, to carry
off heat generated by the lamps and to suppress Schlieren
ciiects 1n the viewing optical path. Window 9035 serves to
coniine the air flow and to keep dust off beamsplitter 904
while permitting lens 906 to see observation region 912.

An 1mportant feature of slit assembly 910 1s that 1t 1s
removable and that 1t floats on an integral air bearing above
the surface being inspected, independent of the housing of
the 1lluminator. In the mspection of some kinds of pwb’s,
such as multilayer boards with a large amount of warpage,
the surface being inspected may move up and down over a
distance greater than the optical depth of field as the board
1s scanned beneath the optical inspection head. The mspec-
tion machine contains a focussing mechanism that is
designed to move the optical head up and down to follow the
motion of the board.

FIGS. 15a and 15b illustrate the slit assembly 910 of the
present mnvention with its integral air bearing. Slit 922 runs
the length of the assembly and when the assembly 1is
installed beneath illuminator 20, slit 922 1s substantially as
long as the optical field of view parallel to the filament of
lamps 907-910. Slit assembly 910 also defines, parallel to
slit 922, air channels 924 which connect to a 60 psi air
supply (not shown) to apply positive air flow thereto.
Extending through the bottom surface of slit assembly 910
and connected to one of air channels 924 are selectively
spaced air outlet orifices 926. Thus, as a result of the size,
spacing and number of ducts 926, and the air pressure
applied to channels 924, slit assembly 910 will float closely
above the surface of the item 911 to be inspected. If the air
pressure 1s maintained constant, then the spacing between
the 1spection surface 911 and the slit assembly 910 will
remain substantially constant.

FIGS. 13 and 14 1llustrate a suitable air flow system 22 for
removing heat and Schlieren effects from the illuminator
assembly 20. A typical 1lluminator 20 may dissipate on the
order of 3 kilowatts of heat, which may require an air flow
of approximately 300 cubic feet per minute (cfm) to remove
the heat without an unacceptable temperature rise of the

exhaust air. The cooling system 22 comprises blower 1301,
air filter 1302, inlet air duct 1303, low-directing bafiles such
as 1407 1408 and exhaust ducts 1304.

Vanes 1407 and 1408 serve to duct the air downward
through the optical path. They lie just outside and parallel to
the extreme rays from the object to the viewing lens 906.
Note that they project slightly below the elliptical reflectors
901 and 902. An observer on the 1lluminated line would see
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only the edges of vanes 1407 and 1408, because the planes
of these vanes, lie along the lines of sight originating at the
center of the field-of-view. This minimizes the amount of
sky that 1s dark due to their presence. The air flow ducted by
these vanes serves to sweep the hot turbulent air from the
optical path to minimize thermal gradients along the path of
the viewing optics and thus minimize Schlieren eifects.
(Schlieren effects are the refraction of light rays due to
thermally induced variations in the index of refraction of the
air through which the light passes.)

One feature of the design of the cooling system is that the
airflow path 1s sufficiently airtight to avoid significant dis-
charge of warm air inside the machine. The warm air 1s
ducted outside the machine, so that 1t does not contribute to
inaccuracies 1n the performance of the imaging optical
system.

Another requirement in the design of the cooling system
1s that the lamp envelopes must not be overcooled. It 1s
known that for long operating life of a tungsten-halogen
lamp, the wall temperature of the lamp should not be
allowed to fall below about 250° C. when the filament is at
full operating temperature. If the wall does cool below this
level, there occurs suppression of the chemical cycle that
moves deposited tungsten from the lamp wall back to the
filament. The results are that the lamp wall turns black and
the filament tends to burn through.

The duct pattern shown in FIGS. 13 and 14 was empiri-
cally developed to meet this bulb temperature requirement,
while simultaneously meeting the Schlieren suppression
requirement.

An alternative arrangement for meeting the bulb tempera-
ture requirement 1s to surrund the bulb envelope with an
auxiliary glass tube, such as the infrared-reflecting auxiliary
tube discussed above. The presence of this tube protects the
lamp envelope from direct impact of air flow, so that air flow
velocity can be made significantly higher withou unduly
lowering the temperature of the lamp envelope.

A system design feature necessary for the effective use of
illuminator 20 1s apparatus to balance the light intensity
produced by each of the three lamps. In order to optimally
suppress mottling effects on rough surfaces, all parts of the
sky above the observation area should be of approximately
uniform brightness. One way to achieve this brightness 1s to
place a uniform diffusely-scattering sample in the observa-
fion region, operate the lamps one at a time, and adjust the
lamp amplitudes so that the peak brightness seen 1n each
case reaches a predetermined value.

e. Incoherent Fluorescent Illuminator

This 1s a second embodiment of the present invention.

The discussion above has centered on the use of focussed
quasi-Lambertian illumination to suppress surface mottling
on rough-surfaced materials to be optically inspected. An
alternative way to accomplish this end is to illuminate the
pwb with short-wave radiation, for example 1n the range
from 400 to 500 nm, and to view the longer-wave radiation
which may result from fluorescence stimulated by the short-
wave radiation.

Many types of pwb substrate material will fluoresce to
some extent, while clean metallic conductor surfaces will
not, so such a scheme produces high-contrast 1mages in
which the conductors appear black and the substrate material
appears bright. Because the conductors are black, their
surface mottling disappears. In some cases, it 1s practical to
enhance greatly the fluorescence efficiency of the substrate,
thus improving signal-to-noise ratio, by adding a fluorescent
dye to the substrate.
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Optical inspection systems utilizing this principle are
known. Lincoln Laser Corporation sells a fluorescence-
based pwb inspection machine in which the stimulating
radiation 1s provided by a scanning 442 nm beam from a

helium-cadmium laser. Such a machine has been described
m U.S. Pat. No. 4,556,903, 1ssued Dec. 3, 1985 to Frank H.

Blitchington and David B. Haught.

The use of a laser to stimulate fluorescence has several
disadvantage, which could be overcome 1f 1t were possible
to use 1ncoherent 1llumination as the stimulant. Among the
advantages of incoherent 1llumination are:

a. Incoherent light sources are less expensive, expecially
when compared on the basis of cost per watt of delivered
light, than are laser sources.

b. Imaging systems based on incoherent illumination and
solid state detector arrays can more economically be made
to have high accuracy 1n locating features than can a laser
scanner, because of all the sources of 1naccuracy associ-
ated with the moving parts, such as rotating polygonal
mirrors, that are commonly used in laser scanners.

c. It 1s easier to achieve wavelength flexibility 1n an 1nco-
herent 1lluminator, than 1in a laser illuminator. This 1s
desirable because different materials will respond opti-
mally to different stimulating wavelengths.

The ditficulty 1in applying incoherent 1llumination to fluo-
rescent pwb 1nspection has been that there has seemed to be
too little light available for high-speed inspection. The
laser-based systems have the advantage that all of the
relatively weak light output of the laser (about 10 mW) can
be concentrated on a very small spot (as small as a fraction
of a mil in diameter), and a large fraction of the fluorescent
light emitted by that spot can be collected by large-aperture
detector optics. Light from a high-pressure short arc lamp
(the brightest readily available incoherent light source)
cannot 1n principle be concentrated on an area smaller than
the surface area of the arc (practical systems, in fact, can
only concentrate light on much larger areas than that of the
arc surface), and the aperture of the imaging lens collecting
the fluorescent light must typically be small enough that 1%
or less of the fluorescent radiation will be delivered to the
SENSOr array.

The applicants have recognized that the potential advan-
tages of the incoherent fluorescence system can be realized,
by combining an incoherent fluorescent source with one or
more of a group of efliciency-enhancing devices.

The first such device 1s a Time-Delay Integration sensor
(TDI sensor), whose application to automatic optical inspec-
tfion 1s discussed below. One way to think of the benefit of
the TDI sensor 1s to recognize that it effectively collects light
from an area many times the width of the resolvable pixels
(at least 64 pixel widths). Thus, if all the light from a
fluorescence-stimulating source can be concentrated in an
arca 64 times the width of a pixel, the effect will be as good
as 1f all that light were concentrated in one pixel width for
a conventional linear array sensor. This does a lot to over-
come the difficulty of focussing mcoherent light on a small
area.

Another efficiency-enchancing means 1s a concentrated-
illumination system, such as that described above.

FIGS. 16a and 16b illustrate a first embodiment of a
fluorescence 1illuminator made i1n accordance with the
present 1nvention. This embodiment incorporates a
concentrated-i1llumination system adapted for use with a
substantially-linear viewing region, and may also incorpo-
rate a TDI sensor. FIG. 16a 1s a medial cross-section and
FIG. 16b 1s a perspective view of the i1lluminator.

Region 1501 is the line to be 1lluminated on the object to
be 1nspected. If a TDI sensor 1s being used, this region will
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be on the order of 2000 pixels long and 64 pixels wide,
where a pixel may be 0.001 inches or less, depending on the
resolution which 1s desired. Short-wavelength light 1s
brought 1nto the illuminator by fiber optic bundles 1502 and
1503, whose exit ends are narrow 1n the view seen 1 FIG.
16a (e.g. about 0.005 inches in height), and as wide as the
viewing line 1501 in the direction perpendicular to the
section of FIG. 16a.

Mirror 1504 1s a section of an elliptical cylinder, with foci
at line 1501 and at the exit end of fiber bundle 1503. Mirror
1504 may be approximated by a section of a circular
cylinder, approximating closely to the specified ellipse.
Similarly, mirror 1505 1s a section of an elliptical cylinder
having foci on the exit end of bundle 1502 and line 1501,
and this mirror also may be a segment of a circular cylinder
approximating the optimal ellipse.

Lens 1506 i1s the viewing lens, which focuses a
fluorescent-light image of line 1501 on the sensor (not
shown). This sensor may be an ordinary solid-state linear
diode array sensor, or it may be a TDI sensor.

Filter 1512 1s a filter that blocks any short wavelength
light from source 1511 that may be scattered off the substrate
directly into the lens 1506, and passes the visible light
resulting from fluorescence of the substrate.

As shown 1n FIG. 16b, the fiber optic bundles 1502 and
1503 and reshaped along their lengths, so that their entrance
ends 1509 and 1510 are approximately circular. This makes
it convenient to illuminate the entrance ends of the fibers
ciiciently with light gathered from a short-wave light
source, such as 365 nm radiation from a high-pressure
mercury arc. Because the details of construction of efficient
illuminators to produce circular spots of light are well
known, this part of the system has not been 1illustrated in
detail, but 1s represented as block 1511.

It 1s important 1n the design of this ystem that a very large
fraction of the light leaving the exit ends of the fiber bundles
1502 and 1503 be delivered to the region that will be 1maged
on the detector. A first requirement, 1f this goal 1s to be
achieved, 1s that the length of the arc of mirrors 1504 and
1505 be well-matched to the divergence angle of rays
leaving the fiber bundles (see FIG. 16a), so that substantially
all of the rays leaving the bundles are captured by these
mirrors and converged toward line 1501. Since the diverence
angle of rays leaving the fiber bundles will be substantially
equal to the convergence angles of the entering rays, this
requirement 1s met by proper matching of the optical design
of light source 1511 to the angular extent of mirrors 1504
and 1505.

A second requirement 1n the design of the fluorescence
illuminators of FIGS. 16a and 16b 1s that the width of the
illuminated line 1501 not be substantially larger than the
region viewed by the detector. This, 1n turn, requires that the
height of the exit end of fiber optic bundles 1502 and 1503
be significantly smaller than the width of region 1501. This
in turn 1mplies a restriction on the diameter of endtrance
ends 1509 and 1510 of the fiber bundles.

Now 1t 1s well known that an efficiently designed light
source will be characterized by a certain etendue, which 1s
the product of the area of the region illuminated and the
square of the numerical aperture of the converging 1llumi-
nation beam. If all the available light from a fiber arc lamp
illuminator 1s to be collected, the designer has the freedom
to 1lluminate a larger fiber bundle at a small NA or a smaller
bundle at a larce NA, but he may not arbitrarily choose both
arca and NA. Since the width of region 1501 has implied a
specification of the area to be illuminated, the NA of the light
entering the fiber bundles 1s determined. Because light will
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diverge at the same angle when 1t leaves the fiber bundles,
this implies a requirement on the angular extent of mirror
arcs 1504 and 1505. These arcs must be long enough so that,
even with the restriction on the exit heights of bundles 1502

and 1503, substantially all of the light delivered by source
1511 can be delivered to region 1501.

It will usually be true that light emerging from the end of
cach optical fiber constituting bundles 1502 and 1503 will
divege approximately conically. If the bundles are made
approximately the same width as the length of the line to be
illuminated, which 1s desirable for efficiency and uniformaity
of 1llumination, then the fibers near the ends of region 1501
will radiate a significant portion of their output 1n directions
that would carry the rays focussed by mirrors 1504 and 1505
into areas beyond region 1501. For this reason, we provide
end mirrors 1507 and 1508, to redirect such rays back
toward region 1501. It will be clear to those skilled in optical
design that the effect of mirrors 1507 and 1508 1s to capture
substantially all radiation originating from bundles 1502 and
1503 and direct 1t toward region 1501 where 1t will be usetul.

A second embodiment of the fluorescence i1lluminator of
the present invention 1s 1llustrated schematically 1n FIG. 17.
This embodiment 1s also adapted to provide efficient 1llu-
mination of a substantially linear region 1601. It differs from
the FIG. 16 system primarily in that a cylindrical lens 1604
has been used 1n place of mirrors 1504 and 1505. Light is
brought to the system from a shortwave light source (not
shown) by a single fiber bundle 1602 having an exit shape
which, like that of bundles 1502 and 1503, 1s short in the
plane of the shown cross section but of a width 1n the
perpendicular direction that 1s approximately equal to the
length of immuminated region 1601.

Beamsplitter 1612 1s dichroic, which 1s to say that it 1s
designed to be nearly 100% reflective at the short wave-
lengths used to stimulate fluorescence, and nearly 100%
transmissive at the longer wavelengths of the fluorescent
light that 1s to be viewed.

Lens 1606 forms an 1image of region 1601 on a sensor, not
shown, which may be a TDI sensor.

The requirement for etendue matching affects the size of
lens 1604 1n the same manner as 1t affected the size of
mirrors 1504 and 1505.

End mirrors (not shown) are provided in the system of
FIG. 17, for the same reason that they are provided in FIGS.
16a and 16b.

Combination illuminators

The 1lluminator shown 1 FIG. 6 can be modified to
operate 1n either fluorescence or visible mode. This 1s done
as shown m FIG. 17b. The locations and nature of all
components within this 1lluminator 1s essentially identical to
the visible light illuminator shown 1n FIG. 6. The changes
are as follows:

A1r cooled incandescent lamps 908 and 909 are replaced
with water cooled mercury capillary arc lamps 1601 and
1602, and removable filters 913 and 914 are added. In

addition, beamsplitter 904 1s made removable.

Filters 913 and 914 are inserted to block the visible light

from lamps 1601 and 1602, allowing only the short wave-
length light (less than 500 nm) to strike the substrate. When
this illuminator 1s operating in fluorescence mode, lamp 907

1s off, and filters 913, 914 and 915 are 1n place.

Filter 915 1s a visible light filter which passes the fluo-

rescent light and blocks the short wavelength light passed by
filters 913 and 914.

When this 1lluminator is operating 1in quasi-Lambertian
visible light mode, filters 913 and 914 are removed or
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exchanged for wvisible light filters, beamsplitter 904 1is
inserted, and lamp 907 is turned on.

This 1lluminator allows the mspection of a single substrate
sequentially 1n visible mode and 1n fluorescence mode. The
system then finds a separate set of defects 1n each mode,
cach set of defects containing a certain proportion of “false”

defects, (defects that are seen by the system but are really not
there).

For 1stance, 1 visible mode, “false” defects may result
from deep scratches in the copper or dark oxide patches on
the copper, both of which might be seen as breaks 1n a trace.
Similarly in fluorescence mode, a piece of dust lying across
a trace might fluoresce resulting 1n the machine flagging a

break.

Due to the very different nature of the visible and fluo-
rescent 1imaging processes, the “false” defects generated by
cach 1nspection lie in nearly non-intersecting sets. Thus 1f
the results of the two inspections are put through a logical
operation that does not recognize a defect as real unless it 1s
found by both inspections the greater portion of “false”
defects 1s eliminated leaving nearly all real defects.

o. Black Oxide

The 1lluminator shown 1 FIG. 6 1s well suited for
inspection of bright copper traces. However, 1t 1s incapable
of yielding a high contrast image on printed wiring boards
in which the copper has been covered with an oxide layer,
typically either black or brown.

In that case, the copper 1s nearly unreflective and appears
dark except for an occasional bright spot where the oxide
layer 1s not continuous. In actuality, the substrate (typically
FR-4) appears brighter than the oxide covered copper.

In this variant of the basic invention this tendency of these
substrates to appear brighter than the oxide 1s used to
provide a high contrast image in which the FR4 substrate
appears brighter than the traces.

Referring again to FIG. 9, 1t can be seen that the combi-
nation of high NA illumination and no slit produces quite
bright FR4. The addition of high NA 1llumination does not
appreciably brighten the oxide, so a high contrast 1mage
results 1n which the FR4 1s brighter than the black oxide. To
avold specular reflections from occasional bright points on
the copper (missing oxide) the upper lamp 907 is turned off
and the beamsplitter 904 1s withdrawn. The removal of the
beamsplitter provides an additional factor of two 1n the
eficiency of collection of light from the remaining two
lamps.

Thus the 1lluminator configurement used to mspect oxides
on copper 1s 1dentical to that shown in FIG. 6 except that the
slit 910 and the beamsplitter 904 are removed.

h. Overall Optical System

In FIG. 18 the spatial relationships between the major
clements of the optical system are shown, with a configu-
ration for inspecting two parallel paths on the surface to be
inspected. It should be obvious to those skilled 1n the optics
art that the configuration could be expanded to inspect as
many parallel paths at one time as desired. Throughout the
remainder of the discussion herein for 1lluminator 20 only a
single 1nspection path on the surface being inspected 1is
addressed for simplicity.

In FIG. 18 there 1s shown an optics mounting plate 806 to
which all of the components shown 1n this figure are
mounted except for the slit assembly 910 and 1lluminator 20.
Optics mounting plate 806 1n turn 1s mounted to a fixed,
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relatively vibration free surface (not shown) by means of
parallelogram flexure supports 807 and 808. These constrain
the optics to move only in the vertical (z) direction for
focussing. Similarly, slit assembly 910 1s mounted below
illuminator 20 to the same fixed, relatively vibration free
surface (not shown) by means of flexible support 810. The
slit assembly 1s mounted individually to the surface to
permit 1t to fly on 1ts 1ntegral air bearing above the surface
to be 1mspected moving only 1n a vertical direction.

There 1s a LVDT sensor located between slit 910 and the
optics plate 806 that senses the relative position of the two.
The signal from the LVDT 1s used by a focussing servo that
moves the optics plate 806 to focus the optics.

The illuminator 20 1s also mounted to the same fixed
surface to which the slit and optics plate are mounted. It 1s
mounted via hinge supports 810. The 1lluminator 1s moved
in a vertical direction to adjust for different board thick-
nesses. However, its depth of field 1s sufficient to allow 1t to
remain fixed while a given batch of pwbs 1s mspected.

Beginning at the bottom of FIG. 18, there 1s shown a
double long illuminator 20 having two viewing windows
905 1n 1ts upper plate. Above, and 1n alignment with viewing
windows 905 are sensor lenses 906 and 906'. The 1mage
light path from each of lenses 906 and 906' extends upward
to mirrors 802 and 803, respectively, where the 1image light
path is turned through 45° remaining parallel to optics
mounting plate 806. Each of the image light paths continue
to mirrors 804 and 805, respectively. The upper path is
turned through another 45° so that it 1s now perpendicular
and extending out from mounting plate 806. The lower path
1s turned down and then out perpendicular to the plate. Each
of the 1image light paths then arrive at their respective image
sensor 800 and 801. By each of sensors 800 and 801 the
image 1s converted into electrical signals which are pro-
cessed by 1mage processor 23.

TDI Sensor

A time delay integration (TDI) sensor 1s implemented by
focusing a moving i1mage onto a charge-coupled device
(CCD) light sensing array. The CCD consists of a two-
dimensional array of light-sensitive areas, or photosites.
When photons enter a photosite, electrons are released. The
clectrons migrate to potential energy wells created by clock
lines located on the face of the array. Once charge has
accumulated 1n the photosites, 1t can be moved to adjacent
photosites by changing the voltages on the clock lines.
Repeated cycling of the clock lines moves the charge 1n a
ogrven photosite to a charge to voltage converter where 1t 1s
read out of the sensor as a voltage.

TDI uses the fact that, as charge packets are transferred
from photosite to photosite by cycling clock voltages as
described above, the photosites are still sensitive and pho-
tons entering a new photosite will create electrons that add
to the charge packet located at that photosite at the time. In
TDI the charge packets are moved across the array at the
same speed the 1mage 1s moving across the array so that, as
a feature’s 1mage moves across the array, the charge gener-
ated by that feature 1s adding to the same charge packet. In
cliect, the array acts like a line sensor with an exposure time
that 1s larger by a factor equal to the number of pixels in the
TDI dimension.

The application of TDI to 1nspection 1s attractive because
inspection processes tend to be light limited. The inspection
rate of a line sensor i1s dictated by the signal-to-noise ratio
needed and the amount of light available. Since the signal 1s
proportional to the product of light power and time, 1f the
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light power 1s limited, the only way to get the needed
signal-to-noise ratio 1s to increase the integration time,
which lowers the inspection speed. Due to its pipeline
structure, TDI allows the integration time to be increased
without slowing down inspection. It also allows 1nspection
with dark field illumination and fluorescence i1llumination,
techniques that typically are light limited.

To keep the output rate of the sensor compatible with the
high light collection rate, multiple output taps are used. This
prevents the output data rate for each tap from becoming,
excessive. The particular TDI sensor configuration selected
by the applicants for their application consists of sixteen
secgments as shown 1 FIG. 19. More specifically, the TDI
sensor selected 1s a 64x2048 CCD 1mage sensor having 64
rows 1n the TDI dimension and 2048 columns 1n the MUX
dimension that is run in the time delay integration (TDI)
mode as shown 1n FIG. 20.

In operation the columns shift up or down to serial shift
registers at the top and bottom of the array. “Up” and
“Down” refer to parallel shifts of a row 1n the TDI dimen-
sion. The serial shift registers have 16 taps, one every 128
clements. Each tap has an 8 MHz output data rate. The shaft
register at the top shifts left and the shift register at the
bottom shifts right, looking at the front of the chip as shown
in FIG. 19. Such a sensor uses 4-phase, buried channel, front
illuminated construction. The specifications of the sensor
selected by the applicants 1s as stated above with an indi-
vidual pixel size of 27x27 micrometers; an output sensitivity
of 1 uv/e; a CTE of greater than 0.99995 at a line rate of 60K
lines/sec., a data rate of 8M pixels/sec. at a light level of
500K electrons; the dynamic range at the output being
orecater than 1250:1, saturated signal versus single pixel
RMS noise, measured at 8 MHz clock rate with a mimnimum
sample window of 15 ns; a dark current of less than 1% ot
saturation at 25° C. at an 8 Mhz pixel rate; and a column
response non-uniformity of 10% within each tap and 15%
tap to tap.

Before continuing, several definitions are necessary.
“Dark” and “light” lines are defined in terms of two 1irra-
diation levels, a “light” level L and a “dark™ level D. When
a large area 1s 1rradiated uniformly with level L, the response
of each pixel 1s RL. When a large area is wrradiated uni-
formly with level D, the response of each pixel 1s RD. For
cach of eight cases a line 1s defined as a spatial pattern of
light levels L and D and the response of the pixels is
specified 1n terms of RL and RD. FIGS. 21a through 21;
provide the modulation specifications of the selected TDI
sensor 1n graphical form. In each of these figures the
response of the TDI sensor to different mput 1llumination
patterns are shown. To summarize the modulation
specifications, when a single pixel-wide line 1s 1maged onto
the center row or column, the modulation 1s defined above
(formula in FIG. 21c¢) must be greater than 60%. When it is
imaged onto a boundary between rows or columns, the
modulation must be greater than 40%. Similarly, FIG. 22
shows graphically the minimum acceptable QE (quantum
efficiency) of the selected TDI sensor.

FIG. 23 1s a block diagram of the image pick-up
clectronics, including the TDI sensor 206, which corre-
sponds to the sensor block 24 of FIG. 1. Included 1n the
image pick-up electronics 1s a secondary processor 200 that,
among other operations, generates four data words (Dg; o
D.; s Dpoyens and D ., o) that provide input signals to the
oglobal gain and offset, and the dynamic gain and offset
stages, for each segment of the TDI sensor, as discused
below. Also included 1s a phase locked loop 202, a timing
generator 204 and the TDI sensor 206. For each segment of
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the TDI sensor 206, a separate and 1dentical output circuit 1s
provided of which only one of the 16 1s shown 1n this figure.
Each of those portions of the 1mage pick-up electronics
includes a factor of 2 multiplier 208, sampling switches 210

and 212, capacitors 246 and 248, buifers 214, 216, 220 and
242, adders 218, 222 and 228, multipliers 224 and 226,
DACs 230-236, RAMs 238 and 240, and a flash A/D
converter 244,

Sensor 206 has 16 segments, as discussed above, with a
different output signal from each of those segments. In this
figure the circuit for processing only one of those output
signals 1s shown since each of the sensor output signal
processing circuits are the same. The sensor output signal 1s
first applied to a times two multiplier 208 to boost the signal,
the amplified signal 1s then applied to the two sample and
hold circuits. The upper sample and hold path (elements 210,
214 and 248) samples the signal pixel by pixel to eliminate
clock and reset noise which occurs between pixels. The
lower sample and hold path (elements 212, 216 and 246)
samples a dark reference level which occurs during the line
transfer time between each group of 128 pixels emerging
from the sensor tap. The difference of these two signals 1s
then generated by a differential amplifier (elements 218 and
220) resulting in a video signal which is substantially free of
offset errors due to thermal or other changes in the dark
output level of the sensor. That difference signal i1s then
buffered by buifer 220 and applied to the cascade of adders
222 and 228 between which multipliers 224 and 226 are also
cascaded. These elements together with DACs 230-236 and
RAMs 238 and 240, arec the calibration circuitry. The func-
tion of this portion of the circuit 1s to remove anomalies in
the 1mage due to non-uniform illumination or non-uniform
sensifivity of the sensor and provides a normalized signal at
the output part of adder 228. The variations in the normal-
1zed signal should then only be the result of variations 1n the
object being observed by the inspection system.

The calibration circuits provide correction for the global
and dynamic gain and offset that might be present. The
olobal gain and offset signals are dc signals that provide very
large changes 1n the amplifier in order to accommodate
widely varying objects that are being inspected by the
system. For example, different types of pwbs have highly
varying contrasts between the copper and the substrate or the
photoresist and the substrate. Thus, it necessary to be able to
vary the gain of the amplifier over a wide range 1n order to
accommodate the possibility of inspecting any object that
might be encountered. The 1nput signals to DACs 230 and
232 are generated 1n response to signals from the host CPU
26 (FIG. 1) as 1t initially views the object to be mspected to
insure that there 1s sufficient contrast to perform the inspec-
tion task.

The global calibration circuits provide for large changes
in the gain and offset of all 16 channels simultaneously. This
allows the host CPU to program the calibration circuits to
accommodate a variety of 1nspectable objects whose back-
oround brightness and contrast may vary over wide ranges.
The appropriate global gain and offset calibrations are
determined empirically prior to the start of an inspection and
remain constant during the inspection process.

The dynamic gain and offset circuitry does a pixel by
pixel correction. The range of this circuitry 1s much
restricted when compared to the global correction blocks. It
can correct for up to £20% variation 1n gain or oifset, but 1t
runs at a very high speed since it has to change every pixel.
This 1s the circuitry that corrects for non-uniformities in the
illumination or the response of the sensor 206. The way that
it 1s calibrated 1s with an 1mage of a “black™ reference
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surface and a “white” reference surface that are located on
the X-Y stage 12. Ideallyh the reference images should come
out completely uniform, but they do not because of the
non-uniformities. The host computer looks at what those
responses are and then down loads appropriate corrections to
processor 200 where the previously mentioned “D” signals
are generated and applied to RAMs 238 and 240 to cause the
correction of each of the pixels to the nominal value that
they should have. The signal from buffer 220 1s then
corrected by subtracting the global offset therefrom, divided
by the global gain correction, multiplied by the dynamic
gain correction, and the dynamic offset 1s added thereto. The
corrected signal from adder 228 1s then applied to butiler 242
and then to flash A/D converter 244. The transter function of
the calibration circuits utilized in this application 1s as

follows:

G.L. =44.74 — .100Dpyos + (1)

(19.20 % 10°(80.17 x 107° +
1.578 x 10" *Dpyen)

(Vv — 2.552 % 107" Dgros)/ Daron):

where:

G.L=Gray level out of A/D converter (decimal) 0—63
D yos=Dynamic offset correction (decimal) 0-255
D yea=Dynamic gain correction (decimal) 0255
D.; os=Global offset correction (decimal) 0-255
D, -.~=Global gain correction (decimal) 100-1023

V a»=Analog output of sample and hold circuit (volts)

Each segment of the TDI sensor 206 1s controlled by
phase locked loop circuit 202 via timing generator 204. The
output signals required by the TDI sensor are shown 1n the
timing diagram of FIG. 24. There are basically three classes
of clock signals. There are the phase “C” clocks that shaft
charge 1n the TDI direction, and the phase “A” and “B”
clocks that drive the output shift registers that shift the
signals out of the array after i1t 1s 1maged. Only one of the
phase “A” or “B” clocks are active at any given time. Phase
“C” clocks are free running clocks that are related to each
other as shown in FIG. 24. As charge 1s shifted from the TDI
section of the array, the optically sensitive section of the
array, 1t 1s transferred to one of the two shift registers, the
“A” or the “B” register and it 1s transierred out to each of the
sixteen taps 1n the design of the present invention. The phase
“A” and “B” clocks are the clocks that produce that charge
transter to the output charge to voltage converters. The phase
“A” and “B” clocks are a four phase clock with each signal
shifted sequentially 90° in phase from the previous one, thus
the TDI sensor 1s referred to as a four phase device.

In addition to the phase “A” or “B” clocks that shift
charge out of the array, there 1s also a reset gate clock and
that 1s 1midicated as the phase “RGA” or “RGB” signals for
the “A” and “B” registers, respectively. They are in essence

Pixel
Sy Si1ze
0 6.5 um
1 6.5
2 6.5
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free running clocks that reset the output amplifiers on the
sensor chip between each pixel to know levels. By looking
at the encoder signals in the phase locked loop block 202 the
direction that the X-Y stage 12 1s moving 1n the X direction
can be determined which thus, causes the selection of the
appropriate one of the “A” and “B” registers within sensor
206. The “A” and “B” registers are arranged on either side
of the long axis of the array. The image 1s being moved
across the array synchronously with the way that the signal
charge 1s being moved across. To accommodate both scan
directions 1t 1s necessary to shift charge 1n both directions
therefore output registers are necessary on both sides of the
array with only one of them active at any one time. Thus, the
direction 1n which the substrate 1s being scanned must agree
with that being decoded 1n the phase locked loop 202.

Sensor 206 used in the application of the applicants 1s
2048 pixels long, and since there are sixteen taps on the
array, those taps are placed every 128 pixels. When the
phase “A” and “B” clocks are 1nactive signal charge 1s
shifted 1in from the TDI section of the array. Then the phase
“A” and “B” clocks, as necessary are initiated to shift out
those 128 pixels per tap to the output amplifier for that tap.
Them the clocks are again stopped and the next collection of
pixels from the TDI section of the array are shifted 1n and the
pattern repeated. The periods when the “A” and “B” phase
clocks are mactive are defined as the transfer time. The TDI
sensor collects data continuously and shifts the data out
between the transfer times 1n bursts.

Across the top of the timing diagram of FIG. 24 are two
serics of numbers, one set without parenthesis and the other
set within parenthesis. Timing generator 204 in the 1mple-
mentation of the applicant’s invention was 1implemented by
binary counters driving a PROM which decodes the output
signals from the counter and generates the timing signals
shown 1n FIG. 24. The numbers 1n parenthesis are the
counter output that corresponds to each increment 1n time 1n
the timing diagram. The numbers not in parenthesis are
arbitrary state assignments for each timing state in that
cycle.

The ¢,_ and ¢,_ signals drive the sample and hold circuits,
and the Y, goes to the mput buffer to synchronize the
image computer with the data that 1s coming out.

The 1nput signals to the phase locked loop 202 are shown
in FIG. 23. Those signals are the biphase quadrature encoder
signals which are a function of the speed of X-Y stage 12
and output signals from linear encoders 38 (FIG. 1). The p11
202 1s programmable for the different stage speeds and pixel
sizes. Table I describes the frequency of the output clock
(4xck) for each combination of pixel size and scan (stage)
speed that the applicants are using. A biphase quadrature
encoder signal consists of two square wave or slnewave
signals one of which lags the other by 90° of phase. When
the scan direction changes, the signal that was lagging in the
previous scan direction leads 1n the second scan direction.

Pixel Size/Scan Speed Decode For PLL
Sy = PXS21 PX20 SPD1 SPDO

Tach
Clock

Encoder
Multiply

Feedback Output

Divide Divide 4XCK PIXCLK

4
2
2

1760
1760
380

4
2
1

6.8 MHz 1.7 MHz
13.6 3.4
27.3 0.8

.5 MHz
1.0
2.0
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-continued

Pixel Size/Scan Speed Decode For PLL
Si; = PXS21 PX20 SPD1 SPDO

Pixel Scan Encoder Feedback Output
Sy Size Speed Multiply Divide Divide 4XCK
N/A3 6.5 24.4 1 880 — —
4 13 3.05 4 1760 8 3.4
5 13 6.1 2 1760 4 6.8
6 13 12.2 2 880 2 13.6
7 13 24.4 1 880 1 27.3
8 26 3.05 4 1760 16 1.7
9 26 6.1 2 1760 8 3.4
A 26 12.2 2 880 4 6.8
B 26 24.4 1 880 2 136
NJAC — 3.05 4 1760 — —
NJAD — 6.1 2 1760 — —
NJAE — 12.2 2 880 — —
NJAF — 24.4 1 880 — —

PIXCLK

.85
1.7
3.4
0.8
42
.85
1.7
3.4
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Tach
Clock

4.0

1.0
2.0
4.0

1.0
2.0
4.0

1.0
2.0
4.0

Image Processor

FIG. 25 1s a block diagram of image processor 25 of FIG.
1. The output signals from each of the A/D converters 244
of each of the sixteen sections of the image pick up elec-
tronics of FIG. 23 are applied 1n parallel to input butfer 310
in which a composite image signal 1s created. That compos-
ite 1mage signal 1s then applied to the feature extraction
pipeline 312 which, under the control of 1mage processor
controller 314, extracts the features from that signal and puts
them into the same format as the feature information from
the “golden board” which is stored 1n reference data base
316 (a portion of RAM 32 of FIG. 1). The features from data
base 316 are then compared to the features from feature
extraction pipeline 312 in defect detector 318 (could be
performed by CPU 26 of FIG. 1). A defect report in which
cach detected defect 1s reported to the user interface pro-
cessor 320 (could also be CPU 26 of FIG. 1) which informs
the user of the detected defects. The output signal from 1nput
buffer 310 is also coupled to monitor 34 (FIG. 1) to display
the region of the substrate being viewed by the user.

What 1s claimed 1s:

1. Inspection apparatus for inspecting surface features of
a substrate comprising;:

memory means for storing the desired features of the
surface of the substrate;

focussed quasi-Lambertian illumination means for sub-
stantially uniformly illuminating a region of the surface
of the substrate to be mspected;

sensor means for 1maging the region of the substrate
illuminated by the illumination means; and

comparison means responsive to the memory and sensor
means for comparing the imaged region of the substrate
with the stored desired features of the substrate.
2. An 1nspection apparatus as 1n claim 1 wherein said
illumination means includes:

first and second reflector means elliptically cylindrical
segments 1n shape, each with its long axis substantially
parallel to the long axis of the other, and each being
spaced-apart from the other along their closest edges to
define a path through which the i1lluminated linear
region can be viewed from above through said 1llumi-
nation means;

third and fourth reflector means each being flat and
mounted parallel to the other, at opposite ends of each
of said first and second reflector means and substan-
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tially perpendicular to the long axis of each of said first
and second reflector means;

first and second linear light source means each mounted
parallel to a corresponding one of said first and second
reflector means, said first and second linear light source
means each include a light source having a length that
1s substantially as long as the i1lluminated linear region
1s long, and that 1s parallel to a corresponding one of
said first and second reflector means with each of the
light source means mounted so that it 1s at the first focus
of the corresponding reflector means and the i1llumi-
nated linear region 1s at the second focus of each of the
first and second reflector means;

fifth reflector means elliptically cylindrical segments 1n
shape with its long axis substantially parallel to the
long axes of the first and second reflector means, being
mounted above said first and second reflector means
and away from the path through which the i1lluminated
linear region can be viewed from above through said
llumination means;

beamsplitter means mounted 1n the path through which
the 1lluminated linear region can be viewed from above
through said illumination means, tilted to the optical
viewing axis, and being positioned to reflect the
focussed beam from the fifth reflector means to the
illuminated linear region; and

third linear light source means mounted parallel to said
fifth reflector means to direct light onto substantially
the entire surface of the fifth reflector means with the
illuminated linear region at a first focus of the fifth
reflector means and the illuminated linear region 1s at
the second focus of the fifth reflector means with the
beam from the fifth reflector means being reflected by
the beamsplitter means.

3. An 1nspection apparatus as in claim 2 wherein:

said first and second light source means are water cooled
mercury capillary arc lamps; and

sald 1llumination means further includes:

first and second optic filter means being removable and
positionable between the 1lluminated linear region
and each of the combinations of the first and second
light source means and the first and second reflector
means, respectively, for filtering the light delivered
to the 1lluminated linear region from the combination
of the first and second light source means and the
first and second reflector means;
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third optic filter means being a visible light filter
positioned on the side of the beamsplitter means that
1s away from the illuminated linear region and
through which light from the illuminated linear
region passes to the sensor means for passing only
visible light to the sensor means; and

lens means mounted on the side of the third optic filter
means away from the beamsplitter means for focus-

ing the light from the illuminated linear region onto
the sensor means.

4. An inspection apparatus as 1n claim 2 wherein each of
said first and second light source means include:

an clongated lamp that 1s substantially as long as the

illuminated linear region 1s long; and

a transparent jacket means for surrounding said lamp.

5. An 1nspection apparatus as 1n claim 4 wherein said
transparent jacket means 1s optically coated to filter the light
emitted by the enclosed lamp.

6. An 1nspection apparatus as 1n claim 4 wherein said
transparent jacket means forms a chamber around said lamp
to provide a conduit for water cooling of the enclosed lamp.

7. An 1nspection apparatus as 1n claim 2 wherein said first
and second reflector means include a wavelength-selective
coating to cause light of selected wavelengths to be reflected
and light of other wavelengths to be transmitted to reduce
the heat loading of the substrate.

8. An 1nspection apparatus as 1n claim 1 wherein said
illumination means 1ncludes a slit assembly means disposed
to be immediately above said illuminated linear region for
reducing the amount of light reflected from regions of the
substrate 1nto the sensor means that are not 1n the 1maging
region of the substrate by the sensor means.

9. An 1nspection apparatus as 1n claim 8 wherein said slit
assembly means includes an integral air bearing means for
causing the slit assembly means to fly at substantially a
uniform height above the surface of the substrate.

10. An 1nspection apparatus as 1n claim 8 further includ-
Ing:

a fixed mounting surface to which said sensor means is

mounted;

first mounting means for mounting said i1llumination
means to said surface directly below said sensor means,
said first mounting means disposed to permit move-
ment of said illumination means only 1n the vertical
direction with respect to the surface of the substrate to
be 1mspected to maintain a relatively fixed distance
between the 1llumination means and the surface of the
substrate; and

second mounting means for mounting said slit assembly
means to said surface directly below said 1llumination
means, sald second mounting means disposed to permit
movement of said slit assembly means only 1n the
vertical direction with respect to the surface of the
substrate to be mspected to maintain a relatively fixed
distance between the slit assembly means and the
surtace of the substrate.
11. An 1nspection apparatus as in claim 1 wherein said
illumination means includes:

higch volume air source means for providing a source of
controlled direction moving air; and

ducting means for directing said moving air through the
illumination means to minimize the Schlieren effects
within the 1llumination means in the optical path
between the substantially uniformly illuminated region
of the substrate and the sensor means.
12. Inspection apparatus as in claim 1 wherein said sensor
means 1s a TDI sensor means.
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13. Inspection apparatus as in claim 12 wherein said TDI
sensor means 1S a two dimensional charge-coupled device
light sensing array.

14. Inspection apparatus as in claim 12 wherein said TDI
sensor means has at least two rows of light sensitive areas in
a first direction know as the TDI dimension and at least one
column of light sensitive areas 1n a second direction know as
the multiplexing dimension.

15. Inspection apparatus as in claim 14 wherein said TDI
sensor means 1ncludes at least one tap at evenly spaced
intervals 1in the multiplexing dimension.

16. Inspection apparatus for inspecting surface features of
a substrate comprising;:

an X-Y stage to provide movement to said substrate
mounted thereon;

location sensor means for detecting the location of said
X-Y stage and developing a signal corresponding to
said location;

memory means for storing the desired features of the
surface of the substrate;

illumination means for substantially uniformly illuminat-
ing a region of the surface of the substrate to be
inspected;

a bidirectional TDI sensor means for imaging the region
of the substrate illuminated by the 1llumination means;

a phase locked loop responsive to said location signal
from said location sensor means to control said TDI
sensor, and

comparison means responsive to the memory and sensor
means for comparing the 1maged region of the substrate
with the stored desired features of the substrate.
17. An mspection apparatus as in claim 16 wherein said
illumination means 1ncludes:

first and second reflector means elliptically cylindrical
segments 1n shape, each with its long axis substantially
parallel to the long axis of the other, and each being
spaced-apart from the other along their closest edges to
define a path through which the i1lluminated linear
region can be viewed from above though said 1llumi-
nation means,

third and fourth reflector means each being flat and
mounted parallel to the other, at opposite ends of each
of said first and second reflector means and substan-
tially perpendicular to the long axis of each of said first
and second reflector means; and

first and second linear light source means each mounted
parallel to a corresponding one of said first and second
reflector means to direct light onto substantially the
entire surface of the corresponding reflector means with
the 1lluminated linear region at one focus of each of the
first and second reflector means.

18. An mspection apparatus as in claim 17 wherein said
first and second linear light source means each include a
fiber optic bundle with exit ends that are narrow 1n height
and substantially as wide as the 1lluminated linear region and
an 1ncoherent light source disposed to illuminate the
entrance ends of said first and second fiber optic bundle.

19. An mspection apparatus as in claim 17 wherein said
first and second linear light source means cach include a
light source having a length that i1s substantially as long as
the 1lluminated linear region 1s long, and that 1s parallel to
a corresponding one of said first and second reflector means
with each of the light source means mounted so that 1t 1s at
the first focus of the corresponding reflector means and the
illuminated linear region 1s at the second focus of each of the
first and second reflector means.
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20. An 1nspection apparatus as 1n claim 19 wherem said
illumination means further mcludes:

fifth reflector means elliptically cylindrical segments in
shape with its long axis substantially parallel to the
long axes of the first and second reflector means, being
mounted above said first and second retflector means
and away from the path through which the 1lluminated
linear region can be viewed from above through said
1llumination means;

beamsplitter means mounted in the path through which
the 1lluminated linear region can be viewed from above
through said illumination means, tilted to the optical
viewing axis, and being positioned to reflect the
focussed beam from the fifth reflector means to the
illuminated linear region; and

third linear light source means mounted parallel to said

fifth reflector means to direct light onto substantially

the entire surface of the fifth reflector means with said

third linear light source means at a first focus of the fifth
reflector means and the illuminated linear region at the
second focus of the fifth reflector means with the beam
from the {ifth reflector means being reflected by the
beamsplitter means.

21. An 1nspection apparatus as 1n claim 20 wherein:

said first and second light source means are water cooled
mercury capillary arc lamps; and

said 1llumination means further mcludes:

first and second optic filter means being removable and
positionable between the illuminated linear region
and each of the combinations of the first and second
light source means and the first and second reflector
means, respectively, for filtering the light delivered
to the 1luminated linear region from the combination
of the first and second light source means and the
first and second reflector means;

third optic filter means being a visible light filter
positioned on the side of the beamsplitter means that
1s away Ifrom the illuminated linear region and
through which light from the illuminated linear
region passes to the sensor means for passing only
visible light to the sensor means; and

lens means mounted on the side of the third optic filter
means away from the beamsplitter means for focus-
ing the light from the illuminated linear region onto
the sensor means.

22. An 1nspection apparatus as in claim 17 wherein each
of said first and second light source means include:

an clongated lamp that 1s substantially as long as the
illuminated linear region 1s long; and

a transparent jacket means for surrounding said lamp.

23. An 1nspection apparatus as 1n claim 22 wherein said
transparent jacket means 1s optically coated to filter the light
emitted by the enclosed lamp.

24. An 1spection apparatus as 1n claim 22 wherein said
transparent jacket means forms a chamber around said lamp
to provide a conduit for water cooling of the enclosed lamp.

25. An 1nspection apparatus as 1n claim 17 wherein said
first and second reflector means include a wavelength-
selective coating to cause light of selected wavelengths to be
reflected and light of other wavelengths to be transmitted to
reduce the heat loading of the substrate.

26. An 1nspection apparatus as 1n claim 16 wherein said
illumination means includes a slit assembly means disposed
to be immediately above said illuminated linear region for
reducing the amount of light reflected from regions of the
substrate 1nto the sensor means that are not 1n the 1maging
region of the substrate by the sensor means.
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27. An 1mspection apparatus as 1n claim 26 wherein said
slit assembly means includes an integral air bearing means
for causing the slit assemblymeans to fly at substantially a
uniform height above the surface of the substrate.

28. An mspection apparatus as 1n claim 26 further includ-
Ing:

a fixed mounting surface to which said sensor means 1s

mounted;

first mounting means for mounting said illumination
means to said surface directly below said sensor means,
said first mounting means disposed to permit move-
ment of said illumination means only 1n the vertical
direction with respect to the surface of the substrate to
be 1spected to maintain a relatively fixed distance
between the 1llumination means and the surface of the
substrate; and

second mounting means for mounting said slit assembly
means to said surface directly below said 1llumination
means, sald second mounting means disposed to permit
movement of said slit assembly means only 1n the
vertical direction with respect to the surface of the
substrate to be mspected to maintain a relatively fixed
distance between the slit assembly means and the
surface of the substrate.
29. An 1spection apparatus as 1n claim 16 wherein said
illumination means 1ncludes:

high volume air source means for providing a source of
controlled direction moving air; and

ducting means for directing said moving air through the
illumination means to minimize the Schlieren effects
within the 1llumination means in the optical path
between the substantially uniformly 1lluminated region
of the substrate and the sensor means.

30. Inspection apparatus as 1n claim 16 wherein said TDI
sensor means 1s a two dimensional charge-coupled device
light sensing array.

31. Inspection apparatus as 1n claim 16 wherein said TDI
sensor means has at least two rows of light sensitive areas in
a first direction know as the TDI dimension and at least one
column of light sensitive areas 1n a second direction know as
the multiplexing dimension.

32. Inspection apparatus as 1n claim 31 wherein said TDI
sensor means 1ncludes at least one tap at evenly spaced
intervals in the multiplexing dimension.

33. A method for inspecting surface features of a
substrate, said method comprising the steps of:

a. storing the desired features of the surface of the
substrate;

b. substantially uniformly illuminating a region of the
surface of the substrate to be inspected with focussed
quasi-Lambertian illumination;

c. 1maging the region of the substrate illuminated by the
1llumination means; and

d. comparing the imaged region of the substrate with the
stored desired features of the substrate.
34. A method as 1n claim 33 wherein step b. includes the
step of:

¢. 1lluminating a region on the surface of the substrate
through a narrow slit disposed above the surface and 1n
close proximity thereto.
35. A method as 1n claim 33 wherein said method further
includes the step of:

f. directing air flow passed the i1lluminated region to
minimize the Schlieren effect 1n step c.
36. A method as 1n claim 33 wherein said method further
includes the step of:
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o, moving the 1llumination means vertically with respect
to the surface to be inspected to maintain a relatively
constant spacing therebetweeen to maintain the surface
in focus during step c.

37. A method as 1n claim 33 wherein step b. includes the

steps of:

h. 1lluminating the surface of the substrate with short-
wave 1ncoherent light; and

1. 1imaging the surface of the substrate with light of a
longer wave length than the light of step b.
38. Amethod as 1n claim 33 further including the steps of:

1. performing steps a. through d. with the 1llumination of
step b. being short-wave incoherent light and 1maging
the substrate with light of a longer wave length than the
light of the 1llumination of the substrate; and

j. performing steps a. through d. with the illumination of
step b. being quasi Lambertian 1llumination.
39. A method for inspecting surface features of a
substrate, said method comprising the steps of:

a. storing the desired features of the surface of the
substrate;

b. substantially uniformly illuminating a region of the
surface of the substrate to be 1spected;

c. 1maging the region of the substrate 1lluminated by the
illumination means with a bidirectional TDI sensor
means having a selectable output means;

d. displacing the substrate relative to said bidirectional
I'DI sensor means along either direction of a prede-
fermined axis,

e. sensing the relative movement of said substrate along
said predetermined axis;

1. generating signals to select said selectable ouitput
means of said bidirectional TDI sensor depending upon
the direction of relative movement along the predeter-
mined axis; and

[d.lg. comparing the imaged region of the substrate with
the stored desired features of the substrate.
40. A method as 1 claim 39 wherein step b. includes the
step of:

¢. 1lluminating a region on the surface of the substrate
through a narrow slit disposed above the surface and 1n
close proximity thereto.
41. A method as 1s claim 39 wherein said method further
includes the step of:

f. directing air flow passed the i1lluminated region to
minimize the Schlieren etfect 1n step c.
42. A method as 1n claim 39 wherein said method further
includes the step of:

o, moving the illumination means vertically with respect
to the surface to be inspected to maintain a relatively
constant spacing therebetween to maintain the surface
in focus during step c.

43. A method as 1 claim 39 wherein step b. includes the

steps of:

h. 1lluminating the surface of the substrate with short-
wave 1ncoherent light; and

1. imaging the surface of the substrate with light of a
longer wavelength than the light of step h.
44. A method as in claim 39 further including the steps of:

1. performing steps a. through d. with the i1llumination of
step b. being short-wave mcoherent light and 1maging
the substrate with light of a longer wave length than the
light of the illumination of the substrate; and

j. performing steps a. through d. with the 1llumination of
step b. being quasi Lambertian 1llumination.
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[45. Illumination apparatus for substantial uniform
focussed 1llumination along a narrow linear region compris-
Ing:

first and second reflector means elliptically cylindrical

segments 1n shape, each with its long axis substantially
parallel to the long axes of the other, and each being
spaced-apart from the the other along their closest
edges to define a path through which the illuminated

linear region can be viewed from above through said
illumination apparatus;

third and fourth reflector means each being flat and
mounted parallel to the other and at opposite ends of
cach of said first and second reflector means and
substantially perpendicular to the long axis of each of
said first and second reflector means; and

first and second linear light source means each mounted
parallel to a corresponding one of said first and second
reflector means to direct light onto substantially the
entire surface of the corresponding reflector means with
the 1lluminated linear region at one focus of each of the
first and second reflector means.]

[46. An inspection apparatus as in claim 45 wherein said
first and second linear light source means each include fiber
optic bundle with exit ends that are narrow 1n height and
substantially as wide as the 1lluminated linear region and an
incoherent light source disposed to i1lluminate the entrance
ends of said first and second fiber optic bundle.]

[47. Illumination apparatus as in claim 45 wherein said
first and second linear light source means each include a
light source having a length that 1s substantially as long as
the 1lluminated linear region is long, and that 1s parallel to
a corresponding one of said first and second reflector means
with each of the light source means mounted so that 1t 1s at
the first focus of the corresponding reflector means and the
illuminated linear region 1s at the second focus of each of the
first and second reflector means.]

[48. Illumination apparatus as in claim 47 further
includes:

fifth reflector means elliptically cylindrical segments 1n
shape with 1its long axis substantially parallel to the
long axes of the first and second reflector means, being
mounted above said first and second reflector means
and away from the path through which the illuminated
linear region can be viewed from above through said
illumination apparatus;

beamsplitter means mounted 1n the path through which
the 1lluminated linear region can be viewed from above
through said 1llumination apparatus, tilted to the optical
viewing axis, and being positioned to reflect the
focussed beam from the fifth reflector means to the
illuminated linear region; and

third linear light source means mounted parallel to said

fifth reflector means to direct light onto substantially

the entire surface of the fifth reflector means with said

third linear light source at a first focus of the fifth
reflector means and the 1lluminated linear region at the
second focus of the fifth reflector means with the beam
from the fifth retlector means being reflected by the
beamsplitter means.]

49. [llumination apparatus [as in claim 48] for substantial
uniform focussed illumination along a narrow linear region
COMPriSing.

first and second reflector means elliptically cylindrical

segments in shape, each with its long axis substantially
parallel to the long axes of the other, and each being
spaced-apart from the other along their closest edges to
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define a path through which the illuminated linear
region can be viewed from above through said illumi-
nation apparatus;

third and fourth reflector means each being flat and
mounted parallel to the other and at opposite ends of
each of said first and second reflector means and
substantially perpendicular to the long axis of each of
said first and second reflector means;

first and second linear light source means each mounted

parallel to a corresponding one of said first and second
reflector means to direct light onto substaniially the

entire surface of the corresponding reflector means
with the illuminated linear region at one focus of each
of the first and second reflector means;

wherein said first and second linear light source means

each include a light source having a length that is
substantially as long as the illuminated linear region is

long, and that is parallel to a corresponding one of said
first and second reflector means with each of the light
source means mounted so that it is at the first focus of
the corresponding reflecior means and the illuminated
linear region is at the second focus of each of the first
and second reflector means

fifth reflector means elliptically cylindrical segments in
shape with its long axis substantially parallel to the
long axes of the first and second reflector means, being
mounted above said first and second reflector means
and away from the path through which the illuminated
linear region can be viewed from above through said
[ lumination apparatus;

beamsplitter means mounted in the path through which
the illuminated linear region can be viewed from above
through said illumination apparatus, tilted to the opfi-
cal viewing axis, and being positioned to reflect the
focussed beam from the fifth reflector means to the
iuminated linear region;

and third linear light source means mounted parallel to
said fifth reflector means to direct light onto substan-
tially the entire surface of the fifth reflector means with
said third linear light source at a first focus of the fifth
reflector means and the illuminated linear region at the
second focus of the fifth reflector means with the beam
from the fifth reflector means being reflected by the
beamsplitter means;

wherein:

said first and second light source means are water cooled
mercury capillary arc lamps; and

said 1llumination apparatus further includes:
first and second optic filter means being removable and
positionable between the illuminated linear region
and each of the combinations of the first and second
light source means and the first and second reflector
means, respectively, for filtering the light delivered
to the 1lluminated linear region from the combination
of the first and second reflector means;
third optic filter means being a visible light filter
position on the side of the beamsplitter means that 1s
away Ifrom the 1lluminated linear region and through
which light from the illuminated linear region passes
to the sensor means for passing only visible light to
the sensor means; and
lens means mounted on the side of the third optic filter
means away from the beamsplitter means for focus-
ing the light from the 1lluminated linear region.
50. INllumination apparatus [as in claim 45] for substantial
uniform focussed illumination along a narrow linear region
COMprising:
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first and second reflector means elliptically cylindrical
segments in shape, each with its long axis substantially
parallel to the long axes of the other, and each being
spaced-apart from the other along their closest edges to
define a path through which the illuminated linear
region can be viewed from above through said illumi-
nation apparatus;

third and fourth reflector means each being flar and
mounted parallel to the other and at opposite ends of
each of said first and second reflector means and
substantially perpendicular to the long axis of each of
said first and second reflector means; and

first and second linear light source means each mounted
parallel to a corresponding one of said first and second
reflector means fto direct light onto substantially the
entire surface of the corresponding reflecior means
with the illuminated linear region at one focus of each
of the first and second reflector means, wherein each of
said first and second light source means i1nclude:

an clongated lamp that 1s substantially as long as the
illuminated linear region 1s long; and

a transparent jacket means for surrounding said lamp.

51. Illumination apparatus as 1n claim 50 wherein said
transparent jacket means 1s optically coated to filter the light
emitted by the enclosed lamp.

52. Illumination apparatus as 1 claim 350 wherein said
transparent jacket means forms a chamber around said lamp
to provide a conduit for water cooling of the enclosed lamp.

53. [llumination apparatus [as in claim 45] for substantial
uniform focussed illumination along a narrow linear region
COMprising:

first and second reflector means elliptically cylindrical

segments in shape, each with its long axis substantially
parallel to the long axes of the other, and each being
spaced-apart from the other along their closest edges to
define a path through which the illuminated linear
region can be viewed from above through said illumi-
nation apparatus;

third and fourth reflector means each being flar and
mounted parallel to the other and at opposite ends of
each of said first and second reflector means and
substantially perpendicular to the long axis of each of
said first and second reflector means;

and first and second linear light source means each
mounted parallel to a corresponding one of said first
and second reflector means to direct light onto sub-
stantially the entire surface of the corresponding reflec-
tor means with the illuminated linear region ar one
focus of each of the first and second reflector means;

and Turther includes a slit assembly means disposed to be

immediately above said i1lluminated linear region.

54. [llumination apparatus as in claim 53 wherein said slit
assembly means includes an integral air bearing means for
causing the slit assembly means to fly at substantially a
uniform height above a surface below the illumination
apparatus.

55. [llumination apparatus [as in claim 45] for substantial
uniform focussed illumination along a narrow linear region
COMPIISING.

first and second reflector means elliptically cylindrical

segments in shape, each with its long axis substantially
parallel to the long axes of the other, and each being
spaced-apart from the other along their closest edges to
define a path through which the illuminated linear
region can be viewed from above through said illumi-
nation apparatus;
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third and fourth reflecior means each being flat and
mounted parallel to the other and at opposite ends of
each of said first and second reflector means and
substantially perpendicular to the long axis of each of
said first and second reflector means;

and first and second linear light source means each
mounted parallel to a corresponding one of said first
and second reflector means fto direct light onto sub-
stantially the entire surface of the corresponding reflec-
tor means with the illuminated linear region at one
focus of each of the first and second reflector means;

and wherein said first and second reflector means include
a wavelength-selective coating to cause light of elected
wavelengths to be reflected and light of other wave-
lengths to be transmitted to reduce the heat loading of
a surface below the 1llumination apparatus.

56. [llumination apparatus [as in claim 45] for substantial
uniform focussed illumination along a narrow linear region
COMprising:

first and second reflector means elliptically cylindrical

segments in shape, each with its long axis substantially
parallel to the long axes of the other, and each being
spaced-apart from the other along their closest edges to
define a path through which the illuminated linear
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region can be viewed from above through said tllumi-
nation apparatus;

third and fourth reflector means each being flat and
mounted parallel to the other and at opposite ends of
each of said first and second reflector means and
substantially perpendicular to the long axis of each of
said first and second reflector means;

and first and second linear light source means each
mounted parallel to a corresponding one of said first
and second reflector means to direct light onto sub-
stantially the entire surface of the corresponding reflec-
for means with the illuminated linear region at one
focus of each of the first and second reflector means;

and turther includes:

high volume air source means for providing a source of
controlled direction moving air; and

ducting means for directing said moving air through the
illumination apparatus to minimize the Schlieren
cifects within the 1llumination apparatus in the region
between the substantially uniformly illuminated region
and the sensor.
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