
; {|}~e3e |tP@6vThbV1'O 99l63300 f'CT/US99I11G01  5 METHODS AND APPARATUS
FOR CONFOCAL INTERFERENCE MICROSCOPY USING 10 WAVENUMBER DOMAIN
REFLECTOMETRY AND BACKGROUND AMPLITUDE REDUCTION AND COMPENSATION 15 FIELD
OF THE INVENTION This invention is related to optical and acoustical
imaging, including utilizing such images to perform optical data storage
and retrieval, and precision ?0 measurements on biological samples, wafers,
integrated circuits, optical disks, and other samples. BACKGROUND OF THE
INVENTION z5 The invention relates 'Lo techniques for rapidly, accurately
producing an in-focus image of an object, or a cross-section thereof
wherein the effect of light signals from out-of-focus foreground and/or
background light sources are mostly eliminated with regard to both 30
statistical and systematic errors. Confocal and confocal interference
microscopy are finding many applications in, for example, the life
sciences, the study of biological samples industrial inspection, and
semiconductor    wV JlIU~JIIU 1'C'1'/Uby9/116U1 metrology. This is because
of the unique threedirnensional imaging capability of these instruments.
Perhaps the most difficult multi-dimensional imaging is encountered when
the background from out-of-focus 5 images is significantly larger than the
signal from the in-focus images. Such circumstances arise frequently in the
study of thick samples, particularly when working in the reflection mode in
contrast to the transmission mode of confocal systems. 10 There are two
general approaches for determining the volume properties of
three-dimensional microscopic specimens. Such approaches are based on
conventional microscopy and confocal microscopy. Generally, the
conventional microscopy approach requires less time to 



15 acquire the data but more time to process the data for a
three-dimensional image, compared to the confocal microscopy approach. In a
conventional imaging system, when a part of the object to be imaged is
axially displaced from its best 20 focus location, the image contrast
decreases but the brightness remains constant so that displaced, unfocused
parts of the image interfere with the view of focused parts of object. If
the system's point-spread function is known and 25 images are obtained for
each independent section of the object, known computer algorithms can be
applied to such images to effectively remove the signal contributed by the
out-of-focus light and produce images that contain only in-focus data. Such
algorithms are of several distinct 30 types, are referred to as "computer
deconvolutions," and generally require expensive computer equipment and
considerable computing time and considerable amounts of data to obtain the
desired statistical accuracy. 2   WO 99I63300 PCT/US99/11601 The wide field
method (WFM) (D. A. Agard and J. W. sedat, "Three-Dimensional Analysis of
Biological Specimens Utilizing Image Processing Techniques," Proc. Soc.
PhotoOpt. Instrum. Ellg., SPIE, 264, 110-117, l980; D. A. 5 Agard, R. A.
Steinberg, and R. M. Stroud, "Quantitative Analysis of Electrophoretograms:
A Mathematical Approach to Super-Resolution," Anal. Biochem. Ill, 257-268,
1981; D. A. Agard, Y. Hiraoka, P. Shaw, and J. W. Sedat, "Fluorescence
Microscopy in Three Dimensions," Methods 10 Cell Bio.I. 30, 353-377, l989;
D. A. Agard, "Optical Sectioning Microscopy: Cellular Architecture in Three
Dimensions, " Annu. Rev. Biophys. Bioeng. 13, 191-219, 1984; Y. Hiraoka, J.
W. Sedat, and D. A. Agard, "The Use of a Charge-Coupled Device for
Quantitative Optical 15 Microscopy of Biological Structures," Sci. 238,
36-41, 1987; W. Denk, J. H. Strickler, and W. W. Webb, "TwoPhoton Laser
Scanning Fluorescence Microscopy," Sci. 248, 73-76, 1990) uses a
conventional microscope to sequentially acquire a set of images of adjacent
focus 20 planes throughout the volume of interest. Each image is recorded
using a cooled charge-coupled device (CCD) image sensor (J. Kristian and M.
Blouke, "Charge-coupled Devices in Astronomy," Sci. Am. 247, 67-74, 1982)
and contains data from both in-focus and out-of-focus image planes. 25 The
technique of laser computed tomography is implemented using a conventional
microscope. The system discussed by S. Kawata, 0. Nakamura,T. Noda, H.
Ooki, K Ogino, Y. Kuroiwa, and S. Minami, "Laser ComputedTomography
Microscope," Appl. Opt. 29, 3805-3809 (1990) is 30 based on a principal
that is closely related to the technique of X-ray computed tomography, but
uses threedimensional volume reconstruction rather than twodimensional
slice reconstruction. Projected images of a 3   V'U yy/63.sUU
f'CT/US99/11601 thick three-dimensional sample are collected with a
conventional transmission microscope modified with oblique illumination
optics, and the three-dimensional structure of the interior of the sample
is reconstructed by a 5 computer. Here, the data is acquired in a time
short compared to that required to process data for a threedimensional
image. In one experiment by Kawata et al., .ibid., the 80x80x36-voxel
reconstruction required several minutes to collect a11 projections and send
them to a 10 minicomputer. Approximately thirty minutes then were required
for digital reconstruction of the image, in spite of utilizing a vector
processor at a speed of 20 million floating point operations per second
(MFLOPS). In a conventional point or pinhole-confocal 15 microscope, fight
from a point source is focused within a very small space, known as a spot.
The microscope focuses light reflected from, scattered by, or transmitted
through the spot onto a point detector. In a reflecting pointconfocal
microscope the incident light is reflected or 



20 back-scattered by that portion of the sample in the spot. Any light
which is reflected or back-scattered by the sample outside of the spot is
not well focused onto the detector, thus it is spread out so the point
detector receives only a small portion of such reflected or back 25
scattered light. In a transmitting point-confocal microscope, incident
light is transmitted unless it is scattered or absorbed by that portion of
the sample in the spot. Generally, the point source and point detector are
approximated by placing masks containing a pinhole in 30 front of a
conventional light source and a conventional detector, respectively.
Similarly, in a conventional slit-confocal microscope system, light from a
line source is focused into a very 9   1V0 99/G3300 PCT/US99/I 1 G01 narrow
elongated space, which is also known as a spot. The slit-confocal
microscope focuses light reflected from, scattered by or transmitted
through the spot onto a line detector. The line source and line detector
can be 5 approximated using a mas); with a slit in front of a conventional
light source and row of conventional detectors, respectively. Alternately,
a line source can be approximated by sweeping a focused laser beam across
the object to be imaged or inspected. 10 Since only a small portion of the
object is imaged by the confocal microscope, either the object to be imaged
must be moved, or the source and detector must be moved, in order to obtain
sufficient image data to produce a complete two-dimensional or
three-dimensional view of the 15 object. Previous slit-confocal systems
have moved the object linearly in a direction perpendicular to the slit to
obtain successive lines of two-dimensional image data. On the other hand,
point-confocal systems having only one pinhole have to be moved in a
two-dimensional manner in 20 order to acquire two-dimensional image data
and in a three-dimensional manner in order to acquire a threedimensional
set of image data. The raw image data are typically stored and later
processed to form a twodimensional cross-section or a three-dimensional
image of 25 the object that was inspected or imaged. The reduced
sensitivity to out-of-focus images relative to conventional microscopy
leads to improved statistical accuracy for a given amount of data and the
processing operation is considerably simpler in comparison to that 30
required when processing data obtained in conventional microscopy approach.
In a system known as the Tandem Scanning Optical Microscope (TSOM), a
spiral pattern of illumination and 5   wu ~~~u~~u~i I'(:'I'/USHl/116U1
detector pinholes are etched into a Nipkow disk so, as the disl: rotates,
the entire stationary object is scanned in two dimensions (cf. M. Petran
and M. Hadravsky, "TandemScann:ing Reflected-Light Microscope," J. Opt.
Soc. A. 5 58(5), 661-669 (19n8): G. Q. Xiao, T. R. Corle, and G. S. Kino,
"Real-Time Confocal Scanning Optical Microscope," Appl. Phys. Lett., 53,
716-718 (1988)]. In terms of the optical processing, the TSOM is basically
a single point confocal microscope with a means for efficiently scanning 10
a two-dimensional section one point at a time. Examples of two techniques
implemented to reduce the amount of scanning required to obtain a
two-dimensional image with a confocal arrangement are found in the work of
H. J. Tiziani and H.-M. Uhde, "Three-Dimensional Analysis 



15 by a Microlens-Array Confocal Arrangement," Appl. Opt. 33(4), 567-572
(1994) and in the patent of P. J. Kerstens, J. R. Mandeville, and F. Y. Wu,
"Tandem Linear Scanning Confocal Imaging System with Focal Volumes at
Different Heights," (U. S. Pat. No. 5,248,876 issued Sept. 1993). .20 The
microlens-array confocal arrangement of Tiziani and `Uhde ib.id. has
out-of-focus image discrimination that is the same as using a multi-pinhole
source and multi-element detector in a confocal configuration. Such a
system allows for a number of points to be examined 25 simultaneously but
at a compromise in discrimination against out-of-focus images. The higher
the density of microlenses, the poorer the ability of the system to .
discriminate against out-of-focus images, and consequently, an increase in
complexity and cost of the 30 computer deconvolutions required to produce a
three dimensional image. Further, the Tiziani and Uhde ibid. system has
serious limitations in axial range. This range ' ' cannot exceed the focal
length of the microlens, which is 6   CVO 99/53300 PCT/US99I11601
proportional to the diameter of the microlens for a given numerical
aperture. Therefore, as the density of the microlenses is increased, there
is an associated decrease in the permitted axial range. 5 The Kerstens et
al., ibid. system incorporates a number of pinholes and matching pinpoint
detectors in a confocal arrangement to allow for a number of points to be
examined simultaneously. However, as noted in the preceding paragraph, this
gain is at a compromise in 10 discrimination against out-of-focus images
and as a result an increase in complexity and cost of required subsequent
computer deconvolutions. The higher the density of pinholes, the poorer the
ability of the system to discriminate against out-of-focus images. The
highest 15 discrimination would be achieved when using only one pinhole.
Application of confocal microscopes to inspection of electronics was
suggested in T. Zapf and R. W. Wijnaendtsvan-Resandt, "Confocal Laser
Microscope For Submicron 20 Structure Measurement, " Microelectronic
Engineering 5, 573-580 (1986) and J T. Lindow, S. D. Bennett, and I. R.
Smith, "Scanned Laser Imaging for Integrated Circuit Metrology," SPIE, 565,
81-87 (1985). 'The axial discrimination provided by confocal systems make
them 25 useful in the semi-conductor manufacturing environment. For
example, such systems could provide for improved inspection of height
dependent features such as delamination, blisters, and thickness of
structures and coatings. However, there are some problems associated 30
with using confocal imaging systems for inspection of electronics. For
example, single pinhole systems require 'too much time for scanning the
object in two directions. Optical systems for scanning a laser beam over
the object    wu ~~m.s~uu hC'1';US19111bUt are too complex and the spinning
disk approach used in the previous TSOM resulted in alignment and
maintenance problems. The number of different depth slices required (and 5
therefore the amount of image data collected) depends upon the range of
height that must be measured, and also upon the desired height resolution
and performance of the optical system. For typical electronics inspection,
images of 10 to 100 different depth slices would be 



10 required. Furthermore, data in several color bands may be required to
differentiate materials. In confocal imaging systems, a separate
two-dimensional scan is required for each desired elevation. If data for
multiple color bands is desired, then multiple two-dimensional scans at
each 15 elevation are required. By shifting the focus level, similar data
can be obtained from adjacent planes and a three-dimensional intensity data
set can be acquired. Thus, none of the prior art confocal microscopy
systems can be configured for rapid and/or reliable three20 dimensional
tomographic imaging, especially in the field of inspection or imaging.
Although the confocal approach is more straightforward and works better,
for example in confocal fluorescence work, when the concentration of
stained 25 structure is high, the conventional microscopy approach still
has several practical advantages. The most important of these is that the
latter can utilize dyes that are excited in the ultraviolet (W) range and
these often seem more robust and efficient than those excited in 30 the
visible range. Although, a UV laser can be incorporated as the light source
of a confocal microscope [M. Montag, J. Kululies, R. Jorgens, H. Gundlach,
M. F. Trendelenburg, and H. Spring, "Working with the Confocal 8   1V0
99I63300 PCTIUS99/11601 Scanning UV-Laser Microscope: Specific DNA
Localization at High Sensitivity and Multiple-Parameter Fluorescence," J.
hlicrosc (Oxford) 163 ( Pt . 2 ) , 20l-210, 1991; K. Kuba, S . -Y . Hua,
and M. Nohmi, "Spatial and Dynamic Changes in 5 Intracellular Caz' Measured
by Confocal Laser-Scanning Microscopy in Bullfrog Sympatetic Ganglion
Cells," Neurosc.i. Res. 10, 245-259, 1991; C. Bliton, J. Lechleiter and D.
E. Clapham, "Optical Modifications Enabling Simultaneous Confocal Imaging
With Dyes Excited by 10 Ultraviolet- and Visible-Wavelength Light," J.
Microsc. 169(Pt. 1), 15-26, 1993], or W dyes can be excited with infrared
(IR) light using the "two photon" technique (W. Denk, et al., ibid.), these
techniques involve considerable expense and practical difficulty. 15
Furthermore, the cooled CCD detectors used in conventional microscopy
systems collect the data in parallel rather than serially, as does the
photomultiplier (PMT) in a confocal microscopy system. As a result, if the
CCD can be made to read out more rapidly without 20 degrading its
performance, the three-dimensional data recording rate of the conventional
microscopy system may prove to be significantly higher than that of the
confocal microscopy system, even though the time needed for computer
deconvolution computations means that there might 25 be an additional delay
before the data could be actually viewed as three-dimensional image. The
signal-to-noise ratio in relation to statistical accuracy must also be
considered when making a choice between a CCD detector used to record in
parallel a two 30 dimensional data array and a slit or pinhole confocal
microscope. The well capacity of a two-dimensional CCD pixel is of the
order of 200,000 electrons. This limits the statistical accuracy that can
be achieved in a single 9   ~~U 9y/b.i.iUt1 I'CT/US99/I I6U1 exposure as
compared to that achievable with other photoemissive detectors such as
PMT's or photovoltaic devices. Consequently, for those applications where
the out-of-focus background contributions are significantly 



5 larger than the in-focus image signals, consideration of the
signal-to-noise ratio may lead to the conclusion that a one-dimeiisional
parallel recording of data in a slit confocal microscope will perform
better than a twodimensional recording of data in a standard microscope 10
configuration or a point by point recording of data in a single pinhole
confocal microscope will perform better khan a one-dimensional parallel
recording of data in a slit confocal microscope, a11 other considerations
being equal. 15 When the consideration of statistical accuracy as measured
by the signal-to-noise ratio influences the selection of a system such as a
slit confocal microscope over a standard microscope, or a single pinhole
confocal microscope over a slit confocal microscope, the residual 20
signals from the out-of-focus images for the system chosen can be
comparable to or larger than the in-focus signals. Such is the case for
example when examining deep into biological samples at optical wavelengths
where scattering of optical radiation dominates over absorption. In this 25
case, one is left with the need for a lengthy computer deconvolution, i.e,
long compared to the time required to acquire the data. Note that this is
in general true for the single pinhole confocal microscope as well as the
slit confocaal microscope when looking for an in-focus image 30 signal that
is much smaller than the residual out-of-focus image signals . Although it
is easier to accurately digitize the signal from a CCD detector than from a
PMT (J. B. Pawley, 10   1V0 99I63300 fCT/US99111601 "Fundamental and
Practical Limits in Confocal Light Microscopy," Scanning 13, 189-198,
199l), the PMT is a single device that can be accurately characterized,
whereas the CCD is actually a large array of discrete 5 detectors and
additional noise is associated with correcting for the pixel-to-pixel
variations in sensitivity and offset that characterize its operation (Y.
Hiraoka, et al., ibid.; J. L. Wampler and I<. Kutz, "Quantitative
Fluorescence Microscopy Using 10 Photomultiplier Tubes and Imaging
Detectors," Methods CeI1 Biol. 29, 239-267, 1989; Z. Jericevic, B. Wiese,
J. Bryan, and L. C. Smith, "Validation of an Imaging System: Steps to
Evaluate and Validate a Microscope Imaging System for Quantitative
Studies," Methods Cell Biol. 30, 97-83, 15 1989) . It should be noted that
the above distinction between the photodetectors used in the two methods of
threedimensional microscopy should not be considered to be 



complete, because the cooled CCD detector is the most 20 suitable
photodetector for those confocal microscopes that accomplish the scanning
function by using holes in a spinning disk (Petran, et al., ibid.; Xiao, et
al., ibid. ) . Another technique known as "optical coherence-domain 25
reflectometry" (OCDR) has been used to obtain information about the
three-dimensional properties of a system. This method is described in the
following articles: (1) "Optical Coherence-Domain Reflectometry: A New
Optical Evaluation Technique," by R. C. Youngquist, S. Carr, and 30 D. E.
N. Davies, Opt. Lett. 12(3), l58-160 (1987); (2) "New Measurement System
for Fault Location in Optical Waveguide Devices Based on an Interferometric
Technique," K. Takada, I. Yokohama, K. Chida, and J. Noda, Appl. Opt. 11
wu ~mn633uu PCT/US991( 160t 26(9), pp. l603-l606 (l987); (3) "Guided-Wave
Reflectometry with Micrometer Resolution," B. L. Danielson and C. D.
Whittenberg, Appl. Opt. 26(14), 2836-2892 (1987). The OCDR method differs
from the coherent optical 5 time domain reflectometry (OTDR) technique in
that instead of a pulsed light source one uses a broadband continuouswave
source with a short coherence length. The source beam enters an
interferometer in which one arm has a movable mirror, with the reflected
light from this mirror 10 providing a reference beam, and the other arm
contains the optical system being tested. The interference signal in the
coherently mixed reflected light from the two arms is detected by the usual
heterodyne method and yields the desired information about the optical
system. 15 The heterodyne detection of the backscattered signals in the
OCDR technique is accomplished by the method of "white-light
interferometry," in which the beam is split into the two arms of an
interferometer, reflected by the adjustable mirror and the backscattering
site, and 20 coherently recombined. This method utilizes the fact that
interference fringes will appear in the recombined beam only when the
difference in the optical path length between the two arms is less than the
coherence length of the beam. The OCDR systems described in references (1)
25 and (3) above make use of this principle, and reference (3) shows
interferograms of fiber gaps in test systems obtained by scanning the
adjustable mirror and measuring the strength of the recombined signal.
Reference (1) also describes a modified method in which the mirror in the
30 reference arm oscillates at a controlled frequency and amplitude,
causing a Doppler shift in the reference signal, and the recombined signal
is fed into a filtering circuit to detect the beat frequency signal. 12   



11'O 99163300 PCTILJS9911 I 601 Another variation of this technique is
illustrated in reference (2) , in which the reference arm mirror is at a
fixed position and the difference in optical path lengths in the two arms
may exceed the coherence length. The 5 combined signal is then introduced
into a second Michelson interferometer with two mirrors, one fixed in
position and the other being moveable. This moveable mirror is scanned and
the difference in path length between the arms of the second interferometer
compensates for the delay between 10 the backscattered and reference
signals. at discrete positions of tile moveable mirror corresponding to the
scattering sites. In practice, an oscillating phase variation at a definite
frequency is imposed on the signal. from the backscattering site by means
of a piezoelectric 15 transducer modulator in the fiber leading to this
site. The output signal from the second Michelson interferometer is fed to
a lock-in amplifier, which detects the beat frequency signal arising from
both the piezoelectric transducer modulation and the Doppler shift caused
by the 20 motion of the scanning mirror. This technique has been used to
measure irregularities in glass waveguides with a resolution as short as 15
um ["Characterization of Silica Based Waveguides with a Interferometric
Optical Time Domain Reflectometry System Using a 1 .3-um-Wavelength 25
Superluminescent Diode," K. Talada, N. 'Pakato, J Noda, and Y. Noguchi,
Opt, heft. 14 (13), 706-708 1,1g89) ] . Another variation of the OCDR is
the dual-beam partial coherence interferometer (PCI) which has been used to
measure the thickness of fundus layers in the eye 3U ["Measurement of the
Thickness of Fundus Layers by Partial Coherence Tomography," by W. Drexler,
C. K. Hitzenberger, H . Sattmann, and A. F . Fercher, Opt . Eng. 34 ( 3 ) ,
701-710 (19`a5) ) . In the PCI used by Drexler et al., an external 13   CVO
91I633110 I'CTIUS99/I 1601 Michelson Interferometer splits a light beam of
high spatial coherence but very short coherence length of 15.m into two
parts: the reference beam (1) and the measurement beam (2). At the
interferometer exit, these two 



5 components are combined again to form a coaxial dual beam. The two beam
components, which have a path difference of twice the interferometer arm
length difference, illuminate the eye and are reflected at several
intraocular interfaces, which separate media of different refractive 10
index. Therefore each beam component (1 and 2) is further split into
subcomponents by reflection at these interfaces. The reflected
subcomponents are superimposed on a photodetector. If the optical distance
between two boundaries within the eye equals twice the interferometer 15
arm length difference, there are two subcomponents that will travel over
the same total path length and will consequently interfere. Each value of
the interferometer arm length difference where an interference pattern is
observed, is equal to an intraocular optical distance. 20 Provided that
there is no other strong reflection nearby, the absolute position of these
interfaces can be determined in vivo with a precision of 5 um However, the
PCI suffers from limitations due to motion of the object daring the time
required for the 3-D scanning. 25 Another variation of the OCDR called
optical coherent tomography (OCT) has been reported for in vivo retinal
imaging by E. A. Swanson, J. A. Izatt, M. R. Hee, D. Huang, C. P. Lin, J.
S. Schuman, C. A. Puliafito, and J. G. Fukjimoto, "In Vivo Retinal Imaging
by Optical Coherence 30 Tomography," Opt. heft. 18(21), 1864-1866 (1993),
and E. A. Swanson, D. Huang, J. G. Fujimoto, C. A Puliafito, C. P. Lin, and
J. S..Schuman, "Method and Apparatus for Optical Imaging with Means for
Controlling the 14   CVO 99l63300 PCT/US99/11601 hongitudinal Range of the
Sample," U.S. Paz. No. 5,321,501, issued Jun. 79, 1994. The above
referenced patent describes a method and apparatus for performing optical
imaging on a sample wherein longitudinal scanning 5 or positioning in the
sample is provided by either varying relative optical path lengths for an
optical path leading to the sample and to a reference reflector, or by
varying an optical characteristic of the output from an optical source
applied to the apparatus. Transverse scanning in 10 one or two-dimensions
is provided on the sample by providing controlled relative movement between
the sample and a probe module in such direction and/or by steering optical
radiation in the probe module to a selected transverse position. The
reported spatial resolution is < 15 20 ~.un with a high sensitive (100 dB
dynamic range) . However the OTC suffers from limitations due to motion of
the object during the time required for the threedimensional scanning.
Optical interferometric profilers are widely used for 20 three-dimensional
profiling of surfaces when non-contact methods are required. These
profilers typically use phase-shifting interferometric (PSI) techniques and
are fast, accurate, and repeatable, but suffer from the requirement treat
the surface be smooth relative to the 25 mean wavelength of the light
source. Surface discontinuities greater than a quarter-wavelength
(typically 150 nm) cannot be unambiguously resolved with a
single-wavelength measurement because of the cyclic nature of the
interference. MuJ_tiwavelength measurements can _30 extend this range, but
the constraints imposed on wavelength accuracy and environmental stability
cyan be severe (U.S. Pat. No. 4,340,306 issued July 20, l982 to N. 15 



VVU 99!633l10 hcTius99n mop Balasubramanian entitled "Optical System for
Surface Topography Pseasurement.") Profilers based on scanning white-light
interferometry (S6~dLI) overcome many of the limitations of_ 5 conventional
PSI profilers for the measurement of rough or discontinuous surfaces. A
number of articles describe 1~ 15 20 25 30 this technique in~detail [cf.
Refs. 2-7 in L. Deck and P. de Groot, Appl. Opt. 33(31), 7334-7338 (1994)].
Typically these profilers record the position of a contrast reference
feature (i.e., peak contrast or peak fit) for each point in the field of
view while axially translating one arm of an equal-path interferometer
illuminated with a broadband source_ A common problem with this technique
is the enormous amount of computation required for calculating the contrast
for each point in real time. Often the contrast calculation alone is
insufficiently precise because of the discrete sampling interval, forcing
either an incrEase in the sampling density or incorporating an
interpolation technique, both of which further slow the acquisition
process. The Coherence Probe Microscope~(CPM) is an example of this class
of profiler [U. S. Pat. loo. 4, 818, 110 issued Apr. 9, 1989 to i~l.
Dwidson entitled "Method and Apparatus of Using a Two Beam Interference
Microscope for Inspection of Integrated Circuits and the Like"~ M.
Davidsoa, K. Kaufman, I. Mazor, and ~. Cc~hen, "An Application of
Interference Microscope to Integrated Circuit Inspection and Metrology,"
SPIE, 775, 233-297 (1987); U.S. Pat. No. 5,1l2,129 issued May 12, 1992 to
M. Davidson, K. Kaufman, and I. Mazor entitled "Method of Image Enhancement
fnr the Cohc-rence Probe Microscope with Applications to Integrated Circuit
Metrology."]. Profilers in general and the CPM in particular are not able
to work with three-dimensional 16   WO 99I63300 PCT/US99/11601 objects,
have the bacYground typical of a conventional interference microscopy, are
sensitive to vibrations, and require computer intensive analysis. 



Profilers based on triangulation also overcome many 5 of the limitations of
conventional PSI profilers but suffer from reduced height and lateral space
resolution and have a large background form out-of-images. An application
of this technique is found in the paper entitled "Parallel
Three-Dimensional Sensing by Color 10 Coded Triangulation" by G. Haus'_er
and D. Ritter, Appl. Opt., 32(35), 71o4-71E9 (1993) . The method used by
Hausler and Ritter, ibid., is based on the following principle: a color
spectrum of a white-light source is imaged onto the object by illumination
from one certain 15 direction. The object is observed by a color TV camera
from a direction of observation which is different from the direction of
illumination. The color (hue) of each pixel is a measure of its distance
from a reference plane. The distance can be evaluated by the
three(red-green-blue) 20 output cl;annels of a charge coupled device (CCD)
camera and this evaluation can be implemented within TV real time. However,
the resolution in height and in one lateral spatial dimension is
considerably reduced below that achieved with PSI and SWLI, there is a
large 25 background, and tht triangulation profiler has the noise
characteristics of non-interferometric measurement techniques. In addition,
the triangulation profiler is limited to surface profiling. One of the
problems encountered in white-light 30 interferometry (wLI) is the problem
of phase ambiguities. A profilometry method that has been received
attention with -respect to the phase ambiguity problem is the dispersive
interferometric profilometer (DIP) piroposed by 17   1~VU 99/6330U
1'CTIUS99/11601 J. Schwider and L. Zhou in a paper entitled "Dispersave
Interferometric Profilometer," Opt. hatt. 19(13), 995-997 (1994). A similar
approach for WLI has also been reported by U. Schnell, E. Zimmermann, and
R. Dandliker in an 5 article entitled "Absolute Distance Measurement With
Synchronously Sampled White-Light Channelled Spectrum Interferometry, "
,Pure Appl. Opt. 9, 643-651 ( 1995) . In general, the phase ambiguity
problem can be completely avoided with the use of DIP. In the DIP 10
apparatus, a parallel beam of a white-light source perpendicularly impinges
upon the real wedge of a Fizeau interferometer in front of an apochromatic
microscope objective. The Fizeau interferometer is formed by the inner
surface of the reference plate and the object 15 surface. Then the light is
reflected back onto the slit of a grating spectrometer, which disperses the
sofar invisible fringe pattern and projects the spectrum onto a linear
array detector. On the detector each point of the surface selected by the
slit of the spectrometer furnishes 20 a dispersed spectrum of the air gap
in the Fizeau interferometer. The fringe patterns can be evaluated by use
of Fourier-transform and filtering methods to obtain the phase information
from the intensity distribution of a wedge-type interferogram. 25 Although
the phase ambiguity problem can be avoided with the use of DIP, DIP is not
suitable in applications requiring the examination of three-dimensional
objects. This is a consequence of the intrinsic relatively large background
produced in DIP from out-of-focus images. The 30 background problem is
comparable to the background problem faced when trying to produce
three--dimensional images using standard interference microscopy. 18   WO
99I63300 PCTIUS99/11601 P~~ apparatus and method for making
spectrallyresolaed measurements of light reelected, emitted or scattered
from a specimen was disclosed b~- A. E. Dixon, S. Damaskinos, ar_d ,.~. 47.
Rowron in LI.S. Pat. No. 5, 192, 98C 5 issued Ma.. 9, 1993 and entitled
"Apparatus and Method for Spatially- and spectrally-Resolved Measurements".
In one set of embodiments of the apparatus and method of Dixon et al.,
properties of a specimen are characterized in terms of the ~_ntensity or
light reflected, emitted or scattered 



10 from tree specimen wherein the apparatus and method are comprised of
non-interferometric, non-confocal type with a dispersive element preceding
the detector. This set of embodiments of Dix_on et ai, have a large
background from out-of-focus images intrinsic to the standard microscope,
15 the set of ~mb~~diments being of the non-confocal type. The apparatus
and method of Dixon et a1. also includes a non-interferometric confocal
embodiment which permits measurements with reduced background. However the
limitation to making intensity measurements for the 20 confocal embodiment
as well as for the non-confocal embodiments, a consequence of using a
rion-interferometric technique, poses serious limitations on the
information about the specimen that can be acquired from reflected or
scattered light. Ini=ensity measurements yield information 25 about the
square of the magnitude of an amplitude of light reflected or scattered by
the specimen with she consequence that information about the phase of the
amplitude of reflected or scattered light is i~st. The apparatus and method
of Dixon et al. further includes an 0 er<'~bodiment which incorporates a
Fourier Transform spectrometer in a non-confocal ~_maging system. The
Fourier Transform spectrometer embodiment of Dixon et a1. i9   1` V
YJ/UJJllll 1'CT/U599/116U1 has the disadvantage of a large background from
out-offocus images intrinsic to non-confocal imaging systems. Apparatus for
making simultaneous multiple wavelength measurements with a
non-interferometric, confocal imaging 5 system has been disclosed by G.
Xiao in U.S. Pat. No. 5,537,247 issued ,7u1. 1996 and entitled "Single
Aperture Confocal Imaging System". The apparatus of Xiao is comprised of a
confocal scanning imaging system which utilizes only one aperture for both
tree incident light 10 from the light source and return light from the
object and a series of beam splitters and optical wavelength filters to
selectively direct return light of differing wavelengths to a series of
detectors, respectively. The Xiao apparatus has an advantage of making
simultaneous 15 measurements at different wavelengths and the merits of a
confocal imaging system with respect to reduced background from
out-of-focus images. However the limitation to making intensity
measurements, a consequence of using a non-interferometric technique, poses
serious limitations 20 on the information about the specimen that can be
acquired from reflected or scattered light. Intensity measurements yield
information about the square of the magnitude of an amplitude of light
reflected or scattered by the specimen with the consequence that
information about the phase of 25 the amplitude of reflected or scattered
light is lost. Tt was pointed out in a paper by G. Q. Xiao, T. R. Corle,
and G. S. Kino entitled "Real-time Confocal Scanning Optical Microscope,"
Appl. Phys. Lett., 53(8), 716-7l8 (1988) that when using white light in a
confocal 30 microscope, the chromatic aberrations of the objective lens
ensures that images from different heights in the specimen are a11 present
and a11 in focus but at different colors. Xiao et a1. demonstrated this by
producing images 20   WO 99I63300 I'CT/US99/11601 of a silicon integrated
circuit at four different wavelengths. H. J. Tiziani and H.-M. Uhde
described in a paper entitled "Three-Dimensional Image Sensing by Chromatic
Confocal riicroscopy, " Appl . Opt. , 33 ( 10) , 1838 5 l893 (1994) a white
light, non-interferometric, confocal microscope in which chromatic
aberration was deliberately introduced into the microscope oi;jectiz%e for
the purpose of obtaining height information without physically scanning the
object. A camera with black-and-white film 



10 sequentially combines, with three selected chromatic filters, intensity
and tone of color of each object point. Although confocal microscopes are
used in both of the works described by Xiao et al. and Tiziani and Uhde and
therefore have reduced background from out-of-focus 15 images, they are
limited to making intensity measurements. The limitation to making
intensity measurements, a direct consequence of using a non-interferometric
technique, poses serious limitations on the information about the speca.men
that can be acquired from reflected or scattered 20 light as noted in
reference to the patents by Dixon et al. and Xiao. An interference
microscope has been described in papers by G. S. Kino and S. C. Chim,
"Mirau Correlation Microscope, " Appl. Opt. , 26 (26) , 3775-3783 (1990)
and S . 25 S. C. Chim and G. S. Kino, "Three-Dimensional Image Realization
in Interference Microscopy," Appl. Opt., 31(14), 2550-2553 (1992) which is
based on a Mirau interferometer configuration. The apparatus of Kino and
Chim employs an interferometric, non-confocal microscope 30 with a
spatia).).y and temporally incoherent light source and uses as the detected
output the correlation signal between the beams reflected from the object
and from a imirror,~resp2ctively. It is possible with the apparatus Gl   WO
99I63300 PCT/LJS99/11601 of Kino and Chim to measure both amplitude and
phase of the beam reflected from the object. However, the interferometric
apparatus of Kino and Chim has the disadvantage of a serious background
problem, the level of 5 background from out-of-focus images being typical
of that found in a standard interference, non-confocal microscopy system.
An interferometric apparatus has been disclosed by A. Kniittel in U.S. Pat.
No. 5,565,986 issued Oct. 15, 1996 10 and entitled "Stationary Optical
Spectroscopic: Imaging in Turbid Objects by Special Light Focusing and
Signal Detection of Light with Various Optical Wavelengths" to obtain a
spectroscopic image of an object, displaying both spatial resolution in a
lateral direction and a field of 15 view in a depth direction. The
apparatus described by Kniittel has a non-confocal imaging system and
typically includes a dispersive optical element in ar~ arm of an
interferometer and a chromatic object lens. The dispersive element makes it
possible to record information 20 about the scattered light amplitude at
different optical wa~relengths, the use of an interferometer makes it
possible to record information about the magnitude and phase of the
amplitude of reflected or scattered light, and the use of a chromatic
object lens makes it possible 25 to record information about a field of
view in a depth direction. However, the interferometric apparatus of
Knuttel has a serious background rroblem, the level of the background being
typical of that found in a standard interference, non-confocal microscopy
system. 30 One of the primary objectives of an embodiment of the apparatus
of Kniittel was to be able to image simultaneously two regions of an object
separated in a depth dimension by using two different orders of a . 22 



WO 99163300 PCTIUS99/11G01 chromatic object ler_s comprised in part of a
zone plate. As a consequence, the signals recor~ed by the detector of this
embodiment are comprised of superimposed images from the two separated
depth positions in the object. 5 Therefore, in addition to the presence of
a high background from out-of-focus images as r~reviously noted, a complex
inversion calculation must be performed by the computer to extract the
image for a given depth from the superimposed in focus images. There is a
serious problem 10 encountered with the type of inversion calculation
required for superimposed images as acquired with the referenced embodiment
of Kntittel: the results of the inversion calculations are relatively
accurate near the surface of the object but rapidly degrade as the depth in
15 the sample increases. This problem is generally not encountered in
inversion calculations where there is only one point of the object in-focus
at the detector. The above cited background problem encountered in
interference microscopy is reduced in an interference 20 version of the
confocal microscope described by D. K. Hamilton and C. J. R. Sheppard in an
article entitled "A Confocal Interference Microscope", Optica Acta, 29(l2),
1573-1577 (1982). The system is based on the confocal microscope in which
the object is scanned relative to a 25 focused laser spot, the laser spot
being arranged to coincide with the back-projected image of a point
detector. An interference form of the reflection confocal microscope is
based on a Michelson interferometer in which one beam is focused onto the
object. This system has the 30 important property of a reduced background
from out-offocus images intrinsic to confocal microscopy systems. However,
the confocal interference microscope of Hamilton and 5heppard, ibid.,
measures the reflected signal at only 23   CVO 99I63300 PCT/US 99/ 1 I 60 t
one point at a time in a three-dimensional object. The scanning of the
object one point at a time also ma~:es the system sensitive to sample
motion unrelated to the scan during the required data acquisition. 5 A
major component that is important in the effective utilization of
high-performance computers is memory. Because of the huge data storage
requirements of these instruments, compact, low-cost, very high-capacity,
highspeed memory devices are needed to handle the high data 10 volume
afforded by parallel computing. Such data storage requirements may be
provided by a three-dimensional memory. In a two-dimensional memory, the
maximum theoretical storage density (proportional to 1~7~z) is of the order
of 15 3 . Sx108 bits/cm2 for ~. = 532 nm, whereas in a three dimensional
memory the maximum storage der_sity is of the order of 6.5x1012 bits/cm3.
These maximum values represent upper limits to the storage capacity when
using a single bit binary format at each memory site. These upper limits 



20 can be increased by using a recording medium where different levels of
amplitude or amplitude and phase information are recorded. Holographic
recording in phaserecording media is an example of the latter mode. In the
different modes of recording, the mode of 25 single bit binary fcrmat,
amplitude in base I~1 format or amplitude and phase in (base N)x(base M)
format, at each memory site, the size of a voxel at a memory site that can
be used, and therefore storage density, is limited by the signal-to-noise
ratio that can be obtained, the signal-to 30 noise ratio generally being
inversely proportional to the volume of the voxel. In particular, for the
amplitude or amplitude and phase recording modes, the number of 29   4V0
99/63300 ncT/us99msot independent pieces of information that can be stored
in a voxel is also limited by the signal-to-noise ratio that can be
obtained. What is needed is a system treat combines a 5 sensitivity of
image data to out-of-focus images that is reduced below that inherent in
prior art confocal and confocal interference microscopy, the reduced
sensitivit,~ of the image data to out-of-focus images being with respect to
both systematic and statistical errors; a 10 reduced requirement o.f
computer deconvolutions associated with reduced sensitivity to out-of-focus
images; the potential. for high signal-to-noise ratios intrinsic to
confocal interference microscopy systems; capacity to record in parallel
the data for an axial or transverse 15 direction; and the potential to
measure the complex amplitude of the scattered and/or the reflected light
beam. SU1~1RY Or THE II~~TENTION 20 Accordingly, it is an object of the
invention to furnish method and apparatus for reading information from
locations at different depths within an optical disk. It is an object of
the invention to furnish method 25 and apparatus for reading information
from locations at multiple depths within an optical dish. It is an object
of the invention! to furnish method and apparatus f.or reading information
simultaneously from locations at multiple depths within an optical disk. 



30 It is an object of the invention to furnish method and apparaLVs for
reading information from locations at multiple tracks on or within an
optical disk. 25   V1'O 99l63300 PCT/US99/11601 It is an object of the
invention to furnish method and apparatus for reading information
simultaneously from locations at multiple tracks on or within an optical
disk. It is an object of the invention to furnish method 5 and apparatus
for reading information simultaneously from locations at multiple tracks
and multiple locations on the tracks on or within an optical disk. It is an
object of the invention to furnish method and apparatus for reading
information simultaneously from 10 locations at multiple depths and
multiple tracks within an optical disk. It is an object of the invention to
furnish method and apparatus for writing information to locations at
multiple depths within an optical disk. 15 It is an object of the invention
to furnish method and apparatus for writing information simultaneously to
locations at multiple depths within an optical disk. It is an object of the
invention to furnish method and apparatus for writing information to
locations at 20 multiple trac~;s on or within an optical disk. Iz is an
object.of the invention to furnish method and apparatus for writing
information simultaneously to locations at multiple tracks on or within an
optical dish. It is an object of the invention to furnish method 25 and
apparatus for writing information simultaneously to locations at multiple
depths and multiple tracks within an optical disk. It is an object of the
invention to furnish method and apparatus for writing information to
locations at 30 multiple depths within an optical disk with a higher
density. It is an object of the invention to furnish method and apparatus
for writing information simultaneously to 



26   WO 99I63300 CC'1'NS99/11601 locations at rr~ultiple depths within an
optical dish; with a higher density. It is an object of tile invention to
furnish method and apparatus for writing information to locations at 5
multiple tracks on car within an optical disk with a higher density. It is
an object of the invention to furnish method and apparatus for writing
information simultaneously to locations at multiple tracks on or within an
optical disk 10 with a higher density. It is an object of the invention to
furnish method and apparatus for writing information simultaneously to
locations at multiple depths and multiple tracks within an optical disk
with a higher density. 15 It is an object of the invention to provide
rapid, reliable one-dimensional, two-dimensional, and threedimensional
tomographic complex amplitude imaging. It is an object of the invention to
provide an improved tomographic complex amplitude imaging technique c0 that
avoids the shortcomings of the above described prior art. It is another
object of the invention to provide a tomographic complex amplitude imaging
technique that conveniently reduces or eliminates the statistical error 25
effects of light from out-of-focus image points. It is another object of
the invention to provide an improved technique for tomographic cdmplex
amplitude imaging wherein systematic error ef~ects of out-of-focus light
images are gre~aly reduced or eliminated. 30 It is another object of the
invention to provide a tomographic complex amplitude imaging technique that
allows suhstant:ially simultaneous imaging of an object at mu'tiple image
points. 27   WO 99/63300 PCTIUS99/11601 



It is another object of the invention to provide a convenient technique for
tomographic complex amplitude imaging in one, ~:wo, and three dimensions
with the means to obtain a signal-~o-noise ratio for the images that is 5
achievable with an interferometric system. It is another object of the
invention to provide a tomographic comply amplitude imaging system and
technique which avoids the computation difficulties of salving nonlinear
differential equations. 14 It is another object of the invention to provide
a conTaenient technique for tomographic complex amplitude imaging of a line
section or two-dimensional section in an object despite movement thereof.
The embodiments and variants thereof described 15 hereinafter fall into
five groups of embodiments. Certain ones of the embodiments and variants
thereof of the first group of embodiments generate one-dimensional images
that are substantially orthogonal to the onedimensional images generated by
corresponding ones of 20 embodiments and variants thereof of the second
group of embodiments, information in the one-dimensional images being
acquired simultaneously with background reduction and compensation. Certain
other ones of the embodiments of the first group of embodiments generate
two-dimensional 25 images that are substantially orthogonal to the
twodimensional images generated by corresponding ones of the embodiments
and variants thereof of the second group of embodiments. information in the
two-dimensional images being acquired simultaneously with background
reduction 30 and compensation. Certain ones of the embodiments and variants
thereof of the third group of embodiments generate one-dimensional images
that are substantially orthogonal to the one 28   \YO 99163300 PCT/U599/I
I601 dimensional images generated by corresponding ones of embodiments and
~%ariants thereof of the fourth group of embodiments, information in the
one-dimensional images being acquired simultaneously without background
reduction 5 and compensation. Certain other ones of the embodiments and
variants thereof of the third group of embodiments generate two-dimensional
images that are substantially orthogonal to the two-dimensional images
generated by corresponding ones of the embodiments and variants thereof 10
of the fourth group of embodiments, information in the two-dimensional
images being acquired simultaneously without background reduction and
compensation. The embodiments and variants thereof of the fifth group of
embodiments generate multi-dimensional images as 15 a sequence of single
point images, the single points images being acquired with background
reduction and compensation. Briefly described, and in accordance with one
embodiment thereof, I provide a method and apparatus from 20 the first
group of embodiments for discriminating the complex amplitude of an
in-focus image from the complex amplitude of an out-of-focus image by
focusing optical radiation from a broadband spatially incoherent point
source onto a source pinhole. Rays emanating from the 25 source pinhole are
collimated and directed to a first phase shifter. The phase of a first
portion of the collimated rays is shifted by the phase shifter to produce a
first quantity of phase-shiFted Lays, and the phase of a second portion o~
the collimated rays is shifted by the 



30 phase shifter to produce a second quantity of phaseshifted rays. The
first and second quantities of phase shifted rays are focused to a firs
spot. 29   \VO 99/63300 ~crn~s99n ~ 60~ Rays of the first quantity of
phase-shifted rays emanating from the first spot are collimated and
directed to a beam splitter. A first portion of the collimated rays passes
through the beam spiitter to form a first 5 quantity of a probe beam and a
second portion oz the collimated rays is reflected by the beam splitter to
form a first quantity~of a reference beam. Rays of the second quantity of
phase-shifted rays emanating from the first spot are collimated and
directed to the beam splitter. A 10 first portion of the collimated rays
passes through the beam splitter to form a second quantity of the probe
beam and a second portion of the collimated rays is reflected by the beam
splitter to form a second quantity of the reference beam. 15 The rays of
the first and second quantities of the probe beam are directed to a second
phase-shifter. The rays of the first quantity of the probe beam are phase
shifted to form a third quantity of the probe beam and rays of the second
quantity of the probe beam are phase 20 shifted to form a fourth quantity
of the probe beam, the net phase shifts produced by the first and second
phase shifters for the third and fourth quantities of the probe beam being
the same. The third and fourth quantities of the probe: beard are focused
by a first probe lens to form a 25 line image ire are object material to
thereby illuminate the object material. The line image is aligned
proximally along the optical axis of tr~e first probe lens and the length
of the line image along the optical a;~is is determined by a combination of
factors such as the depth 30 of focus and_chromatic aberration of the first
probe lens which can be adjusted and the optical bandwidth of the source.
30   CVO 99/63300 PCTIUS99/11601 



Rays of the first and second quantities of the reference beam are directed
to a third phase-shifter. Rays of the first quantity of the reference beam
are phase shifted to form a third quantity of the reference beam and 5 rays
of the second quantity of the reference beam are phase shifted to form a
fourth quantity of the reference beam, the net phase shifts produced by the
first and third phase shifters for the third and fourth quantities of the
reference beam being the same. The third and fourth 10 quantities of the
reference beam are focused by a reference lens onto a spot on a reference
mirror. Reflected and/or scattered rays of the third and fourth quantities
of the probe beam emanating from the illuminated object in the direction of
the probe lens form 15 a scattered probe beam and are collimated and
directed by the probe lens to the second phase shifter. The phase of a
first portion of the collimated rays is shifted to produce a first
scattered probe beam quantity of phaseshifted rays, and the phase of a
second portion of the 20 collimated rays is shifted to produce a second
scattered probe beam quantity of phase=shifted rays. Rays of the first and
second scattered probe beam quantities are directed to the beam splitter. A
portion of the first and a portion of the second scattered probe beam
quantities 25 are reflected by the beam splitter to form third and fourth
quantities of the scattered probe beam, respectively. The collimated rays
of the third and fourth quantities of the scattered probe beam are focused
by a spatial filter lens onto a spatial. filter pinhole. 30 Reflected rays
emanating from the spot on the reference mirror in the direction of the
reference lens form a reflected reference beam and are collimated and
directed by the reference lens to the third phase shifter. 31   WO 99/63300
PCT/US99/11601 The phase of a first portion of the collimated rays is
shifted to produce a First reflected reference beam quantity of
phase-shifted rays and the phase of a second portion of the collimated rays
is shifted to produce a 5 second reflected reference beam quantity of
phase-shifted rays. Rays of the first and second reflected reference beam
quantities ire directed to the beam splitter. A portion of the first and
second reflected reference beam quantities are transmitted by the beam
splitter to form 10 third and fourth quantities of the reflected reference
beam, respectively. Collimated rays of the third and fourth quantities of
the reflected reference beam are focused by the spatial filter lens onto
the spatial filter pinhole. 



15 A portion of_ the third and a portion of the fourth quantities of the
scattered probe beam pass through the spatial filter pinhole to form
spatially-filtered third and fourth quantities of scattered probe beam,
respectively. The spatially-filtered third and fourth 20 quantities of
scattered probe beam are collimated and directed by a dispersive element
lens to a dispersive element, preferably a reflecting diffraction grating.
A portion of the third and a portion of the fourth quantities of the
reflected reference beam pass through 25 the spatial filter pinhole to form
spatially-filtered third and fourth quantities of reflected reference beam,
respectively. The spatially-filtered third and fourth quantities of
reflected reference beam are collimated and directed by the dispersive
element lens to the dispersive 30 element. A portion of each of the
spatially-filtered third and fourth quant=ties of scattered probe beam
emanating from the dispersive element passes through a detector lens to 32
WO 99I63300 PCT/US99/1 I601 form wavenumber-filtered, spatially-Filtered
third and fourth quantities ef scattered probe beam, respectively. The
wavenumber-filtered, spatially-filtered third and fourth quantii:ies of
scattered probe beam are focused by 5 the detector lens to form a line
image on a plane containing a ~.inear array of detector pinholes. A portion
of each of the spatially-filtered third and fourth quantities of reflected
reference beam emanating from the dispersive element passes through the
detector lens to 10 form wavenumbFr-filtered, spatially-filtered third and
fourth quantities of reflected reference beam, respectively. 'rhe
wavenumber-filtered, spatially-filtered third and fourth quantities of
reflected reference beam are focused by the detector lens to form a line
image of 15 waventunber-filtered, spatially-filtered third and fourth
quantities of reflected referencE, ream on the plane containing the linear
array of pinholes. Intensities of portions of superimpcsed
wavenumberf.iltered, spatially-filtered third and fourth quantities 20 of
scattered probe beam and the waverumber-filtered, spatially-filtered third
and fourth quantities of reflected reference beam transmitted by the
de~ector pinholes are mea:~ured by a multi~--pixel dt:tector comprised of a
linear array of pixels as a first array of measured 25 intensity values.
The phases of the wavenumber-filtered, spatially-fi7.tered i.:hird and
fourth quantities of reflected r2ferencE beam are shifted~by radians by a
Fourth phase shif teY~ to form a first phase-shif-.ted,
wavenumber-filtered, aL~atially-filtered third and fourth 30 quantities of
reflected reference beam. Intensities of portions of superimposed
wavenumber-filtered, spatiallyfiltered third and rourth qua:~tit ~_es of
scattered probe ' ~ - . beam and the first phase-shifted,
wavenuilber-filtered, 33   \'t'O 99t6330(1 



PCT/US99/1 I 601 spatially-filtered third and fourth quantities of
reflected reference beam transmitted by the detector pinholes are measured
by the multi-pixel detectcr as a second arrsy of measured intensity values.
5 The phases of the wavenumber-filtered, spatiallyfiltered third and fourth
quantities of reflected reference beam are shifted by an additional radians
by the fourth phase shifter to form a second phasedshifted,
wavenumber-filtered, spatially-filtered third and 10 fourth quantities of
reflected reference beam, respectively. Intensities of portions of
superimposed wavenumber-filtered, spatially-filtered third and fourth
quantities of scattered probe beam and the second phaseshifted,
wavenumber-filtered, spatially-filtered third and 15 fourth quantities of
reflected reference beam transmitted by the detector pinholes are measured
by the multi-pixel detector as a third array of measured intensity values.
The phases of the wavenumber-filtered, spatiallyfiltered third and fourth
quantities of reflected 20 reference beam are shifted by an additional
radians by the fourth phase shifter to form a third phase-shifted,
wavenumber-filtered, spatially-filtered third and fourth quantities of
reflected reference beam, respectively. Intensities of portions of
superimposed wavenumber 25 filtered, spatially-filtered third and fourth
quantities of scattered probe beam and the third phase-shifted,
wavenumber-faltered, spatially-filtered third and fourth quantities of
reflected reference beam transmitted by the detector pinholes are measured
by the multi-pixel detector 30 as a fourth array of measured intensity
values. In a next step, the first, second, third, and fourth arrays of
measured intensity values are sent to a computer for processing. Elements
of the second array of measured 34   CVO 99I63300 PCTIUS9911 I601 intensity
values are subtracted from the corresponding elements of the first array of
measured intensity values by the computer to yield a measurement of a first
array of component values ef a comple?: amplitude of the scattered 5 probe
beam that is in focus at the plane of the detector pinholes with the
effects of light from out-of-focus images substantially canceled out.
Elements of the fourth array of measured intensity values are subtracted
from the corresponding elemeTits of the third array of measured 10
intensity values by tree computer to yield a measurement of a second array
of component values of the complex amplitude of the scattered probe beam
that is in focus at the plane of the detector pinholes with the effects of
light from out-of-focus images substantially canceled out. 15 The first and
second arrays of component values of the amplitude of the scattered probe
beam are values of orthogonal components and as such, give within a complex
constant an accurate measurement of the complex amplitude of the scattered
probe beam that is in-focus in the plane 20 of the detector pinholes with
the effects of light from out-of-focus images substantially canceled out.
Using the computer and computer algorithms mown to those skilled in the
art. an accurate one-dimensional representation of a line section of the
object material is obtained with no 25 scanning of the object material
required. The direction of the line section is in the direction of the
optical axis of the probe lens. The line section may cut through one or
more surfaces of the object material or lie in a surface of the object
material. Using the computer and 30 computer algorith~~r~s_ known to those
skilled in the art, accurate two-dimensional and three-dimensional
representations of the object material are obtained from two-dimensional
and three-dimensional arrays, 35   ~4'O 99I63300 



PCT/US99/1160I respectively, of the first, second, th~.rd, and fourth
arrays of measured intensity value: acquired through scanr:ing of the
object material in one and two dimensions, respectively. The desired line
section, plane section, or 5 volume section of the object material may cut
through or inc'_ude one or more surfaces of the object material. The
scanning of the object material is achieved by systematically moving the
object material in one and two dimensions, respectively, with a translator
which is 10 controlled by the comLUter. The computer algorithms may include
computer de;.onvoluti.ons and intagral equation inversion techniques which
are known to those sJcilled In the art should correction for out-of-focus
images be desired beyond the compensation achieved iii the first and 15
second arrays of component values of the amplitude of the scattered probe
beam by the apparatus of the present invention. In accordance with a second
embodiment thereof, I provide a method and apparatus for discriminating the
20 complex amplitude of an in-focus image from the complex amplitude of an
out-of-focus image by imaging optical radiation from a broadband, spatially
extended, spatially incoherent line source onto a linear array of source
pinholes comprising the apparatus and electronic 25 processing means of the
previously described embodiment wherein the source pinhole of the first
embodiment has been replaced by the linear array of source pinholes, the
spatial fi~Ler pinhole of the first Embodiment has been replaced by a
linear array of spatial filter pinholes, and 3G the linear array of
detector pinholes and the multi-pixel detector of the first embodiment have
been replaced by a two-dimensional array o:~ detector pinholes and a
multipixel detector comprised of a two-dimensional array of 36   'O
99/63300 PCT/US99I11601 pixels, respectively. The directions of the linear
array of source pinholes and the linear array of spatial filter pinholes
are perpendicular to the planA defined by ttie dispersive element. The
two-dimensional arrays of 5 detector pinholes and detector pixels are
orientated with the image of the linear array of source pinholes in the
in-focus plane at the multi-pixel detector. Elements of measured arrays of
first and second component values of amplitude of wavenu~~nber-filtered, 10
spatially-filtered scattered probe beam are values of orthogonal components
and as such, give within a complex constant an accurate measurement of the
complex amplitude of the scattered probe beam that is iii-focus at the
plane of the two-dimensional linear array of detector pinholes 15 with the
effects of light from out-of-focus images substantially canceled out. Using
computer algorithms known to those skilled in the art, an accurate
twodimensional representation of a two-dimensional section of the object
material is obtained with substantially no 20 scanning required. The
two-dimensional section is selected by the respective orientations of the
linear array of source pinholes and of the optical axis of the probe lens.
The two-dimensional section may cut through one or more surfaces of the
object material or lie in a 



25 surface of the object material. Using computer algorithms known to those
skilled in the art, accurate threedimensional representations of the
oi~ject are obtained from three--dimensional arrays of the first, second,
third, and fourth intensity values acquired through scanning of 30 the
object in substantially one dimension. The three dimensional representation
of the object material may include .representations of one or more surfaces
of the object material. The computer algorithms may include 37   WO
991b330(1 PCT/L1S99/1 I GO 1 computer deconvolutions and Integral equation
inversion techniques which are known to those skilled in the art should
correction for out-of-focus Images be desired beyond the compensation
achieved in the first and second 5 arrays of component values of the
amplitude of the scattered probe beam by the apparatus of the present
invention. In accordance with a variant of the secor_d embodiment thereof,
I provide a method and apparatus for 10 discriminating an in--focus image
from an out-of-focus image by imaging optical radiation from a broadband
spatially-extended, spatially-incoherent line source onto a source slit
comprising the apparatus and electronic processing means of the previously
described second 15 embodiment where the linear array of source pinholes of
the second embodiment has been replaced by the source slit and the linear
array of spatial filter pinholes of the second embodiment has been replaced
by a spatial filter slit. The directions of the source slit and the spatial
20 filter slit are perpendicular to the plane defined by the dispersive
element. Elements of measured arrays of first and second component values
of the amplitude of the wavenumberfiltered, spatially-filtered scattered
probe beam are 25 values of orthogonal components and as such, give within
a complex constant an accurate measurement of the complex amplitude of the
wavenumber-filtered, spatially-filtered scattered probe beam that is
in-focus in the plane of the two-dimensional array of detector pinholes
with the 30 effects of light from out-of-focus images substantially
canceled out. Lsing computer algorithms known to those skilled in the art,
an accurate two-dimensional representation of a. two-dimensional section of
the object 38   



WO 99/633D0 PCTIUS99/11601 material is obtained c~~ith no scanning
required. The twodimensional section is selected by the respective
orientations of the source slit and of the optical axis of the probe lens.
Jsing the computer and computer 5 algorithms known to those skilled in the
art, accurate threE-dimensional representations of the object material are
obtained from three-dimensicnal arrays of the first, second, third, and
fourth intensity vaJ_ues acquired through scanning of the object material
in one-dimension. 10 The scanning of the object material is achieved by
systematically moving the object material in one dimension with a
translator controlled by the computer. The computer algorithms may include
computer deconvolutions and integral equation inversion techniques that are
known 15 to those skilled in the ar_t should correction for out-offocus
images be desired beyond the compensation achieved by tile apparatus of the
present invention. Alternative embodiments to the first ar_d second
preferred embodiments of the invention include the ability 20 to improve
andlor optimize the signal-to-noise ratio using additional o~~tical means
and substantially the same electronic processing means as are employed in
the primary apparatus of the first and second preferred embodiments of the
invention. The additional optical means comprises 25 modified paths for the
reference and probe beams whereby the amplitude of wavenumber-filtered,
spatially-filtered reflected reference beam focused on a' selected detector
pinhole for either the first embodiment or the second embodiment can be
adjusted relative to the amplitude of 30 the wavenumber-filtered,
spatially-filtered scattered probe beam imaged on the sele:aed dAtector
pinhole of either the first embodiment or the second embodiment,
respectively. ' ' ' ' 39   1V0 99I63300 I'CT/US99/11601 In accordance with
a third embodiment thereof, I provide a method and apparatus for
discriminating the complex ariplitude of an in-focus Image from the complex
amplitude of an out-of-focus image with means to adjust or 5 improve and/or
optimize the signal-to-noise ratio comprising the apparatus of the
previously described first embodiment and and optical means to adjust the
amplitude of a wavenumber-filtered, spatially-filtered reflected 



reference beam focused on a selected detector pinhole 10 relative to the
amplitude of a wavenumber-filtered, spatially-filtered scattered probe beam
imaged on the selected detector pinhole. Rays from a broadband spatially
incoherent point source are focused onto a source pinhole. Rays emanating
from the source pinhole 15 are collimated and directed to a first phase
shifter. The phase of a first portion of the collimated rays is shifted to
produce a first quantity of phase-shifted rays, and the phase of a second
quantity of the collimated rays is shifted to produce a second quantity of
phase-shifted 20 rays. The first and second quantities of phase-shifted
rays impinge on a first beam splitter. A first portion of the first
quantity of phase-shifted rays passes through the first beam splitter to
form a first quantity of a probe 25 beam and a second portion of the first
quantity of phase shifted rays is reflected by the first beam splitter to
form a first quantity of the reference beam. A first portion of the second
quantity of phase-shifted rays passes through the first beam sputter to
form a second 30 quantity of the probe beam and a second portion of the
second quantity of phase-shifted rays is reflected by the first beam
splitter to form a second quantity of the reference beam. The first and
second quantities of the 40   WO 99I63300 PCT/US99/1 I601 probe beam are
focused to a first probe beam spot. The first and second quantities of the
reference beam are focused to a first reference beam spot. Rays of the
first quantity of the probe beam 5 emanating from the first probe beam spot
are collimated and directed to a second beam splitter. A portion of the
collimated rays passes through the second beam splitter to form a third
quantity of tree probe beam. Rays of the second quantity of probe beam
emanating from the first 10 probe beam spot are collimated and directed to
the second beam splitter. A portion of the collimated rays passes through
the second beam splitter to form a fourth quantity of the probe beam. The
rays of the third and fourth quantities of the probe beam are directed to a
second 15 phase shifter. The rays of the third quantity of the probe beam
pass ~~hrough the second phase shifter and are phase shifted to Form a
fifth quantity of the probe beam. The rays of the fourth quantity of the
probe beam pass through the secor_d phac~e shifter and are phase shifted to
20 form a sixth quantity of the probe beam, the net phase shifts produced
by the first and second phase shifters for the fifth and sixth quantities
of the probe beam being the same. Rays of the first quantity of the
reference beam 25 emanating from the first reference beam spot are
collimated, directed to a third phase shifter, and emerge as a third
quantity of the reference`beam. Rays of the second quantity of the
reference beam emanating from the first reference beam spot are
collimatecl, directed to the 30 third phase shifter, and emerge as a fourth
quantity of the reFerence beam; the net phase shifts produced by the first
and third phase shifters for the third and fourth quantities of the
refer~ance beam.beinc~ the same. A 



al   1V0 99/63300 PCT/US99/11601 portion of the third quantity of the
reference beam is reflected by a third beam splitter to form a fifth
quantity of the reference beam. P. portion of the fourth auantity of the
reference beam is reflected by the third 5 beam splitter to form a sixth
quantity of the reference beam. The collimated fifth and sixth quantities
of the reference beam ark focused by a reference lens Into a second
reference beam spot on a reference mirror. The collimated fifth and sixth
quantities of the 10 probe beam are focused by a probe lens to form a line
image in an object material to thereby illuminate the object material. The
Line image is aligned proximally along the optical axis of the probe lens
and the length of the line image along the optical axis is determined by a
15 combination of factors such as the depth of focus and chromatic
aberration of the probe lens and the cptical bandwidth of the source.
Reflected and/or scattered rays of the fifth and sixth quantities of the
probe beam emanating from the 20 illuminated object in the direction of the
probe lens form a scattered probe beam. The scattered probe beam is
collimated by the probe lens and directed to the second phase shifter. The
phase of a first portion of the collimated lays is shifted to produce a
first scattered 25 probe beam quantity of phase-shifted rays, and the phase
of a second portion of the collimated rays is shifted to produce a second
scattered probe beam quantity of phaseshifted rays. Rays of the first and
second scattered probe beam quantities are directed to tl~e second beam 30
splitter. A portion of the first and second scattered probe beam quantities
are reflected by the second beam splitter tc form third and fourth
quantities of the scattered probe beam, respectively. Collimated rays of 42
CVO 99/63300 PCTIUS99111601 the third and fourth quantities of the
scattered probe beam are focused b5~ a spatial filter leas onto a spatial
filter pinhole. Reflected rays emaciating from the second reference 5 beam
spot on the reference mirror in the direction of the reference lens form a
reflected reference beam and are collimated acid directed by the reference
lens to the third beam splatter. A portion of the reflected reference beam
is transmitted by the third beam splatter and impinges on 10 a fourth phase
shifter. The phase of a first portion of the transmitted beam is shifted to
produce a first reflected reference beam quantity of phase-shifted rays and
the phase of a second portion of the transmitted beam is shifted to produce
a second reflected reference beam 15 quantity of phase-shifted rays. Rays
of the first and second reflected reference beam quantities are directed to
the second beam splatter. A portion of the first and second reflected
reference beam quantities axe transmitted by the second beam splatter to
form third and fourth 20 quantities of the reflected reference beam,
respectively. Collimated rays of the third and fourth quantities of the
reflected reference beam are focused by the spatial filter lens onto the
spatial filter pinhole. A portion of each of the third and fourth
quantities 25 of the scattered probe beam passes through the spatial filter
pinhole to form a spatially-filtered third and fourth quantities of
scattered probe~beam, respectively. The spatially-filtered third and
fourtt? quantities of scattered probe beam are collimated and directed by a
30 dispersion element lens to a dispersive element, preferably a reflecting
diffraction grating. A portion of each of the third and fourth quantities
of the reflected reference beam passes through the spatial 



43   VVO 99/63300 PCT/US99/11601 filter pinhole to form a
spatially-filtered third and fourth quantities of reflected reference beam,
respec~t~vely. The spatially-filtered third and fourth quantities of
reflected reference beam are collimated and 5 directed by the dispersion
element lens to the dispersive element. ~1 portion off each of the
spatially-filtered third and fourth quantities of scattered probe beam
emanating from the dispersive e).ement passes through a detector lens to 10
form wavenumber-filtered, spatially-filtered third and fourth quantities of
scattered probe beam, respectively. The wavenumber-filtered,
spatially-filtered third and fourth quantities of scattered probe beam are
focused by the detector lens to form a line image on a plane 15 containing
a linear array of detector pinholes. 3~ portion of each of the
spatially-filtered third and fourth quantities of reflected reference beam
emanating from the dispersive element passes through the detector lens to
form wavenumber-filtered, spatially-filtered third and 20 fourth quantities
of reflected reference beam, respectively. The wavenumber-filtered,
spatially-filtered third and fourth quantities of reflected reference beam
are focused by the detector lens to form a line image on the plane
contai~zing the linear array of detector 25 pinholes. Intensities of
portions of superimposed wavenumberf.iltered, spatially-filtered third and
fourth quantities of scattered probe beam and the wavenumber-filtered,
spatially-filtered third and fourth quantities of 30 reflected reference
beam transmitted by the detector pinholes are measured by a mufti-pixel
detector comprised of a linear array of pixels as a first array of measured
intensity values. The phases of the wavenumber-filtered,' a ~~   fVO
99I63300 PCT/US99/11601 



spatially-filtered third and fourth quantities of reflected rei:erence beam
are shifted by radians by a fifl:h phase shifter to form a first
phase-shifted, wavenumber-filtered, s~.~atially-filtered third and fourth 5
duantities oC reflected reference beau. Intensities of portions of
superimpos,~d wavenumber-filtered, spatiallyfiltered third a~i~~ fourth
quantities of scattered probe beam and fiist: phase-shifted,
wavenumber-filtered, spatially-fl_J_tered third anc~ fourth quantities of
10 reference beam tran;~mitted t>y the detector pinholes are measured by
the multi-pixel detector as a second array of measured intensity valaes.
The phases of the wav~number-filtered, spatiallyfiltered third and fourth
quantities of reflected 15 reference beam are shifted by an additional
radians by the fifth phase shifter to form a second phase-shifted,
wavenumber-filtered, spatially-filtered third and fourth quantities of
reflected reference beam, respectively. Intensities of porL.ions of
superimposed wavenumber 20 fi).tered, spatially-filtered third and fourth
quantities of scattered probe beam anrl of the second phase-shifted,
wavenumber-filtered, spatially-filtered third and fourth quantities of
rFflected reference beam transmitted by the detector pinholes are measured
by the multi-pixel detector 25 as a third array of measured intensity
values. The pha>es of the wavenumber-filtered, spati.allyfiltered tri~rd
and fourth quantities~of reflected reference beam are shifted by an
additional. radians by the fifth phase shifter to form a third
phase-shifted, 30 wavenumber--filtered, spatially-fiJ_tered third and
fourth quantities of reflected reference beam, respectively. Intensities of
portions of superimposed wavenumberfiltered, spatially-filtered third and
fourth quantities 45   WO 9916330(1 I'CT/US9911 I601 scattered probe beam
and third phase-shifted, wavenumberfiltered, spatially-filtered third and
fourth quantities of reflected reference beam transmitted by the detector
pinholes are measured by the multi-pixel detector as a 5 fourth array of.
measured intensity values. In a next step, the first, second, third, and
fourth arrays of measured intensity values are sent to a computer for
processing. Elements of the second array of measured intensity values are
subtracted from the corresponding 10 elements of the first array of
measured intensity values by the computer to yield a measurement of a first
array of component values of a complex amplitude of the scattered probe
beam that is in focus at the plane of the detector pinholes with the
effects of light from out-of-focus 15 images substantially canceled out.
Elements of the fourth array of measured intensity values are subtracted
from the corresponding elements of the third array of measured intensity
values by the computer to yield a measurement of a second array of
component values of the complex 20 amplitude of the scattered probe beam
that is in focus at the plane of the detector pinholes with the effects of
light from out-of-focus images substantially canceled out. . Elements of
first and second arrays of component values of the amplitude of
wavenumber-filtered, spatially25 filtered scattered probe beam are values
of orthogonal components and as such, give within a complex constant an
accurate measurement of the complex amplitude of the scattered probe beam
that is in-focus In the plane of the detector pinholes with the effects of
light from out-of 30 focus images substantially canceled out. Using the
computer and computer algorithms known to those skilled in the art, an
accurate one-dimensional representation of a line section of the object
material: is obtained with no 96   



WO 99I63300 f CT/US991t 1601 scanning of the object material required. The
direction of the line section is in the direction of the optical axis of
the probe lens. Using tree computer and computer algorithms known to those
s~:illed in the art, accurate 5 two-dimensional and three-dimensional
representations of the object material are obtained from two-dimensional
and three-dimensional arrays, respectively, of the first, second, third,
and fourth arrays of measured intensity values acquired through scanning of
the object material in 10 one and two dimensions, respectively. fhe
scanning of the object material is achieved by systemat~_cally moving the
object material in one and two dimensions, respectively, with a translator
which is controlled by the computer. The computer algorithms may include
computer 15 d~convolutions and integral equation inversion techniques which
are known to those skilled in the art should correction for out-of-focus
images be desired beyond the compensation achieved in the first and second
arrays of component values of the amplitude of the scattered probe 20 beam
by the apparatus of the present invention. The signal-to-noise ratio can be
adjusted or improved andior optimized in the third embodiment with respect
to measuring the desired complex amplitudes. The optimization is
accomplished by adjusting the ratio of the 25 amplitude of the
wavenumber-filtered, spatially-filtered third and fourth quantities of the
scattered probe beam focused or. a selected detector pinho~te and of the
amplitude of the wavenumber-filtered, spatially-filtered third and fourth
quantities of the reflected reference 30 beam focused on tree selected
detector pinhole by altering the reflect5.on-transmission properties of the
first, second, and thi.cd beam splatters. 97   WO 99I63300 PCT/iJS99111601
In accordance with a fourth embodiment thereof, I provide a method and
apparatus for discriminating the complex aml~?_itude of an in-focus image
from the complex amplitude of an out-of-focus image with means to adjust or
5 improve a~id/or ox~timizE the signal-to-noise ratio by imaging optical
radiation from a brcadband, spatially extended, spatisly incoherent line
source onto a linear array of source pinholes comprising the apparatus and
electronic processing means of the previously described 10 third embodiment
wherein the source pinhole of the third embodiment has been replaced by the
linear array of source pinholes, the spatial filter pinhole of the third
embodiment has been replaced by a linear array of spatial filter pinholes,
and the linear array of detector pinholes 



15 and the multi-pixel detector of the third embodiment have been replaced
by a two-dimensional array of detector pinholes and a multi-pixel detector
comprised of a twodimensional array of pixels, respectively. The directions
of the linear array of source pinholes and of the linear 20 array of
spatial filter pinholes are perpendicular to the plane defined by t:he
dispersive element. The twodimensional linear arrays of detector pinholes
and detector pixels are orientated with the image of the linear array of
source pinholes in the in-focus plane at 25 the mufti--pixel detector.
Elements of measured arrays of first and second component values of
amplitude of wavenumber-filtered, spati:~llST-filtered ouantities of
scattered probe beam are values of crthogonal components and as such, give
within a 30 comply co>>stant an accurate measurement of the complex
amplitude of the scattered probe beam that is in-focus at the plane of the
two-dimensional linear array of detector pinholes with the effects of light
from out-of-focus ~1 B   WO 99/63300 PCT/US99/ 11601 images substantially
canceled out. Using the computer and computer algorithms known to those s~;
illed in the art, an accurate two-dimensional representation of a
t~~~odimPnsional section of the object material is obtained 5 with
substantially no scanning required. The twodimensional section is selected
by orientations of the linear array of source pinholes and of the optical
axis of the probe lens. Using the computer and computer algorithms known to
those skilled in the art, accurate 10 three-dimensional representations of
the object are obtained from three-dimensional arrays of the first, second,
third, and fourth intensity values acquired through scanning of the object
material in substantially one dimension. 'fhe computer algorithms may
include 15 computer deconvolutions and integral equation inversion
techniques which are known to those skilled in the art should correction
for out-of-focus images be desired beyond the compensation achieved in the
first and second arrays of component values of the amplitude of the 20
scattered probe beam by the apparatus of the present invention. The
signal-to-noise ratio obtained in the fourth embodiment can be adj?is ted
or unproved and/or optimized with respect to measuring the desired complex
amplitudes. 25 The adjustment or improvement and/or optimization is
accomplished by adjusting the ratio of the amplitude of the
wavenumber-filtered, spatially-filtered third and fourth quantities of the
scattered probe beam focused on a elected detector pinhole and of the
amplitude of the 30 wavenumber-filtered, spatially-filtered third ar_d
fourth quantitiFS of the reflected reference beam focused on the selected
detector pinhoiz by altering the reflection 99   



CVO 99163300 PCTIUS99/1160l transmission properties of the first, second,
and third beam splitters. In accordance with a variant of the fourth
embodiment thereof, I provide a method and apparatus for 5 discriminating
an ln-focus image from an out-of-focus image by imaging optical radiation
from a broadband spatially-extended, spatially-incoherent linE source onto
a source slit comprising the apparatus and electronic processing means of
the previously described fourth 10 embodiment where the linear array of
source pinholes of the fourth embodiment has been replaced by the source
slit and the linear array of spatial filter pinholes of the fourth
embodiment has been replaced by a spatial filter slit. The directions of
the source slit and the spatial 15 filter slit are perpendicular to the
plane defined by the dispersive element. Elements of measured arrays of
first and second component values of the amplitude of the
wavenumberfiltered, spatially-filtered scattered probe beam are 20 values
of orthogonal components and as such, give within a complex constant an
accurate measurement of the complex amplitude of the wavenumber-filtered,
spatially-filtered scattered probe beam that is in-focus in the plane of
the two-dimensional array of detector pinholes with the 25 effects of
l~.ght from out-of-focus images substantially canceled out. Using computer
algorithms known to those shil_7 ed iii the art, an accurate
two-dimensional representation of a two-dimensional section of the object
material is obtained with no scannir:g required. The two 30 dimensional.
section is selected by respective orientations of the source slit and of
tree optical axis of the probe lens. Using the computer and computer
algorithms known to ' ' those skilled in the art, accurate
three-dimensional 50   'O 99I63300 PCT/11S99/I 1601 



representations of the object mate=-ial are obtained from
three-dimensior~~il arrays of the first, :second, third, and fourth
intensity values acquired through scanning of the object material in
one-dimension. The scanning of the 5 object material is achieved by
systematically moving the object material iii one dirnension with a
translator controlled by the computer. The computer algorithms may include
computer deconvolutions and integral equation inversion techniques that are
known to those skilled in 10 the art should corr~ct:ioi~ for out-of-focus
images be desired beyond the corapensation achieved by the apparatus of the
present invention. In accordance with the above first, second, third, and
fourth embodiments and their variants, the apparatus 15 of the present
invention employs a probe lens which may have an extended range in focus as
a function of wavelength while maintaining a high lateral spatial
resolution for each frequency component. The range in focus may be extended
beyond the region defined by the 20 numerical aperture of the probe lens
for a single wavelength by employing a lens whose focal length~is designed
to be dependent upon wavelength. The wavelength dependence may be designed
into the lens by using techniques known to those s}:illed in the art. Such
25 techniques include the design of lens multiplets comprised of refractive
ma~:erials of differing dispersion. The lens design may also include zone
plates. If zone plates are used, the probe lens unit is preFerable designed
so that most of an optical beam component at a given wavelength is 30 in
focus in one order of the zone plates. The zone plates may be generated by
holographic techniques. To take advantage of the extended range in focus,
the beam from the source must be comprised of properties to match the 51
WO 9916330() PCT/US99111601 properties of the probe lens, i.e. have a
wavelength bandwidth matched to the range in waT.Telength of the probe
lens. The first, second, third, and fourth embodiments and 5 variants
thereof comprise the first group of embodiments. The second group of
embodiments comprise the fifth, sixth, seventh, and eighth embodiments and
variants thereof. The fifth, sixth, seventh, and eighth embodiments and
variants thereof correspond to certain modified configurations of 10 the
first, second, third, and fourth embodiments and variants thereof,
respectively, wherein the first probe lens of the first group of
embodiments having an axial or longitudinal chromatic aberration is
replaced with a probe lens having a lateral chromatic aberration. The probe
15 lens with lateral chromatic aberration generates for the embodiments and
variants thereof of the second group of embodiments a line image in the
object material that is aligned proximally perpendicular to the optical
axis of the respective probe lens acid image points of the line 20 image
are acquired substantially simultaneously. The length of the line image
perpendicular to the optical axis of the respective probe lens is
determined by a combination of factors such as the focal length of the
respective probe lens and the magnitude of the lateral 25 chromatic
aberration of the respective probe lens, both of which can be adjusted, and
the optical bandwidth of the source. The third group of embodiments
comprise the ninth, tenth, eleYaenth, and twelfth embodiments and variants
30 thereof. The ninth, tenth, eleventh, and twelfth embodiments and
variants thereof correspond to certain other modified configurations of the
first, second, third, and fourth embodiments and variants thereof,
respectively, 52  



WO 99I63300 PCTNS99I11601 wherein the mufti-element phase shifters have not
been irlcorporate~l. The omission of the mufti-element phase shifters
reduces the degree o~ reduction and compensation of background from
out--of-focus images for the third group 5 of embodiments. The probe lens
for the third croup of embodiments, the probe lens having axial chromatic
aberration, generates a line image in an object material. The line image is
aligned proximally along the optical axis of the probe lens having axial
chromatic aberration 10 and image points of the line image are acquired
substantially simultaneously. The fourth group of embodiments comprise the
embodiments 13, 1~1, 15, and 16 and variants thereof. The embodiments 13,
19, 15, and I6 and variants thereof 15 correspond to certain modified
configurations of the fifth, s.xth, seventh, and eighth embodiments and
variants thereof, respectively, wherein the mufti-elemen~ phase shifters
have not been incorporated. The omission of the mufti-element phase
shifters reduces the degree of 20 reduction and compensation of background
from out-of-focus images for the fourth group of embodiments. The probe
lens for the fourth group of embodiments, the probe lens h2ving lateral
chromatic aberration, generates a line image in an object material. The
line image is aligned 25 proximally orthogonal to the optical axis of the
probe lens having lateral chromatic aberration and image points of Lhe line
imag~a are acguired substantially simul.taneousiy . The fifth group of
embodiments comprise embodiments 30 17, 18, 19, ar_d 20 and variants
thereof. The embodiments 17, 18, 1~;, and 20 and variants thereof
correspond to a second set of r_ertain other modified configurations of the
first, second, ~ t~hir-d, and fourth embodiments and variants 53   WO
99/63300 PCT/CJS99/1160I thereof, respectively, wherein the probe lens
having axial chromatic aberrat:~_on is replaced with a probe lens
substantially free of axial chromatic aberration. The in~aqe generated in
an object material by embodiments of 5 the fifth group is nominally a point
image. The degree of reduction and compensation for background from out-of
focus images for embodiments and variants thereof of the fifth group of
embodiments reduction and compensation 10 focus images for corr_espon
thereof of the first group points for the embodiments fifth group of
embodiments time. is the same as the degree of for background from out-of
3ing embodiments and variants of embodiments. The image and variants
thereof of the are acquired sequentially in 15 In accordance with the
embodiments and variants thereof of the first four groups of embodiments,
the signal-to-noise ratio may be also adjusted and; or optimized for
multiple optical frequency components of the source. This is achieved by
placing a wavelength filter 20 in the paths of the reference and/or
reflected reference beams, preferably, and/or in the paths of the probe
and/or scattered probe beams and constructing the transmission of the
wavelength filter to have a specific wavelength dependence to adjust and/or
optimize the ratio of the 25 wavenumber-filtered, spatially-filtered
reflected reference beam and the wavenumber-filtered, spatiallyfiltered
scattered probe beam transmitted through respective detector pinholes for
different wavelengths. This feature can be particularly valuable when there
is a 



30 strong attenuation of the probe and scattered probe beams in passing
through the object material. For each of the embodiments and variants
thereof of the five groups of embodiments, there is a corresponding 54
~'4'O 99/G3300 PCT/U599111601 embodiment or variant for writing information
to an object material comprising a recording medium. Each embodiment and
variant thereof for writing information comprises method and apparatus of a
corresponding embodiment or 5 variant except for the following changes in
configuration: the source and reference mirror subsystems are interchanged
and the detector and detector pinholes are replaced by a mirror wherein the
mirror directs the light from the source impinging on the mirror
substantially back 10 on itself with a temporally and spatially dependent
degree of reflectivity and a temporally and spatially dependent phase shift
introduced by the mirror arranged in conjunction with a phase-shifting
procedure to produce the desired images in the object material. The
phase-shifting 15 procedure performs a function analogous to the procedure
of introducing a sequence of phase shifts in the wavenumber-filtered,
spatially-filtered reflected reference beam to obtain first, second, third,
and fourth measured intensity values for the embodiments and variants 20
thereof of the five groups of embodiments. For certain ones of the writing
embodiments and variants thereof described herein, a single bit binary
format is used to store information at a given location in the object
material. In certain other ones of the 25 embodiments and variants thereof
described herein, a higher density o~f information storage than that
achievable in the certain ones of the embodiments and variants thereof is
obtained by recording in a base N format for amplitude or (base N)x(base M)
format for amplitude and 



30 phase information at each data storage site in an amplitude or amplitude
and phase recording medium. It should be appreciated by those stilled in
the art ' ' that the procedure of introducing a sequence of phase 55   'O
99/63300 PCTIUS99/11601 shifts in the wavenumber-filtered,
spatially-filtered reflected reference beam to obtain the first, second,
third, and fourth measured intensity values for the cited embodiments and
variants may also be implemented with 5 phase-sensitive detection and
heterodyne detection techniques without deporting from the scope and spirit
of the present inveiQtion. For example, the phase shifting proceduT~e
coi~pri~ed of four discrete phase shift values of 0, , , and radians may be
replaced by a sinusoidal 10 phase variation of amplitude at frequency . The
first and second component values of the complex amplitude of
wavenumber-filtered, spatially filtered scattered probe beam are detected
by phase-sensitive detection as the first and second harmonics of ,
respectively. The 15 amplitude is chosen so tr~at there is a high
sensitivity for detection of both the first and second harmonics. In a
second example, the frequency of the reference beam is shifted with respect
to the frequency of the probe beam, for Pxample by an acousto-optical
modulator, and the first 20 and second component values of the complex
amplitude of wa~enumber-fiitered, spatially filtered scattered probe beam
are acuuired by heterodyne detection. It should be appreciated by those
ski'led in the art that the embodiments and variants thereof For writing 25
iii>:ormation to optical disks may write information at memory sites in
single bit binary format. It will be further appreciated by those sh.illed
in the art that the embodiments ar~d ~"ariants thereof for ~~rriting
information to opr_ical disks may ~~rite information in the form of base 3U
lJ format for amplitude or (base N) x (ba ;e M) format for amplitude and
phase at a m~rr~ory site or as transforms in (base 1~T) :.c (base ivI)
format of information to 'be' stored, 56   



WO 99I63300 PCT/US99/11601 transforms such as Fourier transforms or.
1-iilbe~-t transforms . It should be appreciated by those stilled in the
art that intrmation may be stored in a medium by the magnetos optical
affect and that the information stored is retrieved by measuring changes in
the polarization state of a probs beam scatter_~ed or transmitted by the
object material. It s:iould be appreciated by those skilled in the art lU
that the desired scanning of the object material in embodiments and
variants thereof of the five groups ef embodiments acid the associated
writing embodiments and variants thereof may also be achieved by scanning
the image of the respective source pinhole, the linear array 15 of source
pinholes or the source slit in the object material with the object material
remaining stationary. It should be appreciated that the "enabling
technology" oz the invention applies for any electromagnetic radiation,
electron beams as used for 2C example in electron microscopes, or even
acoustic waves for which suitable collimating lenses, imaging lenses, phase
shifters, and recording mediums can be provided. For applications wherein
the amplitude of the beam is detected instead of the intensity, the
function of 25 producing the square of the amplitude must be done in the
electronic processing following the detector. It should also be appreciated
that the length of the line image in the object material can be altered by
changing zor example the depth of focus and/or the axial 30 chromatic
aberration. of the probe lens or the lateral chromatic aberration of the
probe lens with the requisite corresponding changes in the optical
bandwidth of the source. 57   WO 99I63300 PCT/US99/1 I 601 The line source
need not be spatially incoherent in the direction of the line source in the
case of either the second or fourth preferred embodiments or their
respective variants to achieve a reduced systematic error although 5 the
systematic error will generally be lower when a spatially incoherent line
source is used. 



P.n advantages of certain ones of the first and third groups of embodiments
with respect to reading a multiplelayer, multiple-track optical disk is the
substantially 10 simultaneous imaging of a line section in the depth
direction of the optical disk with significantly reduced statistical errors
and with a background from out-of-focus images significantly reduced
compared to or the same as that obtained in a sequence of measurements with
prior art 15 single-pinhole confocal interference microscopy or holography.
The simultaneous imaging of a line section in the depth direction of the
optical disk can b2 used to greatly reduce sensitivity to motion of the
optical disk in the depth direction generated by rotation of the 20 optical
disk, non-flatness of the optical disk, and/or vibrations of the optical
disk. The simultaneous imaging of a line section in the depth direction of
the optical disk can further be used to identify a reference surface in the
optical disk with information acquired 25 simultaneously from multiple
layers, the reference layer serving registration purposes. An advantage of
certain ones of the first and third groups of embodiments with respect to
providing a tomographic complex amplitude image of a wafer used in the 30
fabrication of integrated circuits is the substantially simultaneous
imaging cf a line section in the depth direction of the wafer with
significantly reduced statistical errors and with a background from
out-of-focus 58   ~'VO 99/63300 PCT/US99/11 bOr images signlfirantly
reduced compared to or the same as that obtained ir~ a sequence of
measurements with prior art single-pinhole confcca) interzerence microscopy
or holograr~hy. The simultaneous imaging of a line section in 5 the depth
direction or the afer can be used to greatly reduce sensitivity to motion
of the wafer in the depth direction generated by for example by
translations, scanning, or vibrations of the wafer. The simultaneous
imaging of a line section in the depth direction of the 10 wafer can
further be used to identify a surface of and/or in the wafer with
information acquired simultaneously from multiple depths. An advantage of
certain ones of the first and third groups of embodiments with respect to
providing a 15 tomographic comp?ex amplitude image of a biological specimen
in vivo, an image which can be used for example in a non-invasive biopsy of
the biological specimen, is the substantially simultaneous imaging of a
line section in the depth direction of the biological specimen with 



20 significantly reduced statistical errors and with a background from
out-of-focus images significantly reduced compared to or tre same as that
obtained in a sequence of measL.rements with prior art sing7.e-pinhole
confocal interference microscopy or holography. The simultaneous 25 imaging
of a line section in the depth direction of the biological specimen can be
used to greatly reduce sensitivity to motion of the biological specimen in
the depth dir.ECtion generated by for example by translations, scanning, or
vibrations of the biological specimen. The 30 simultaneous imaging of a
line section in the depth direction of the biological specimen can further
be used to identify a surface of and/or in the biological specimen 59
~1~0 99/6330(l PCTNS99111601 ~.~~ith information acquiied simultaneously
from multiple deaths. AnothEr advantage of certain other ores of the first
and third groups or embodiments with respect to reading a 5
multiple-~.i.ayer, m~il-~iple-track optical disk is the substantially
simultaneous imaging of a two-dimensional section of the optical disk
significantly reduced statistical errors and with a background from
out-of-focus images significantly reduced compared to or the sane as 10
that obtained in a sequence of measurements with prior art single-pinhole
and slit confocal interference microscopy or holography. One axis of the
two-dimensional section of the optical disk is parallel to the depth
direction of the optical dish: and the orthogonal axis of the two 15
dimensional section of the optical disk may be either parallel to radial
direction of the optical disk or parallel to a tangent to a track in the
optical disk. The simultaneous imaging of a two-dimensional section of the
optical disk can be used to greatly reduce sensitivity to 20 notion o.f the
optical disk in the depth and radial directions generated by rotation of
the optical disk, nonflatness of the optical disk, and/or vibrations of the
optical disk. The simultaneous imaging of a twodimensional section in the
optical disk can further be 25 used to identify a reference surface, i.e.
reference layer, and a reference track in or on the optical disk or used
for track identification with information acquired simultaneously at
multiple layers and multiple tracks, the reference layer and reference
track; serving registration 30 purposes. An advantage of certain ones of
the second and fourth groups of embodiments with respect to reading a
multiplelayer, multiple-track optical die}: is the substantially 60   WO
99/63300 PCTIUS9911160 I simultaneous Imaging of a line section tangent to
a layer in or on the ont~cal disk with significantly reduced statistical
errors and caith a background from out-of-focus images significantly
reduced compared to or the same as 5 that obtained iii a seauence of
measurements with prior art single-pinhole confocal interference microscopy
or 



holography. The simultaneous imaging of a line section tangent to a layer
in or on the optical disk can be used to greatly reduce sensitivity to
motion of the optical 10 disk generated by rotation of the optical disk
and/or vibrations of the optical disk. The simultaneous imaging of a
two-dimensional section tangent to a layer in or on the optical disk can
further be used to identify a reference track in the optical disk with
information 15 acquired simultaneously from multiple tracks, the reference
track serving registration purposes. An advantage of certain ones of the
second and fourth groups of embodiments with respect to providing a
tomographic complex amplitude image of a wafer used in the 2U fabrication
of integrated circuits is the substantially simultaneous imaging of a line
section tangent to a surface of the wafer or on a surface in the wafer with
significantly reduced statistical errors and with a background from
out-of.-focus images significantly reduced 25 compared to or. tre carne as
that obtained in a sequence of measurements with prior art single-pinhole
confocal interference microscopy or holography. The simultaneous imaging of
a line section tangent to a surface of the wafer or on a surface in the
wafer can be used to greatly 30 reduce sensitivity to motion of the wafer
generated by translations, scanning, and/or vibrations of the wafer. The
simultaneous imaging of a two-dimensional section tangent to a surface in
or on the wafer can further be. 61   1'VO 99/63300 PCTIUS9911 l 601 used to
identify a reference location in or/on the wafer vrith information acquired
simultaneously from locations, the reference location serving registration
purposes. P,nother advantage of certain other ones of the first 5 and third
groups of Pmbodiments with respect to providing a tomographic complex
amplitude image of a wafer used in the fabrication df integrated circuits
is the substantially simultaneous imaging of a two-dimensional section of
the wafer ~~~ith szgnlflcantly reduced 10 statistical errors and with a
background from out-of-focus images significantly reduced compared to or
the same as that obtained in a sequence of measurements with prior art
single-pinhole and slit confocal interference microscopy or holography. One
axis of the two-dimensional section of 15 the wafer is parallel to the
depth direction of the wafer. The simultaneous imaging of a
two-dimer~sienal section of the wafer can be used to grsatly reduce
sensitivity to motion of the wafer in the depth and transverse directions
generated by translation, scanning, and/or vibrations of 20 the wafer. The
simultaneous imaging of a two-dimensional section in the wafer can further
be used to identify a 



surface or internal surface of the wafer with information acquired
simultaneously at other locations, the surface and/or internal surface
possibly serving registration 25 purposes. Another advantage of certain
other ones of the first and third groups of embodiments with respect to
providing a tomographlc complE~t amplitude image of a biological specimen
in v.ivo, an image which can be used for example 30 :in a non-invasive
biopsy~of the biological specimen, is the substantially simultaneous
imaging of a twodimensiona? section of the biological specimen with
significantly reduced statistical errors and with a 62   WO 99/63300
PCT/US99/I160I background from out-of-focus images significantly reduced
compared Lo or tt-~e same as that nbiained in a sequence of measurements
with prior art single-pinhole and slit confocal iraerfeien.^.e microscopy
or holography. One axis 5 of t}~e two--dimensional section of the
biological specimen is parallel to the depth direction of the wafer. The
simultaneous imaging of a two-dimensional section of the wafer can be used
to greatly reduce sensitivity to motion of the biological specimen in the
depth and transverse 10 directions generated by translation, scanning,
and/or vibrations of tr:e biological specimen. The simultaneous imaging or
a two--dimensional section in the biological specimen can further be used
to identify a surface or internal surface of she biological specimen with
15 information acquired simultaneously at other locations, the surface
and/or internal surface possibly serving registration purposes. An
advantage of certain ones of the second and fourth groups of embodiments
with respect to providing a 20 tomographic complex amplitude image of a
biological specimen in Yivo, an image which can be used for example in a
non-invasive biopsy of the biological specimen, is the substantially
simultaneous imaging of a line section tangent to a surface in or on the
specimen with 25 significantly reduced statistical errors and with a
background from out-of-focus images significantly reduced compared to or
the same as that obtaaned in a sequence of measurements with prior art
single-pinhole confocal interference microscopy or holography. The
simultaneous 30 imaging of a line section tangent to a surface in or on the
specimen can be used to greatly reduce sensitivity to motion of the
specimen generated by translation, scanning, and/or vibrations of the
apecimer~~. The simultaneous 63   WO 99I63300 PCTlUS9911160l imaging of a
two-dimensional section tangent to a surface in or on the specimen can
further be used to identify a reference location in the specimen with
information acquired simultaneously from multiple locations, the 5
reference location serving registration purposes. Another advantage of
certain other ones of the second 



and fourth groups of embodiments with respect to reading a multiple layer,
multiple-track optical disk is the substantially simultaneous imaging of a
two-dimensional 10 section of the optical disk with significantly reduced
statistical errors and with a background from out-of-focus images
significantly reduced compared to or the same as that obtained in a
sequence of measurements with prior art single-pinhole and slit confocal
interference microscopy 15 or holography. One axis of the two-dimensional
section of the optical disk may be parallel to the radial direction of the
optical disk and the orthogonal axis of the twodimensional section of the
optical disk may be parallel to a tangent to a track in or on the optical
disk. The 20 simultaneous imaging of a two-dimensional section of the
optical disk can be used to greatly reduce sensitivity to motion of the
optical disk in the radial direction generated by rotation of the optical
disk and/or vibrations of the optical disk. The simultaneous imaging 25 .
of a two-dimensional section in or on the optical disk can further be used
to identify a reference track for track identification and for read errors
for a given track with information acquired simultaneously at multiple
tracks and multiple positions on the multiple tracks, the reference 30
track serving registration purposes. An advantage of the fifth group of
embodiments with respect to reading a multiple-layer, multiple-track
optical disk is the generation of an ene-dimensional, two 64   WO 99I63300
PCT/1JS99/11601 dimensional, or trree-dimensional image of a multiplelayer,
multiple-track optical disk with a background from out-of-focus images
significantly reduced compared to that obtained in a sequence of
measurement with prior art 5 single-pinhole: confocal interference
microscopy or holography. Tjn advantage of the fifth group of embodiments
with respect to providing a tomographic complex amplitude image of a wafer
used in the fabrication of integrated circuits 10 is the generation of an
one-dimensional, two-dimensional, or three-dimensional image of a wafer
with a background from out-of-focus images significantly reduced compared
to that obtained in a sequence of measurements with prior art
single-pinhole confocal interference microscopy or 15 holography. l~.n
advantage of the fifth group of embodiments with respect to providing a
tomographic complex amplitude image of a biological specimen in ~rivo, an
image which can be used for example in a non-invasive biopsy of the 20
biological specimen, is the generation of an onedimensional,
two-dimensional, or three-dimensional image of the specimen with a
background from out-of-focus images significantly reduced compared to that
obtained in a sequence of measurements with prior art single-pinhole 



25 confocal interference microscopy or holography. An advantage of the
first four groups of embodiments of the invention is the substantiallry
simultaneous imaging of a line section with a bac}:ground from out-of-focus
images significantly reduced compared to or the same as 30 that obtai~zod
i_n a sequence of measurements with prior art single:-pinhole confocal
interference microscopy. The substantially simu'taneous imaging feature is
made possible by the int~~duction of the technique called 6J   WO 99I63300
PCT/US99/11601 "optical wavenumber domain reflectometry" (OWDR). The
reduction of the background is made possible by the adaptation of the basic
principal of pinhole confocal microscopy to an interferometric measuring
system. The 5 substantially simultaneous imaging feature makes it possible
to generate one-dimensional, two-dimensional, and three-dimensionah images
with greatly reduced sensitivity to motion of the object during the
measurement process. The problem of motion can pose serious limitations in
10 technologies currently employed in the case of in vivo measurements of
biological systems. In PSI and SCLI where the technology disclosed herein
is not incorporated, serious limitations are encountered due to motion
caused by vibrations. The problem of untracked motion can also 15 pose
serious limitations in the reading and/or writing to a multiple-layer,
multiple-track optical disk. P~other advantage of the invention is the
substantially simultaneous imaging of a two-dimensional section with a
bac?;ground from out-of-focus images 20 significantly reduced compared to
that obtained in a sequence of measurements with prior art slit confocal
interference microscopy. The substantially simultaneous imaging feature is
made possible by the introduction of the OWDR technique. The reduction of
the background is 25 made possible by the adaptation of the basic principal
of slit confocal microscopy to an interferometric measuring system. The
substantially simultaneous imaging feature makes it possible to generate
two-dimensional and threedimensional images with greatly reduced
sensitivity to 30 motion of the object during the measurement process. As
already noted, the problem of motion can pose serious limitations in
technologies currently employed in the. base of in vi vo measurements of
biological sysiems, in PSI and 66   1V0 99/63300 PCTIUS99l11601 SCLI due to
motion caused by vibrations, and in reading and/or writing to a
multiple-layer, multiple-track optical disks due to untracked motion. An
advantage of certain ones of the embodiments and 5 variants thereof for
writing to a multiple-layer, multiple-track optical disk, embodiments and
variants thereof corresponding to certain ones of the first and third
groups of embodiments, is the substantially simultaneous imaging of a line
section in the depth 



-10 --direction in the optical dish: with significantly reduced statistical
errors and with a background from out-of-focus images significantly reduced
compared to or the same as that generated in a sequence of images with
prior art single-pinhole confocal interference microscopy or 15 holographic
imaging. The simultaneous imaging of a line section in the depth direction
in the optical disk can be used to greatly reduce sensitivity to motion of
the optical disk in the depth direction generated by rotation of the
optical disk, non-flatness of the optical disk, 20 and/or vibrations of the
optical disk. The simultaneous imaging of a line section in the depth
direction in the optical disk can further be used to generate a reference
surface in the optical disk simultaneously with the writing of information
at multiple layers, the reference 25 layer serving registration purposes.
Another advantage of certain other ones of the embodiments and variants
thereof for~writing to a multiple-layer, multiple-track optical disk,
embodiments and variants thereof corresponding to certain other ones 30 of
the first and third groups o~f embodiments, is the substantially
simultaneous imaging of a two-dimensional section in the optical disk with
significantly reduced statistical errors and with a background from
out-of-focus 67   Wp 99I63300 PCT/US99111601 images significantly reduced
compared to or the same as that generated in a sequence of images with
prior art single-pinhole and slit confocal interference microscopy or
holography. One axis of the two-dimensional section in 5 the optical disk
is substantially parallel to the depth direction of the optical disk and
the orthogonal axis of the two-dimensional section in the optical disk may
be either substantially parallel to a radial direction of the optical disk,
substantially parallel to a tangent to a 10 track in the optical disk, or
any the directions in between. The simultaneous imaging of a
two-dimensional section in the optical disk can be used to greatly reduce
sensitivity to motion of the optical disk in the depth and orthogonal
directions generated by rotation of the optical 15 disk, non-flatness of
the optical disk, and/or vibrations of the optical disk. The simultaneous
imaging of a twodimensional section in the optical disk can further be used
to generate a reference surface, i.e. reference layer, and a reference
track in or on the optical disk 20 simultaneously with information being
imaged at multiple layers and multiple tracks, the reference layer and
reference track serving registration purposes. An advantage of certain ones
of the embodiments and variants thereof for writing to a multiple-layer, 25
multiple-track optical disk, embodiments and variants thereof corresponding
to certain ones of the second and fourth groups of embodiments is the
substantially simultaneous imaging of a line section tangent to a layer in
or on the optical disk with significantly reduced 30 statistical errors and
with a background from out-of-focus images significantly reduced compared
to or the same as that generated in a sequence of images with prior art
single-pinhole confocal interference microscopy or 



68   ~1'O 99I63300 PCTlUS99/11601 holography. The simultaneous imaging of a
line section tangent to a layer in or on the optical disk can be used to
greatly reduce sensitivity to motion of the optical disk generated by
rotation of the optical disk and/or 5 vibrations of the optical disk.
Another advantage of certain other ones of the embodiments and variants
thereof for writing to a multiple layer, multiple-track optical disk,
embodiments and variants thereof corresponding to certain other ones of 10
the second and fourth groups of embodiments, is the substantially
simultaneous imaging of a two-dimensional section of the optical disk with
significantly reduced statistical errors and with a background from
out-of-focus images significantly reduced compared to or the same as 15
that generated in a sequence of images with prior art single-pinhole and
slit confocal interference microscopy or holography. One axis of the
two-dimensional section of the optical disk may be substantially parallel
to a radial direction on the optical disk and the orthogonal axis of 20 the
two-dimensional section on the optical disk may be substantially parallel
to a tangent to a track in or on the optical disk. The simultaneous imaging
of a twodimensional section of the optical disk can be used to greatly
reduce sensitivity to motion of the optical disk 25 in the radial
directions generated by rotation of the optical disk and/or vibrations of
the optical disk. The simultaneous imaging of a two-dimensional section in
or on the optical disk can further be used to generate a reference track
for track identification simultaneously 30 with writing information at
multiple tracks and multiple positions on the multiple tracks, the
reference track serving registration purposes. 69   V'O 99/G3300
PCT/U599111601 An advantage of embodiments and variants thereof for writing
to a multiple-layer, multiple-track optical dish, 



embodiments and variants thereof corresponding to the fifth group of
embodiments, is the generation of an ones dimensional, two-dimensional, or
three-dimensional image on a multiple-layer, multiple-track optical disk
with a background from qut-of-focus images significantly reduced compared
to that generated in a sequence of images with prior art single-pinhole
confocal interference microscopy 10 or holography. An advantage of the
invention is that the complex scattering amplitude of the object is
obtained instead of the magnitude of the scattering amplitude as in the
case of PCI and OCT. This is particularly important with 15 respect to the
amount of computer analysis required to obtain a given type of
one-dimensional, two-dimensional or three-dimensional images of the object
material. Another advantage is that the computer processing required to
obtain the complex scattering amplitude in 20 one-dimensional,
two-dimensional, and three-dimensional imaging is greatly reduced compared
to that required in prior art confocal systems currently employed. Another
advantage is that if it is necessary to correct for out-of-focus images
which are already greatly 25 reduced in the apparatus of the present
invention, the computer processing required to achieve a given level of
correction with the apparatus of the present invention is significantly
reduced compared to the computer processing required in prior art scanning
single-pinhole and scanning 30 slit confocal and scanning single-pinhole
and scanning slit confocal interference microscopy. Another advantage i.s
that for the single source pinhole, the contribution of background
radiation to the 70   Of0 99I63300 ~ PCT/U599111601 statistical noise in
the measured complex scattering amplitude over a given transverse distance
in the object material for a given measurement interval of time can be
reduced in the respective embodiments and variant of the 5 present
invention below that obtainable for the same interval of time in prior art
scanning single-pinhole confocal interference microscopy by a factor which
is substantially proportional to the square root of the number of
independent measurement positions over the axial 10 image distance where
independent is with respect to the measured complex scattering amplitude. A
similar advantage is also present with respect to slit confocal
interference microscopy where the corresponding reduction factor is
substantially proportional to the square root of 15 the number of
independent measurement positions over an imaged two-dimensional section of
the object material. Another advantage is that the contribution of
background radiation to the statistical noise in the measured complex
scattering amplitude over a given imaged 20 axial distance for a given
measurement interval of time 



can be reduced to that which derives principally from the size of the
complex scattering amplitude itself, a particularly important advantage for
the case where the amplitude of the background radiation is relatively
large 25 compared to the size of the complex scattering amplitude. This is
not achievable in prior art scanning singlepinhole or slit confocal
microscopy., Another advantage is that for certain embodiments and variants
thereof of the first four groups of embodiments, 30 a scan substantially in
only one dimension is required to produce a two-dimensional image and only
a scan substantially in two dimensions is required to produce a
three-dimensional image. 71   Vt'O 99/63300 f'CT/US99/1 I 601 Another
advantage is that for certain other embodiments and variants thereof of the
first four groups of embodiments, a scan substantially in only one
dimension is required to produce a three-dimensional image. 5 The apparatus
of the instant invention can, in summary, be operated to (1) reduce
systematic error, (2) reduce statistical error, (3) reduce dynamic range
requirements for detector, processing electronics, and recording medium,
(9) increase the densa.ty of data stored 10 in optical disks, (5) reduce
the computer processing required to generate either a one-dimensional,
twodimensional, or three-dimensional images, (6) reduce the computer
processing required to correct for systematic error effects of out-of-focus
images, and/or (7) can be 15 operative when imaging through a turbid
medium. Generally, one or more of these features can be implemented for
operation in parallel. BRTEF DESCRTPTION OF THE DRAWINGS 20 In the
drawings, wherein like reference characters denote similar elements
throughout the several views: FIGS, la-In taken together illustrate, in
schematic form, the presently preferred first embodiment of the 25 present
invention from the first group of embodiments with FIG. la showing optical
paths between subsystems BO and 81, 81 and B2, 81 and 83, B2 and 81a, 83
and 81a, and 81a and 84; paths of the electronic signals from computer 11B
to translator 116 and to phase shifter 44 in subsystem 83; 30 and path of
electronic signal from detector 114 in subsystem 84 to computer 118; FIG.
lb illustrates subsystem 80 where the plane of FIG. lb is perpendicular to
the plane of FIG. la; 72   V!'O 99I63300 



PCT/US99/11601 FIG. lc illustrates subsystem 81 where the plane of FIG. le
is perpendicular to the plane of FIG. la; FIG. ld illustrates subsystem 82
for the case of probe beam entering subsystem 82 where the plane of FIG. 5
ld is perpendicular to the plane of FIG. 1a; FIG. 1e illustrates subsystem
B3 for the case of reference beam entering subsystem 83 where the plane of
FIG. 1e is perpendicular to the plane of FIG. la; FIG. If illustrates
subsystem 82 for the case of 10 probe beam exiting subsystem 82 where the
plane of FIG. if is perpendicular to the plane of FIG. la; FIG. lg
illustrates subsystem 83 for the case of reference beam exiting subsystem
83 where the plane of FIG. lg is perpendicular to the plane of FIG. la; 15
FIG. lh illustrates subsystem 81a for the case of probe beam entering
subsystem 81a where the plane of FIG. lh is perpendicular to the plane of
FIG. la; FIG. 1i illustrates subsystem 81a for the case of reference beam
entering subsystem 87.a where the plane of 20 FIG. 1i is perpendicular to
the plane of FIG. la; FIG. lj illustrates subsystem 84 for the case of
probe beam entering subsystem 84 where the plane of FIG. lj is
perpendicular to the plane of FIG. la; FIG. lk illustrates subsystem 84 for
the case of 25 reference beam entering subsystem 84 where the plane of FIG.
lk is perpendicular to the plank of FIG. la; FIG. 11 illustrates subsystem
82 for the case of an out-of-focus beam in subsystem B2 originating from
scattering and/or reflection of light in subsystem 82 30 where the plane of
FIG. 11 is perpendicular to the plane of FIG. la; 73   ~V() JJ/b3.iUU
PCTlUS99/11601 



FIG. lm Illustrates subsystem 81a for the case of an out-of-focus beam in
subsystem 81a originating from scattering and/or reflection of light in
subsystem 82 where the plane of FIG. lm is perpendicular to the plane 5 of
FIG. la; FIG. In illustrates subsystem 84 for the case of a background
light~beam entering subsystem 84 where the plane of FIG. In is
perpendicular to the plane of FIG. la; FIGS. laa-lai taken together
illustrate in 10 conjunction with certain ones of FIGS. la-in, in schematic
form, the presently preferred fifth embodiment of the present invention
from the second group of embodiments with FIG. laa showing optical paths
between beam splitter 100 and subsystem 82aa, beam splitter 100 and
subsystem 15 83aa, subsystems 82aa and 85, and subsystems 83aa and 95, and
paths of the electronic signals 132 and 133 to translator 116 and to phase
shifter 44 in subsystem 83aa, respectively; FIG. lab illustrates subsystem
82aa for the case of 20 probe beam entering subsystem 82aa and where the
plane of FIG. lab is perpendicular to the plane of FIG. laa; FIG. lac
illustrates subsystem 85 for the case of probe beam entering subsystem 85
and where the plane of FIG. lac is perpendicular to the plane of FIG. laa;
25 FIG. lad illustrates subsystem 83aa for the case of reference beam
entering subsystem 83aa and where the plane of FIG. lad is perpendicular to
the plane of FIG. laa; FIG. lae illustrates subsystem 95 for the case of
reference beam entering subsystem 95 and where the plane 30 of FIG. lae is
perpendicular to the plane of FIG. laa; FIG, laf illustrates subsystem 85
for the case of scattered probe beam exiting subsystem 85 and where the 74
WO 99l63300 fCTllJS99/11601 plane of FIG. laf is perpendicular to the plane
of FIG. laa; 



FIG. lag illustrates subsystem 82aa for the case of scattered probe beam
exiting subsystem 82aa and where the 5 plane of FIG. lag is perpendicular
to the plane of FIG. laa; FIG. lah illustrates subsystem 95 for the case of
reflected reference beam exiting subsystem 95 and where the plane of FIG.
lah is perpendicular to the plane of 10 FIG. laa; FIG. lai illustrates
subsystem 83aa for the case of reflected reference beam exiting subsystem
B3aa and where the plane of FIG. tai is perpendicular to the plane of FIG.
laa; 15 FIG. 2a-2f taken together illustrate, in schematic form, the
presently preferred second embodiment of the present invention with FIG. 2a
showing optical paths between subsystems 80a and 81, 81 and 82, 81 and 83,
82 and 81b, 83 and 81b, and 81b and B4a; paths of the 20 electronic signals
from computer l18 to translator 116 and to phase shifter 49 in subsystem
83; and path of electronic signal from detector 114a in subsystem 84a to
computer 118; fIG. 2b illustrates subsystem 80a where the plane of 25 FIG.
2b is perpendicular to the plane of FIG. 2a and the direction of the line
source and the~linear array of pinholes 8a lie in the plane of FIG. 2a;
FIG. 2c illustrates subsystem 81b for the case of probe beam entering
subsystem 81b, where the plane of FIG. 30 2c is perpendicular to the plane
of FIG. 2a, and the linear array of pinholes lBb lie in the plane of FTG.
2a; 75   \VV IIIU~.~t)tl t'CT/U599/1 ttiUt 



FIG. 2d illustrates subsystem Blb for the case of reference beam entering
subsystem 81b, where the plane of FIG. 2d is perpendicular to the plane of
FIG. 2a, and the linear array of pinholes 18b lie in the plane of FIG. 2a;
5 FIG. 2e illustrates subsystem 84a for the case of probe beam entering
subsystem 84a where the plane of FIG. 2e is perpendicular to the plane of
FIG. 2a; FIG. 2f illustrates subsystem 84a for the case of reference beam
entering subsystem 84a where the plane of 10 FIG. 2f is perpendicular to
the plane of FIG. 2a; FIG. 2aa illustrates in conjunction with certain ones
of FIGS. 2a-2f, in schematic form, the presently preferred sixth embodiment
of the present invention from the second group of embodiments with FIG. 2aa
showing optical paths Z5 between beam splitter 100 and subsystem 82aa, beam
splitter 100 and subsystem 83aa, subsystems 82aa and 85, and subsystems
83aa and 95, and paths of the electronic signals 132 and 133 to translator
116 and to phase shifter 44 in subsystem 83aa, respectively; 20 FIG. 3a-3I
taken together illustrate, in schematic form, the presently preferred third
embodiment of the present invention with FIG. 3a showing optical paths
between subsystems 80 and 81, 80 and 81c, 81 and B2, 81c and 83a, 82 and
81a, 83a and Bla, and Bla and 84; paths of 25 the electronic signals from
computer 118 to translator 116 and to phase shifter 44 in subsystem 83a;
and path of electronic signal from detector 119 in subsystem 84 to computer
118; FIG. 3b illustrates subsystem 80 where the plane of 30 FIG. 3b is
perpendicular to the plane of FIG. 3a; . . FIG. 3c illustrates subsystem 81
where the plane of FIG. 3c is perpendicular to the plane of FIG. 3a~ 76
1'VO 99/63300 



PCT/US99I1 I 601 FIG. 3d illustrates subsystem 82 for the case of probe
beam entering subsystem 82 where the plane of FIG. 3d is perpendicular to
the plane of FIG. 3a; FIG. 3e illustrates subsystem 81c where the plane of
5 FIG. 3e is parallel to the plane of FIG. 3a; FIG. 3f illustrates
subsystem 83a for the case of reference beam entering subsystem 83a where
the plane of FIG. 3f is parallel to the plane of FIG. 3a and phase shifters
34 and 34a are shown rotated 90 degrees about the 10 axes 3a and 3c,
respectively, for illustrative purposes onl y; FIG. 3g illustrates
subsystem 82 for the case of probe beam exiting subsystem B2 where the
plane of FIG. 3g is perpendicular to the plane of FIG. 3a; 15 FIG. 3h
illustrates subsystem 83a for the case of reference beam exiting subsystem
83a where the plane of FIG. 3h is perpendicular to the plane of FIG. 3a and
phase shifters 34 and 34a shown rotated 90 degrees about the axes 3a and
3c, respectively, for illustrative purposes 20 only; FIG. 3i illustrates
subsystem 81a for the case of probe beam entering subsystem 81a where the
plane of FIG. 3i is perpendicular to the plane of FIG. 3a; FIG. 3j
illustrates subsystem 81a for the case of 25 reference beam entering
subsystem 81a where the plane of FIG. 3j is perpendicular to the plank of
FIG. 3a; FIG. 3k illustrates subsystem 84 for the case of probe beam
entering subsystem 84 where the plane of FIG. 3k is perpendicular to the
plane of FIG. 3a; 30 FIG. 31 illustrates subsystem 84 for the case of
reference beam entering subsystem 84 where the plane of FIG. 31 is
perpendicular to the plane of FIG. 3a;' 77   WU J9/b.3J0U YCTIUS9)ll 160I
FIGS. 3aa and 3ab i.~lustrate in conjunction with 



certain ones of FIGS. 3a-31, in schematic form, the presently preferred
seventh embodiment of the present invention from the second group of
embodiments with FIG. 5 3aa showing optical paths between beam splitter 100
and subsystem 82aa, beam splitter 100 and subsystem 83ab, subsystems 82aa
and 85, and subsystems 83ab and 95 and paths of the electronic signals 132
and 133 to translator 116 and to phase shifter 49 in subsystem 83ab, 10
respectively; FIG. 3ab illustrates subsystem 83ab for the case of reflected
reference beam exiting subsystem 83ab where the plane of FIG. 3ab is
parallel to the plane of FIG. 3aa and phase shifters 34 and 34a are shown
rotated 90 degrees 15 about the axes 3b and 3f, respectively, for
illustrative purposes only FIG. 4a-4f taken together illustrate, in
schematic form, the presently preferred fourth embodiment of the present
invention with FIG. 4a showing optical paths 20 between subsystems 80a and
B1, 80a and Blc, B1 and 82, 81c and 83a, 82 and 81b, B3a and 81b, and 81b
and 84a; paths of the electronic signals from computer 11B to translator
116 and to phase shifter g9 in subsystem 83a; and path of electronic signal
from detector 114a in subsystem 84a to 25 computer 118; FIG. 4b illustrates
subsystem 80a where the plane of FIG. 4b is perpendicular to the plane of
FIG. 4a; FIG. 9c illustrates subsystem Blb for the case of scattered probe
beam entering subsystem 81b where the 30 plane of FIG. 4c is perpendicular
to the plane of FIG. 4a; 78   W O 99I63300 f'CTIU599/11601 FIG. 4d
illustrates subsystem 81b for the case of 



reflected reference beam entering subsystem 81b where the plane of FIG. 4d
is perpendicular to the plane of FIG. 4a; FIG. 4e illustrates subsystem 84a
for the case of 5 scattered probe beam entering subsystem 84a where the
plane of FIG. 4e is perpendicular to the plane of FIG. 4a; FIG. 4f
illustrates subsystem 84a for the case of reflected reference beam entering
subsystem 84a where the plane of FIG. 4f is perpendicular to the plane of
FIG. 4a; 10 FIG. 4aa illustrates in conjunction with certain ones of FIGS.
4a-4f, in schematic form, the presently preferred eighth embodiment of the
present invention from the second group of embodiments with FIG. 4aa
showing optical paths between beam splitter 100 and subsystem 82aa, beam 15
splitter 100 and subsystem 83ab, subsystems 82aa and 85, and subsystems
83ab and 95 and paths of the electronic signals 132 and 133 to translator
116 and to phase shifter 44 in subsystem 83ab, respectively; FIG. 5 depicts
the geometry of a reflecting confocal 20 microscope with four imaging
sections; FIG. 6 is a graph depicting the amplitude of an outof-focus image
in the spatial-filter pinhole plane in accordance with the four preferred
embodiments and variants of the preferred embodiments of the present 25
invention; FIG. 7 is a graph depicting a reflected reference beam amplitude
in the spatial filter pinhole plane iii accordance with the four preferred
embodiments and variants of the preferred embodiments of the present 30
invention; FIGS. 8a-8c relate to lithography and its application to
manufacturing integrated circuits wherein FIG. Ba is a 79   \V V
`JY/b.~.iUll i~c~r~u~yyia r bu ~ schematic drawing of a lithography
exposure system us.~ng the confocal microscopy system; FIGS. 8b and Be are
flow charts describing steps in manufacturing integrated circuits; and 



5 FIG. 9 is a schematic of a mask inspection system using the confocal
microscopy system. DETAILED DESCRIPTIOIQ OF THE I INVENT I ON 10 The
present invention permits the separation of the complex amplitude of
reflected and/or scattered light by a volume element of three-dimensional
object material space from the complex amplitude of background light
produced by 15 superimposed out-of-focus images of structures before,
behind, and to the side of the volume element under examination. The
described tomographic technique can separate a desired complex amplitude
signal in an image plane from "background" and "foreground" complex
amplitude 20 signals generated by various mechanisms. Such background and
foreground complex amplitude signals may be (1) outof-focus images of
sections of an object material other than a line section or two-dimensional
section being imaged, (2) scattering of a desired amplitude signal, (3) 25
scattering of signals originating from sources other than the line section
or two-dimensional section being imaged, and/or (4) thermal radiation.
Scattering sites and thermal radiation sources may be located in the space
before, to the side, and/or behind a line section or two 30 dimensional
section of an object under examination. The technique of the present
invention is implemented with either of two different levels of
discrimination against out-of-focus images. In the first level (Level 80
WO 99I63300 PCT/US99/11601 1), the impulse response functions of imaging
subsystems of the apparatus of the present invention are manipulated in
either of two orthogonal planes by introducing onedimensional patterns of
phase changes, respectively, at 5 pupils of the respective imaging
subsystems. In the second level (Level 2), the impulse response functions
of imaging subsections of the apparatus of the present invention are
manipulated in both of two orthogonal planes by introducing two-dimensional
patterns of phase changes 10 at pupils of the respective imaging
subsystems. A Level 2 discrimination leads to a more effective
discrimination of out-of-focus images from in-focus images, with respect to
both systematic and statistical errors, than a Level 1 discrimination.
Level 1 and Level 2 discriminations may 15 be implemented for any of the
preferred embodiments that are described. The enabling technology of the
present invention which is common to each of the preferred embodiments of
the instant invention configured with either of the Level 20 1 or Level 2
discriminations is described herein only for the preferred embodiments with
a Level 1 discrimination. The Level 1 discrimination is based on a
particular orientation of an orthogonal plane in which the impulse 



response functions of imaging subsystems are manipulated. 25 The choice of
the orientation of the orthogonal plane in which the impulse response
functions of imaging subsystems are manipulated impacts on the degree of
reduction of the effects of background beams on statistical errors achieved
in apparatus of the present invention. 30 Referring to the drawings in
detail, FIGS. 1a-In depict in schematic form presently preferred first
preferred embodiment of the instant invention. As shown in~FIGS.~Ia-ln, the
preferred embodiment of the present 81   wu 9~ubssuu I~CT/US99It 160t
invention is an interferometer comprised of a beam splitter 100, object
material 112, translator 116, a reference mirror 120, dispersive detector
elements 130a and 130b, and a detector 114. This configuration is known 5
In the art as a Michelson interferometer, and is shown as a simple
illustration. Other forms of interferometer known in the art ,,such as a
polarized i~ichelson interferometer and as described in an article entitled
"Differential Interferometer Arrangements for Distance and 10 Angle
Measurements: Principles, Advantages, and Applications," by C. Zanoni (VDI
Berichte NR. 749, pp. 93106, 1989) may be incorporated into the apparatus
of FIG. la-In without significantly departing from the spirit and scope of
the preferred first embodiment of the present 15 invention. The orientation
of the plane in which the impulse response function of an imaging subsystem
is manipulated in the first preferred embodiment is perpendicular to the
plane of FIG. la and parallel to the optical axis of the 20 imaging
subsystem. FIG. 1b depicts in schematic form one embodiment of the
subsystem BO shown in FIG. la. The plane of FIG. 1b is perpendicular to the
plane of FIG. la. For the first preferred embodiment, light source 10 is
preferably a 25 point source or a spatially incoherent source of radiation
across surface of the source, preferably a laser or like source of coherent
or partially coherent radiation, most preferably a superirradiant laser,
and preferably polarized. Light source 10 emits input beam 2 aligned 30
with optical axis 3 of subsystem 80. As shown in FIG. Ib, light beam 2
enters focusing lens 6 and is focused at pinhole B in image plane 7. Light
beam 12 comprised of a . . 82   CVO 99I63300 PCTIUS99/11601 plurality of
light beams 12-~,-2,-3,-4 diverges from the pinhole B and enters lens 16
having an optical axis aligned with optical axis 3 of subsystem 80. Light
beam 12 emerges from lens 16 as collimated light beam 12A 5 comprised of
light beams I2A-1, --2, -3, -4 and enters phase shifter 14. Phase shifter
14 is comprised of rectangular phase shifters 14-1,-2,--3,-4 which are
located so that their respective optical axes are parallel to optical axis
3 of subsystem 80. Note that the number of phase shifters 10 may be any
suitable number , being an integer. The example shown in FIG. 1b is for the
case of ~ , the case of four phase shifters being sufficient to clearly
show the relationship between the components of apparatus of the present
invention. Parallel light beams 12A-1,-2, 15 3,-4 pass through phase
shifters 19-1,-2,-3,-4, respectively, and emerge from phase shifter 14 as
light beams 12B-1,-2,-3,-4, respectively, which comprise light beam 12B.
Each of the phase shifters I4-2 and 14-4 introduce a phase shift of radians
more than the phase 20 shift introduced by each of the phase shifters 14-1
and 14-3, the please shifts introduced by phase shifters 14-1 and 14-3
being the same. 



In )_'IG. la, light beam 12B exits subsystem 80 and enters subsystem 81. In
FIG. 1c, light beam 12B enters 25 lens 26 having an optical axis aligned
with optical axis 3 of subsystem 81 and emerges as light,beam 12C comprised
of light beams 12C-1,-2,-3,-4. The plane of FIG. lc is perpendicular to the
plane of FIG. la. Lens 26 focuses light beam 12C to image point 18 in image
plane 17. Light 30 beam 12C emerges from image point 18 as light beam 22
comprised of light beams 22-1,-2,-3,-4. Light beam 22 ' enters lens 36
having an optic2l ar>is aligned with optical 83   1V0 99/633t)0
1'CT/US991116U1 axis 3 subsystem 81. Light beam 22 emerges from ~,ens 36
and exits subsystem 81 as collimated light beam 22A comprised of light
beams 22A-1,-2,-3,-4. As shown In FIG. la, light beam 22A is partially 5
transmitted by beam splitter 100 as light beam P22B comprised of light
beams P22B-1,-2,-3,-9 and enters subsystem 82 which is sho~~in in FIG. ld.
In FIG. 1d, light beam P22B impinges onto a phase shifter 24 comprised of
phase shifters 24-1,-2,-3,-4. The 10 plane of FIG. ld is perpendicular to
the plane of FIG. 1a. Phase shifter 29 is comprised of the same number of
elements as phase shifter 14 and is shown in FIG. 1d with Light beams
P22B-1,-2,-3,-4 pass through phase shifters 24-1,-2,-3,-9, respectively,
and emerge as light 15 beam P22C comprised of light beams P22C-1,-2,-3,-4,
respectively. The phase shifts introduced by phase shifters 24-1 and 24-3
are of equal values which are radians more than the phase shift introduced
by either phase shifter 24-2 or 24-4, the phase shifts introduced by 20
phase shifters 24-2 and 24-4 being of equal values. The sum of the phase
shifts produced by each pair of phase shifters 14-1 and 24-1, 14-2 and
24-2, 19-3 and 243, and 14-4 and 24-4 is radians. Thus there is no net
relative phase shift between any two of the light beams 25 P22C-1,-2,-3,-4.
Light beam P22C passes through lens 96 as light beam P22D comprised of
light beams P22D-1,-2,-3,4 which is focused to form a line image centered
at image point 28 in image plane 27 in object material 112. The axis of the
line image is substantially parallel to the 30 optical axis 3 of imaging
subsystem 82. The length of the line image is determined by a. combination
of factors such as the depth of focus and chromatic aberration of probe 



89   ~'VO 99/G3300 PCTlUS99/llGUi lens 46 and the optical bandwidtl-~ of
the source 10. The line section may cut through one or more surfaces of the
object material or lie in a surface of the object material. Optical axis of
lens 46 is aligned with optical 5 axis 3 of subsystem 82. In FIG. la, light
beam 22A is partially reflected by beam splitter 100 as light beam 822B
comprised of light beams 822B-1,-2,-3,-4. Light beam 822B enters subsystem
83 which is shown in FIG. 1e. The plane of FIG. le is 10 perpendicular to
the plane of FIG. la. As shown in FIG. le, light beam 822B impinges on
phase shifter 34 comprised of phase shifters 34-1,-2,-3,-9. Phase shifter
34 contains the same number of elements, , as phase shifter 14 and is shown
in FIG. le with . Light beam 15 822B passes through phase shifter 34 and
then through phase shifter 44 to emerge as light beam 822C comprised of
light beams 822C-1,-2,-3,-4. The phase shift introduced by phase shifter 44
is controlled by signal 132 from computer 118. The phase shifts introduced
by phase 20 shifters 34-1 and 34-3 are of equal values which are radians
more than the phase shift introduced by either phase shifter 34-2 or 34-4,
the phase shifts introduced by phase shifters 34-2 and 34-4 being of equal
values. Thus there is no net relative phase shift between any two of 25 the
light beams 822C-1,-2,-3,-4. Light beam 822C passes through lens 56 as
light beam 822D comprised of light beams )22D-1,-2,-3,-4. Light beam 822D
is focused by lens 56 to image point 38 in image plane 37 on reference
mirror 120. Optical aXis of lens 56 is aligned with optical axis 30 3a of
subsystem 83. In FIG. lf, a portion of light beam P22D (cf. FIG. ld) is
reflected and/or scattered by the object material 85   WO 99/63300 in the
line image centered at image point 28 as a i'CT/US99/11601 plurality of
light beams P32-1,-2,-3,-4 comprising scattered probe beam P32. The plane
of FIG. if ~s perpendicular to the plane of FIG. la. Scattered probe 5 beam
P32 diverges from image point 2B in image plane 27 and enters lens 46. As
shown in FIG. 1f, scattered probe beam P32 emerges from lens 46 as
collimated scattered probe beam P32A comprised of light beams
P32A-1,-2,-3,-4. Light beams P32A-1,-2,-3,-9 pass through phase shifters 



10 24-4,-3,-2,-1, respectively, and emerge as light beams P32B-1,-2,-3,-4,
respectively. Light beams P32B-1,-2,-3,4 comprise scattered probe beam P32B
which exits subsystem 82. The phase shifts introduced by phase shifters
24-1 and 24-3 are of equal values which are radians more 15 than the phase
shift introduced by either phase shifter 29-2 or 24-9, the phase shifts
introduced by phase shifters 24-2 and 24-4 being of equal values. In FIG.
lg, light beam R22D (cf. FIG. le) is reflected by reference mirror 120 as
reflected reference 20 beam R32 comprised of light beams R32-1,-2,-3,-4.
The plane of FIG. lg is perpendicular to the plane of FIG. la. Reflected
reference beam R32 diverges from image point 38 in image plane 37 and
enters lens 56. As shown in FIG. lg, reflected reference beam R32 emerges
from lens 56 as 25 collimated reflected reference beam 832A comprised of
light beams R32A-1,-2,-3,-4_ Light beams R32A-1,-2,-3,-4 pass first through
phase shifter 49 and then through phase shifters 34-4,-3,-2,-1,
respectively, to emerge as reflected reference beam 832B comprised of light
beams 30 R32B-1,-2,-3,-4, respectively. The phase shift introduced by phase
shifter_44 is controlled by signal 132 from computer 118. The phase shifts
introduced by phase 86   CVO 99I63300 PCT/US99111601 shifters 34-1 and 34-3
are of equal values which are x radians more than the phase shift
introduced by either phase shifter 34-2 or 34-4, the phase shifts
introduced by phase shifters 34-2 and 39-4 being of equal values. Light 5
beams R32B-1,-2,-3,-9 comprise light beam 832B which exits subsystem 83. It
is shown in FIG. 1a that scattered probe beam P32B is partially reflected
by beam splitter 100 as scattered probe beam P32C which is comprised of
light beams P32C-1, 10 2,-3,-4. Scattered probe beam P32C enters subsystem
81a shown in FIG. lh. The plane of FIG. lh is perpendicular to the plane of
FIG. la. In FIG. lh, scattered probe beam P32C enters lens 26a having an
optical axis aligned with optical axis 3a of subsystem 61a and emerges as
scattered 15 probe beam P32D comprised of light beams P32D-1,-2,-3,-4. Lens
26a focuses scattered probe beam P32D onto pinhole 18a in image plane 17a.
A portion of scattered probe beam P32D emerges from pinhole 1Ba as
spatially-filtered scattered probe beam P42 comprised of light beams P42-1,



20 2,-3,-4. Scattered probe beam P42 enters lens 36a having an optical axis
aligned with optical axis 3a of subsystem 81a. Spatially-filtered scattered
probe beam P42 .emerges from lens 36a and exits subsystem Bla as collimated
spatially-filtered scattered probe beam P42A comprised of 25 light beams
P42A-1,-2,-3,-4. As shown in FIG. 1a reflected reference beam R32B is
partially transmitted by beam splitter 100 as reflected reference beam 832C
comprised of light beams 832C-1,-2, 3,-4. Reflected reference beam 832C
enters subsystem B1a 30 shown in FIG. li. The plane of FIG. 1i is
perpendicular to the plane of FIG. la. In FIG. li, reflected reference'
beam R32C enters lens 26a and emerges as reflected 87   WO 99I63300
PC'F/US99/11601 reference beam R32D comprised of light beams 832D-1,-2,
3,-9. Lens 26a focuses reflected reference beam 832D onto pinhole 18a in
image plane 17a. A portion of reflected reference beam R32D emerges from
pinhole 18a as spatially5 filtered reflected reference beam R42 comprised
of light beams R42-1,-2,-3,-4. Spatially-filtered reflected reference beam
R~2 enters lens 36a. Spatially-filtered reflected reference beam R42
emerges from lens 36a and exits subsystem Bla as collimated
spatially-filtered 10 reflected reference beam 842A comprised of light
beams R42A-1,-2,-3,-4. It is shown in FIG. la that spatially-filtered
scattered probe beam P42A impinges on dispersive element 130a which is
preferably a reflecting diffraction grating. 15 A portion of
spatially-filtered scattered probe beam P92A is diffracted in the plane of
FIG. la by the first dispersive detector element 130a as scattered probe
beam P42B. Scattered probe beam P42B impinges on a second dispersive
detector element 130b that is preferably a 



20 transmission diffraction grating. A portion of scattered probe beam P42B
is diffracted in the plane of FTG. la by the second dispersive detector
element 130b as wavenumberfiltered, spatially-filtered scattered probe beam
P92C. Although the beams P42B and P42C are comprised of a 25 spectrum of
optical frequency components and therefore dispersed in angle in the plane
of FIG. la, the paths of only one frequency component of beams P92B and
P42C are shown in FIG. la. The paths shown are typical. The illustration of
only one optical frequency'component for 30 beams P42B and P42C permits the
display of the important properties of subsystem 84 with respect to the
wavenumberfiltered, spatially-filtered scattered probe beam P42C 88   \VO
99I63300 PCT/US99/11601 without departing from the spirit or scope of the
present invention and without introducing undue complexity into FIG. 1a and
subsequent figures. Wavenumber-filtered, spatially-filtered beam P42C 5
enters subsystem 84 shoran in FIG. lj. The plane of FIG. lj is
perpendicular to tree plane of FIG. 1a. As shown in FIG. 1j,
wavenumber-filtered, spatially-filtered beam P42C passes through lens 66
having an optical axis aligned with optical axis 3d of subsystem 84 and
emerges as wavenumber 10 filtered, spatially-filtered beam P42D comprised
of light beams P42D-1,-2,-3,-9. The wavenumber-filtered, spatially-filtered
beam P42D illustrated with only one optical frequency component is focused
by lens 66 to image point 48 in image plane 47. The location of the image
15 point 48 in the image plane 47 and therefore the location of the image
point 48 on a linear array of detector pinholes located in the image plane
47 will depend on the optical frequency of wavenumber-filtered,
spatiallyfiltered beam P42D by virtue of dispersive detector 20 elements
130a and 130b. The portions of a light beam that pass through the linear
array of detector pinholes is detected by a mufti-pixel detector 114,
preferably a detector comprised of a linear array of pixels such as a
linear array CCD. 25 It is shown in FIG. la that spatially-filtered
reflected reference beam 842A impinges on dispersive detector element 130a.
A portion of spatially-filtered reflected reference beam 842A is diffracted
in the plane of FIG. la by dispersive detector element 130a as 30 reflected
reference beam 842B. P,eflected reference beam R42B impinges on the second
dispe~rsive detector element 130b. A portion of reflected reference
beam.R42B is 89   WO 99l63300 PCT~'US99/11601 diffracted in the plane of
FIG. 1a by the second disperslve detector element 130b as
wavenumber-filtered, spatially-filtered reflected reference beam 892C.
Although the beams R92B and 842C are comprised of a 5 spectrum of optical
frequency components and therefore dispersed in angle in the plane of FIG.
la, the paths of only one optical frequency component for beams R42B and
842C are shown in FIG. la. The paths shown are typical. The illustration of
only one optical frequency component 10 for beams R42B and R92C permits the
display of the important properties of section 89 with respect to the
wavenumber-filtered, spatially-filtered reflected reference beam 842C
without departing from the spirit or scope of the present invention and
without introducing 15 undue complexity into FIG. 1a and subsequent
figures. Wavenumber-filtered, spatially-filtered reflected reference beam
842C enters subsystem 84 shown in FIG. lk. The plane of FIG. lk is
perpendicular to the plane of FIG. 1a. In FIG. lk, wavenumber-filtered,
spatially-filtered 20 reflected reference beam 842C passes through lens 66
and emerges as wavenumber-filtered, spatially-filtered reflected reference
beam R42D comprised of light beams 842D-1,-2,-3,-4. Wavenumber-filtered,
spatially-filtered reflected reference beam 842D illustrated with only one 



25 optical frequency component in FIG. 1k is focused by lens 66 to image
point 98 in image plane 47. The location of the image point 4B in image
plane 47 and therefore the location of the image point 98 on the linear
array of detector pinholes located in the image plane 97 will 30 depend on
the optical frequency of wavenumber-filtered, spatially-filtered reflected
reference beam R42D. The portions of a light beam that pass through the
linear 90   \VO 99/6330U fCT/US99/t t 60 t array of detector pinholes are
detected by multi-pixel detector 114. In FIG. 11, a pcrtion of light beam
P22 (cf. FIG. ld) is reflected and/or scattered by the object material at
an 5 "out-of-focus" image point 58 in out-of-focus image plane 57 as
background beam B52 comprised of light beams B52-1,2,-3,-4. The plane of
FIG. 11 is perpendicular to the plane of FIG. la. Background beam B52
diverges from outof-focus image point 58 and enters lens 46, As shown in 10
FIG. 11, background beam B52 emerges from lens 46 as substantially
collimated background beam B52A comprised of light beams B52A-1,-2,-3,-4.
Light beams B52A-1,-2,-3,-4 pass through phase shifters 24-4, 24-3, 24-2,
and 24-1, respectively, and emerge as light beams B52B-1,-2,-3,-4, 15
respectively. Light beams B52B-1,-2,-3,-4 comprise background beam B52B.
The phase shifts introduced by phase shifters 24-1 and 24-3 are of equal
values which are ~c radians more than the phase shift introduced by either
phase shifter 24-2 or 24-4, the phase shifts introduced by 20 phase
shifters 24-2 and .24-4 being of equal values. As shown in FIG. la,
background beam H52B is partially reflected by beam splitter 100 as
background beam D520 comprised of Light beams B52C-1,-2,-3,-4. Background
beam B52C enters subsystem 81a shown in FIG. lm 25 and passes through lens
26a to emerge as background beam B52D. Background beam B52D is comprised of
light beams B52D-1,~-2,-3,-4. The plane of FIG. lm is perpendicular to the
plane of FIG. la. Background beam B52D is focused by lens 26a onto image
po~.nt 68 in out-of-focus image plane 30 67 which is displaced from the
image plane 17a. Background beam B52D is out-of-focus in the image plane
17a and thus only a small portion of out-of-focus 91   WO 99/63300
PCT/US99/11601 background beam B52D is transmitted by pinhole 18a for each
frequency component of background beam H52D. The small portion of
out-of-focus background beam B52D is transmitted by pinhole 18a as
spatially-filtered 5 background beam B62 comprised of light beams
B62-1,-2,-3,4. A portion of spatially-filtered background beam B62 impinges
on lens 36a and emerges as a substantially collimated spatially-filtered
background beam H62A co~lhprised of light beams H62A-1, -2, -3, -9 .
Spatially 10 filtered background beam B62A exits subsystem Bla as
spatially-filtered background beam B62A. It is shown in FIG. la that
spatially-filtered background beam B62A impinges on dispersive detector
element 130a. A portion of spatially-filtered background 15 beam 862A is
diffracted in the plane of FIG. la by the first dispersive detector element
130a as background beam B62B. Background beam B62B impinges on the second
dispersive detector element 130b. A portion of background beam B62B is
diffracted in the plane of FIG. la by the 



20 second dispersive detector element 130b as wavenumberfiltered,
spatially-filtered background beam H62C. Although the beams B62B and B62C
are comprised of a spectrum of optical frequency components and therefore
dispersed in angle in the plane of FIG. la, the paths of 25 only one
optical frequency component for beams B62B and B62C are shown in FIG. 1a.
Wavenumber-filtered, spatially-filtered background beam B62C enters
subsystem 84 shown in FIG. 1n. In FIG. ln, wavenumber-filtered,
spatially-filtered background beam B62C passes through 30 lens 66 and
emerges as wavenumber-filtered, spatiallyfiltered background beam B62D.
Wavenumber-filtered, spatially-filtered background beam B62D illustrated
with 92   CVO 99I63300 ~CT/US99/11601 only one optical frequency component
in FIG. 1n is focused by lens 66 to image point 98 in image plane 47. The
location of the image point 4B in the image plane 47 will depend on tree
optical frequency of wavenumber-filtered, 5 spatially-filtered bac);ground
beam B62D. The portions of a light beam that pass through the linear array
of detector pinholes are detected by mufti-pixel detector 114. The
operation of the apparatus of the present 10 invention depicted in FIGS.
la-In is based on the acquisition of a sequence of four intensity
measurements by each pixel of detector 114. The sequence of the four linear
arrays of intensity values h , Iz , I3, and la are obtained by detector 114
with phase shifter 44 introducing 15 a sequence of phase shifts (the total
phase shift of the reference beam which includes the phase shifts produced
in passing through phase shifter 44 in both directions) Xo, 7Co +~ , 7Co +
~/2 , and xo +3n/2 radians, respectively, where xo is some fixed value of
phase shift. (Of course, the 20 function of phase shifters 34 and 44 could
be combined into a single phase shifter controlled by the computer 118.)
The four linear arrays of intensity values I~, I" a I3, and 14 are sent to
computer 118 as signal 131, in either digital or analog format, for
subsequent 25 processing. Conventional conversion circuitry, i.e.,
analog-to-digital converters, is included in either detector 114 or
computer 118 for converting the four linear arrays of intensity values h ,
l2 , I3 , and l4 to a digital format. The phase shift by phase snifter 44
is 30 controlled by signal 1.32 that is generated and ' . , subsequently
transmitted by computer 118 in accordance 93  



\\'O 99/63300 f'CT/11599/t 1601 with the sequence subsequently set fourth
to generate Eqs. (12a) and (12b) or the same sequence subsequently set
fourth in Eq. (36). Phase shifter 99 can be of the electro-optical type or
the type subsequently described 5 herein for use in broadband operation
with respect to optical wavelength. The intensity differences I1-I: and
13-14 are then computed by computer 11B and these differences contain
substantially with relatively high efficiency for respective corresponding
optical frequency 10 components only the interference cross term between
the complex amplitude of the wavenumber-filtered, spatiallyfiltered
scattered probe beam P42D and of the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected reference beam R42D. 15
The relatively high efficiency for isolation of the interference cross term
between the complex amplitude of the wavenumber-filtered,
spatially-filtered scattered probe beam P42D (cf. FIG. lj) and the complex
amplitude of the wavenumber-filtered, spatially-filtered reflected 20
reference beam R~12D (cf. FIG. lk) is a consequence of two system
properties. The first system property is that within a complex scale
factor, the spatial distributions of the complex amplitudes of the
wavenumber-filtered, spatially-filtered scattered probe beam P42D and the
25 wavenumber-filtered, spatially-filtered reflected reference beam R42D in
image plane 47 are substantially the same for an arbitrary phase shift
introduced by the phase shifter 44. The second system property is that the
interference cross term between the complex amplitude of 30 the
wavenumber-Filtered, spatially-filtered scattered probe beam P92D and the
complex amplitude o,f the wavenumber-filtered, spatially-filtered reflected
94   VVO 99I63300 PCTlUS99/11601 reference beam 842D in image plane 47
chances sign when the phase shift introduced by phase shifter 49 is
incremented or decremented by n,3~,... radians . Since the interference
cross term between the complex amplitude of 5 the wavenumber-filtered,
spatially-filtered scattered probe beam P42D and the complex amplitude of
the wavenumber-filtered, spatially-filtered reflected reference beam 842D
in image plane 47 changes sign when the phase shift introduced k~~,~ phase
shifter 44 is 10 incremented or decremented by ~,3n,... radians, this
interference cross term does not cancel out in the intensity differences
I,-I2 and l3-I4. However, all noninterference cross terms, i.e. the
intensities of the wavenumber-filtered, spatially-filtered scattered probe
15 beam P42D, of the wavenumber-filtered, spatially-filtered background
beam B62D tcf. FIG. ln), and of the wavenumberfiltered, spatially-filtered
reflected reference beam 842D will cancel out in the intensity differences
I~-I2 and I3-14. The referenced system properties are features that 20 are
in common with the confocal interference microscope and henceforth will be
referred to as the "confocal interferometric system property". For the
wavenumber-filtered, spatially-filtered background beam B62D (cf. FIG. ln)
in image plane 47, the 25 intensity differences I~-IZ and I3-14 will
contain only the interference cross term between the complex amplitude of
the wavenumber-filtered, spatially-filtered scattered background beam B62D
and the complex amplitude of the wavenumber-filtered, spatially-filtered
reflected 30 reference beam R42D as a consequence of the confocal
interferometric system property. However, the size of the interference
cross term between the complex amplitude of 95  



1J0 99I63304 PCTlUS99111641 the wavenumber-filtered, spatially-filtered
background beam B62D and the complex amplitude of the svavenumber filtered,
spatially-filtered reflected reference beam R42D in image plane 97 will be
greatly reduced in relation to 5 the corresponding interference cross term
in prior art confocal interference microscope on a pixel by pixel
comparison. For the common case where both the wavenumber filtered,
spafi.~ally-filtered scattered probe beam P92D and 10 the
wavenumber-filtered, spatially-filtered background beam B62D are present
simultaneously, there will be two interference cross terms present in the
intensity differences .l~-IZ and 13-l~, the interference cross term between
the complex amplitude of the wavenumber-filtered, 15 spatially-filtered
scattered probe beam P42D and the complex amplitude of the
wavenumber-filtered, spatiallyfiltered reflected reference beam R42D and
the interference cross term between the complex amplitude of the
wavenumber-filtered, spatially-filtered background 20 beam B62D and the
complex amplitude of the wavenumberfiltered, spatially-filtered reflected
reference beam RA2D. Note that the interference cross term between the
complex amplitude of the wavenumber-filtered, spatiallyfiltered background
beam B62D and the complex amplitude of 25 the wavenumber-filtered,
spatially-filtered scattered probe beam P42D cancel out in the intensity
differences I~-12 and I3-I4 as a consequence of the confocal
interferometric system property. The interference cross term between the
complex 30 amplitude of the wavenumber-filtered, spatially-filtered
background beam B62D and the complex amplitude of the wavenumber-filtered,
spatially-filtered reflected 



96   W O 99l63300 PCTIU599l11601 reference beam 842D in image plane 47 is
representative of the background from out-of-focus images. For the
apparatus of the present invention in comparison to prior art interference
confocal microscopy systems, the size of 5 the interference cross term
between the complex amplitude of the wavenumber-filtered,
spatially-filtered background beam B62D and the complex amplitude of the
wavenumberfiltered, spatially-filtered reflected reference beam 842D is in
general reduced in magnitude in image plane 47 10 whereas there is
substantially no reduction in the magnitude of the interference cross term
between the complex amplitude of the wavenumber-filtered, spatiallyfiltered
scattered probe beam P42D and the complex amplitude of the
wavenumber-filtered, spatially-filtered 15 reflected reference beam 842D in
image plane 47. The reduction of the interference cross term between the
complex amplitude of the wavenumber-filtered, spatiallyfiltered background
beam B62D and the complex amplitude of the wavenumber-filtered,
spatially-filtered reflected 20 reference beam R92D in image plane 47
follows in part from the fact that the amplitude of a beam decreases as the
distance to the image plane is increased. This property is the basis of the
reduced background in prior-art confocal interference microscopy. However,
in the 25 apparatus of the present invention, the reduction in the
magnitude of the interference cross term between the complex amplitude of
the wavenumber-filtered, spatiallyfiltered background beam B62D and the
complex amplitude of the wavenumber-filtered, spatially-filtered reflected
30 reference beam 842D in image plane 47 is enhanced in relation to that
achieved in prior-art confocal interference microscopy. 97   VVO 99I63300 



PCT/US99/11601 The enhanced reduction referred to in the preceding
paragraph is realized by the presence of phase shifters 14, 24, and 39. The
phase shifters 14, 29, and 39 modify the spatial properties of the complex
amplitudes of the 5 wavenumber-filtered, spatially-filtered scattered probe
beam P42D, the wavenumber-filtered, spatially-filtered reflected reference
beam 892D, and the wavenumberfiltered, spatially-filtered background beam
B62D in image plane 47. Although the spatial properties of the complex 10
amplitudes of the wavenumber-filtered, spatially-filtered scattered probe
beam P42D and the wavenumber-filtered, spatially-filtered reflected
reference beam R92D are both modified by the phase shifters 14, 24, and 34,
the modified spatial distributions of the respective complex 15 amplitudes
in image plane 47 are substantially the same. This feature was noted
earlier in relation to the discussion of the sensitivity of the intensity
differences h - Iz and 13 -14 to the interference cross term between the
complex amplitude of the wavenumber-filtered, spatially 20 filtered
scattered probe beam P42D and the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected reference beam 842D.
However, the respective modified spatial distributions of the complex
amplitude of the wavenumber25 filtered, spatially-filtered background beam
B62D and the complex amplitude of the wavenumber-filtered,
spatiallyfiltered reflected reference beam 842D in image plane 47 are
distinctly different. The complex amplitude of the wavenumber-filtered,
spatially-filtered reflected 30 reference beam R42D is an antisymmetric
function about the center of the wavenumber-filtered, spatially-filtered
reflected reference beam R42D in image plane 47. In 98   'O 99/633U0
PCT/US99/I 1601 contrast, the wavenumber-filtered, spatially-filtered
background beam B62D which subsequently interferes with the complex
amplitude of the wavenumber-filtered, spatially-filtered reflected
reference beam 842D is the 5 complex amplitude associated principally with
one of the light beams B52D-1,-2,-3, or B52D-4, as shown in FIG. lm, which
generally displays only small relative changes across the space of the
image of the wavenumber-filtered, spatially-filtered reflected reference
beam R42D in image 10 plane 47. Thus the spatial distribution of the
interference cross term between the complex amp)_itude of the
wavenumber-filtered, spatially-filtered background beam B62D and the
complex amplitude of the wavenumberfiltered, spatially-filtered reflected
reference beam 842D 15 in image plane 47 is comprised primarily of an
antisymmetric distribution about the center of the wavenumber-filtered,
spatially-filtered reflected reference beam 842D in image plane 47. The
contribution of the interference cross term 20 between the complex
amplitude of the wavenumber-filtered, spatially-filtered background beam
862D and the complex amplitude of the wavenumber-filtered,
spatially-filtered reflected reference beam R42D to the intensity value
recorded by a single pixel of detector 114 is the integral 25 of the
interference cross term across the space of the image formed by the
wavenumber_-filtered, spatiallyfiltered .reflected reference beam R42D in
image plane 47. The integration of an antisymmetric function over a space
interval centered about the function's axis of 30 antisymmetry is
identically zero. Thus the net contribution of the interference cross term
between the complex amplitude of the wavenumber-filtered, spatially 99   



WO 99I63300 !'CT~'US99/1 I 60l filtered background beam B62D and the
complex amplitude of the wavenumber-filtered, spatially-filtered reflected
reference beam R42D to the intensity value recorded by a single pixel of
detector 114 is significantly reduced 5 beyond that achieved in prior-art
confocal interference microscopy. It is importhnt to note that a reduction
of the interference cross term between the complex amplitude of the
wavenumber-filtered, spatially-filtered background 10 beam B62D and the
complex amplitude of the wavenumberfiltered, spatially-filtered reflected
reference beam R42D in image plane 47 leads to a reduction of both
systematic errors as well as statistical errors. There is a reduction in
statistical errors since a reduction of the 15 interference cross term
between the complex amplitude of the wavenumber-filtered,
spatially-filtered background beam H62D and the complex amplitude of the
wavenumberfiltered, spatially-filtered reflected reference beam 842D in
image plane 47 results in a reduced number of 20 photoelectrons generated
in each pixel of detector 114 compared to the prior art. Since the
statistical uncertainty of the integrated charge and hence the output
signal is related to the square root of the integrated number of
photoelectrons generated in each pixel of the 25 detector, the statistical
error in the output signal is substantially reduced for the apparatus in
FIGS. la-ln. Thus, the statistical error per each image point of an imaged
line section of the object material acquired with the apparatus of tl~e
present invention is 30 substantially less than that obtained in the same
time interval for prior art confocal interference microscopy for two
reasons. The first reason is that in prior art interference confocal
microscopy, the imaged line section 100   WO 99!63300 PCT'/US99/1 I601 must
be scanned in the interval of time reducing the time spent at each image
point by the number of image points in the imaged line section to acquire
an array of intensity differences corresponding to the array of intensity 5
differences acquired simultaneously in the apparatus of the present
invention in the same interval of time. This leads to an improvement in the
statistical accuracy of images comprised of image points of an imaged line
section by a factor proportional to the square root of the number 10 of
independent image points iii the imaged line section for the apparatus of
the present invention in comparison to that obtained in prior art
interference confocal microscopy. The basis for the second reason is that
the size of the interference cross term between the complex 15 amplitude of
the wavenumber-filtered, spatially-filtered background beam B62D and the
complex amplitude of the wavenumber-filtered, spatially-filtered reflected
reference beam R42D in image plane 47 will be substantially reduced in
relation to that obtained for the 20 corresponding interference cross term
in a prior art confocal interference microscope as noted in paragraphs of
the preceding description. These two reasons form the basis for the
conclusion that the statistical errors introduced by the amplitude of the
out-of-focus images 



25 will be greatly reduced for the apparatus of the present invention in
relation to the corresponding statistical errors introduced by the
amplitude of the out-of-focus images in prior-art confocal interference
microscopy when considering the statistical accuracy of an image of a line
30 section of the object material acquired in identical intervals of time.
Correction for the effects, i.e. systematic errors, of out-of-focus images
beyond the compensation achieved by 101   VV~ 99/63300 PCT/US99111601 the
apparatus of the first embodiment may be made by using the computer and
computer deconvolutions and integral equation inversion techniques which
are known to those skilled in the art to invert integral equations in 5
accordance with subsequently set fourth Eqs. (32a) and (32b) . The
signal-tp-noise ratio may be adjusted as a function of the wavelength of
the source optical frequency components so as to generate for example a
signal-to-noise 10 ratio that is to first order independent of wavelength.
Generally, the amplitude of the wavelength-filtered, spatially-filtered
scattered probe beam P92D normalized to the corresponding optical frequency
component of the amplitude of the probe beam P22D prior to entry into 15
object material 112 will change with wavelength due to wavelength
dependence of the transmission of the probe beam P22D and scattered probe
beam P32 in the object material 112 and due to change of the numerical
aperture of the probe lens 96 as the depth of image point 28 into 20 the
object material 112 is increased. Also the ratio of the amplitude of the
wavelength-filtered, spatiallyfiltered scattered probe beam P42D to the
amplitude of the wavelength-filtered, spatially-filtered background beam
B62D will generally decrease as tile depth of image point 25 2B into the
object material 112 is increased. A change in the signal-to-noise ratio
will generally accompany a change in the amplitude of the
wavelength-filtered, spatially-filtered scattered probe beam P92D
normalized to the corresponding optical frequency component of the 30
amplitude of the probe beam P22D prior to entry into object material 112.
The effects of such factors on the signal-to-noise ratio may be compensated
in part by placing a wavelength filter in reference mirror subsystem 102
~3~0 9916330U PCT/US99/11601 83 and/or in the prcbe beam subsystem 82,
preferably in reference mirror subsystem 83, and constructing the
transmission of the wavelength filter to have a specific wavelength
dependence to adjust and/or optimize the ratio 5 of the
wavelength-filtered, spatially-filtered scattered probe beam P42D and the
wavelength-filtered, spatiallyfiltered reflected reference beam 842D
transmitted through respective detector pinholes for different wavelengths 



according to subsequently set fourth Eq. (39). 10 It was noted in the
detailed description of the first embodiment that there was no net relative
phase-shift between any two of the light beams P22C-1,-2,-3,-4. This
feature makes it possible to achieve the following objective enunciated in
the detailed description of the 15 first embodiment: the generation of the
conjugate images of pinhole 8 in image plane 27 in object material 112 and
in image plane 37 on reference mirror 120 that are substantially unchanged
by the presence of phase shifters 14 and 24 and phase shifters 14 and 34,
respectively, but 20 producing substantial changes in the images in image
planes 17a and 47 which are conjugate to the image point 2B in object
material 112 and to the image point 38 on reference mirror 120. Insight
into the interrelationship between phase 25 shifters 14, 24, and 34 may
also be gained by considering what would be the consequence should~phase
shifter 14 be removed from the first embodiment. In this case, the
wavenumber-filtered, spatially-filtered reflected reference beam R42D would
change from an antisymmetric 30 function to a symmetric function in image
plane 47 with no substantial change in the spatial properties of the
wavenumbez-filtered, spatially-filtered background beam 103   WO 99I63300
PCT/US99/1160I B62D in image plane 47. Thus the spatial distribution of the
interference cross term between the complex amplitude of the
wavenumber-filtered, spatially-filtered background beam B62D and the
complex amplitude of the wavenumber 5 filtered, spatially-filtered
reflected reference beam R42D would be comprised primarily of an symmetric
distribution about the center bf the wavenumber-filtered, spatiallyfiltered
reflected reference beam R42D in image plane 47. But the integration of a
symmetric function over a space 10 interval centered about the function's
axis of symmetry is not zero in general and there would be substantially no
reduction in the intensity value recorded by a given pixel of detector 114
at image point 48 beyond that achieved in prior-art confocal interference
microscopy. 15 Although the foregoing refers to a particular image point 28
at a particular portion of object material 112, computer 118 can apply
control signal 133 to translator 116 so as to position other portions of
object material 112 at image point 28, to allow the system to "scan" a 20
desired line section, plane section, or volume section of object material
112. The desired line section, plane section, or volume section of the
object material may cut through or include one or more surfaces of the
object material. 25 The Level 1 discrimination in the first preferred
embodiment of the present invention is achieved by manipulating the impulse
response functions of imaging subsystems of apparatus of the present
invention in a plane orthogonal to the plane defined by dispersive 30
detector elements 130a and 130b. A Level 1 type discrimination may also be
achieved in a variant of_the first preferred embodiment wherein the
apparatus and electronic processing means of the variant are 109   



CVO 99/6330U PCTlUS99/11601 substantially the same as for the first
preferred embodiment with the phase shifters 19, 24, and 39 rotated by ~/2
radians about their respective optical axes. The reduction of the
systematic effects of out-of-focus images 5 in the variant to the first
preferred embodiment is the same as that in the first preferred embodiment.
The statistical effects due to the out-of-focus images in the variant of
the first preferred embodiment is also reduced below that achieved in prior
art confocal interference 10 microscopy but generally not as effective as
achieved with apparatus of the first preferred embodiment. Referring now to
FIGS. 2a-2f, FIG. 2a depicts in schematic form a second embodiment of the
present invention from the first group of embodiments and variants 15
thereof in which the source subsystem 80a, subsystem Blb, and the detector
subsystem 84a are preferably configured for approximate slit confocal
microscopy. Like reference numerals are used in FIGS. 2a-2f for like
elements previously described with reference to FIGS. 1a-ln. The 20
modifications in subsystem 80a shown in FIG. 2b exist in the area of the
source 10a which is now preferably comprised of a broadband, spatially
incoherent line source, preferably a lamp filament or laser diode array,
and in the area of the pinhole 8 of the first embodiment 25 which is now
preferably comprised of a linear array of source pinholes 8a aligned with
the~image of line source 10a formed by lens 6. The modification in
subsystem 81b shown in FIGS. 2c and 2d consists of replacing pinhole 18a in
subsystem 81a of the first. embodiment with a linear 30 array of spatial
filter pinholes 18b in subsystem 81b. The modifications in subsystem 84a
shown in FIGS. 2e and 2f exist in the area of the detector 114a in which
the 105   1~'O 99/63300 PCT/US99/11601 linear array of pinholes in the
Image plane 47 of the first embodiment is now preferably a two-dimensional
array of detector pinholes and the detector 119 of the first embodiment
having a linear array of pixels is now a 5 detector 119a preferably
comprised of a two-dimensional 



array of pixels. In FIG. 2b,`the linear array of source pinholes Ba and
source 10a are aligned perpendicular to the plane of FIG. 2b, the plane of
FIG. 2b being perpendicular to the 10 plane of FIG. 2a. In FIGS. 2c and 2d,
the linear array of spatial filter pinholes 18b is aligned perpendicular to
the plane of FIGS. 2c and 2d, the planes of FIGS. 2c and 2d being
perpendicular to the plane of FIG. 2a. In FIGS. 2e and 2f, the
two-dimensional array of detector pinholes 15 and the two-dimensional array
of detector pixels are aligned perpendicular to the plane of FIGS. 2e and
2f. The remainder of the second embodiment depicted in FIGS. 2a-2f is
preferably the same as described for corresponding aspects of the first
preferred embodiment in 20 the description of FIGS. la-ln. The Level 1
discrimination in the second preferred embodiment of the present invention
is achieved by manipulating the impulse response functions of imaging
subsystems of apparatus of the present invention in a 25 plane orthogonal
to the plane defined by dispersive detector elements 130a and 130b. A Level
1 type discrimination may also be achieved in a first variant of the second
preferred embodiment wherein the apparatus and electronic processing means
of the first variant of the 30 second preferred embodiment are
substantially the same as for the second preferred embodiment with the
phase shifters 14, 24, and 34 rotated by ~/2 xadians about their 106   BYO
99I63300 PCT/US99/11601 respective optical axes. The reduction of the
systematic effects of out-of-focus images in the first variant of the
second preferred embodiment is the same as that in the second preferred
embodiment. The statistical effects due 5 to the out-of-focus images in the
first variant of the second preferred embodiment is also reduced below that
achieved in prior art confocal interference microscopy but generally not as
effective as achieved with apparatus of the second preferred embodiment. 10
A second variant of the second preferred embodiment is described wherein
the apparatus and electronic processing means of the second variant are
substantially the same as for the second preferred embodiment except for
the linear arrays of source pinholes 8a and spatial filter 15 pinholes 18a
of the second preferred embodiment which are replaced by a source slit and
a spatial filter slit. The reduction of the systematic effects of
out-of-focus images for the second variant of the second preferred
embodiment is the same as that achieved in the second preferred 20
embodiment of the present invention. The statistical effects due to the
out-of-focus images in the second variant of the second preferred
embodiment is also reduced below that achieved in prior art confocal
interference microscopy but generally not as effective as achieved with 25
apparatus of the second preferred embodiment. 



The use of a linear array of source pinholes and a linear array of spatial
pinholes as ~n the second preferred embodiment and the first variant of the
second preferred embodiment instead of respective slits generates 30 a
requirement for a restricted scan of the object material to generate a
two-dimensional representation of a section of the object material. The
direction of the restricted scan is in the direction of the image of the
linear array 107   VVO 99I63300 PCT/US99111601 of source pinholes in the
object material. The restricted scan arises because of the spacing between
pinholes in the direction of the image of the linear array of source
pinholes in the object material. In addition, a high 5 sensitivity to the
wavenumber-filtered, spatially-filtered scattered probe beam is maintained
when the spacing between the pinholes Zn the direction of the image of the
linear array of source pinholes in the object material complies with a
condition subsequently set fourth in Eq. 10 (54) . The number of steps of
the restricted scan is determined by the ratio of the spacing between the
images of two contiguous source pinholes in the object material and the
angular resolution of the respective imaging 15 subsystem. In practice, the
number of steps in the restricted scan will be significantly less than the
number of pinholes in the linear arrays of source pinholes and spatial
filter pinholes. Thus using apparatus of the second preferred embodiment
and the first variant of the 20 second preferred embodiment with linear
arrays of source pinholes and spatial filter pinholes, a two dimensional
representation of a section of object material can be acquired with
substantially no scanning. Referring now to FIG. 3a-31, there is shown an
25 alternative third embodiment of the present invention from the first
group of embodiments in which the paths for the reference and probe beams
of the first preferred embodiment have been modified for the purpose of
improving and optimizing the signal-to-noise ratio. The apparatus 30 and
electronic processing means for the third embodiment are substantially the
same as for the first preferred embodiment with additional optical means
which configure the interferometer of the first embodiment so that the 108
\'1'O 99/63300 PC'T/US99/11601 ratio of the amplitudes of the reflected
reference and scattered probe beams can be adjusted. Optical elements of
the third preferred embodiment perform like operations as like denoted
elements in the first preferred embodiment 5 and the electronic processing
means of the third preferred embodiment perform like operations as like
denoted electronic operations of first preferred embodiment. The ratio of
the amplitudes of the wavenumber-filtered, spatially filtered reflected
reference and scattered probe 



10__ bea~s_are adjusted by altering the transmission/reflection _
coefficients of beam splatters 100, 100a, and 100b depicted in FIGS. 3a-31.
As shown in FIGS. 3a-31, the third preferred embodiment of the present
invention is an interferometer 15 comprised of beam splatters 100, 100a,
and 100b, object material 112, translator 116, a reference mirror 120,
dispersive detector elements 130a and 130b, and a detector 114. This
configuration is known in the art as a form of a Michelson interferometer,
and is shown as a simple 20 illustration. Other forms of interferometer
known in the art such as a polarized Michelson interferometer and as
described in an article entitled "Differential Interferometer Arrangements
for Distance and Angle Measurements: Principles, Advantages, and
Applications," 25 by C. Zanoni, ibid., may be incorporated into the
apparatus of FIGS. 3a-31 without significantly departing from the spirit
and scope of the preferred third embodiment of the present invention. The
orientation of the plane in which the impulse 30 response functions of
imaging subsystems are manipulated in the third preferred embodiment is
perpendicular to the plane of FIG. 3a. - . 109   W'O 99/63300 PCT/US99/1
I601 FIG. 3b depicts in schematic form the embodiment of the subsystem 80
shown in FIG. 3a. The plane Of FIG. 3b is perpendicular to the plane of
FIG. 3a. For the third preferred embodiment, light source 10 is preferably
a 5 point source or a spatially incoherent source of radiation across
surface of the source, preferably a laser or like source of coherent or
partially coherent radiation, most preferably a superirradiant laser, and
preferably polarized. Light source 10 emits input beam 2 aligned 10 with
optical axis 3 of subsystem 80. As shown in FIG. 3b, light beam 2 enters
focusing lens 6 and is focused at pinhole 8 in image plane 7. Light beam 12
comprised of a plurality of light beams 12-1,-2,-3,-4 diverges from the
pinhole 8 and enters lens 16 having an optical axis 15 aligned with optical
axis 3 of subsystem 80. Light beam 12 emerges from lens 16 as collimated
light beam 12A comprised of light beams 12A-1,-2,-3,-4 and enters phase
shifter 14. Phase shifter 19 is comprised of rectangular phase shifters
14-1,-2,-3,-4 which are located so that 20 their respective optical axes
are parallel to optical axis 3 of subsystem 80. Note that the number of
phase shifters may be any suitable number 2m, rn being an integer. The
example shown in FIG. 3b is for the case of m =2, the case of four phase
shifters being sufficient to clearly 25 show the relationship between the
components of the apparatus of the present invention. Parallel light beams
12A-1,-2,-3,-4 pass through phase shifters 14-1,-2,-3,-4, respectively, and
emerge from phase shifter 14 as light beams 12B-1,-2,-3,-9, respectively,
which comprise light 30 beam 12B. Each of the phase shifters 19-2 and 19-4
introduce a phase shift of ~t radians mare the phase shift introduced by
each of the phase shifters 14-1 and 14-3, 110   VVO 99I63300 PCT/US99111601
the phase shifts introduced by phase shifters 14-1 and 143 being the same.
In FIG. 3a, light beam 12B exits subsystem 80 and is partially transmitted
by beam splitter 100a as light beam 5 P12B comprised of light beams
P12B-1,-2,-3,-4. Light beam 



P12B enters subsystem 81. In FIG. 3c, light beam PI2B enters lens 26 and
emerges as light beam P12C comprised of light beams P12C-1,-2,-3,-4. The
plane of FIG. 3c is perpendicular to the plane of FIG. 3a. Lens 26 focuses
10 light beam P12C to image point 18 in image plane 17. Light beam P12C
emerges from image point 18 as light beam P22 comprised of light beams
P22-1,-2,-3,-4. Light beam P22 enters lens 36 having an optical axis
aligned with optical axis 3 of subsystem 81. Light beam P22 emerges 15 from
lens 36 and exits subsystem 81 as collimated light beam P22A comprised of
light beams P22A-1,-2,-3,-4. As shown in FIG. 3a, light beam P22A is
partially transmitted by beam splitter 100 as light beam P22B comprised of
light beams P22B-1,-2,-3,-4 and enters 20 subsystem 82 shown in FIG. 3d.
The plane of FIG. 3d is perpendicular to the plane of FIG. 3a. In FIG. 3d,
light beam P22B impinges onto a phase shifter 24 comprised of elements
24-1,-2,-3,-4. Phase shifter 24 is comprised of the same number of 2m
elements 25 as phase shifter 14 and is shown in FIG. 3d with m =2. Light
beams P22B-1,-2,-3,-4 pass through phase shifters 24-1,-2,-3,-4,
respectively, and emerge as light beam P22C comprised of light beams
P22C-1,-2,-3,-4, respectively. The phase shifts introduced by phase
shifters 24-1 and 29 30 3 are of equal values which are n radians more than
the phase shift introduced by either phase shifter 24-2 or 244, the phase
shifts introduced by phase shifters 24-2 and 111   WO 99/633U0
1'CT/LIS99/116U1 29-4 being of equal values. Thus there is no net relative
phase shift between any two of the light beams P22C-1,-2,3,-9. Light beam
P22C passes through probe lens 46 as light beam P22D comprised of light
beams P22D-1,-2,-3,-4 5 which is focused to form a line image centered at
image point 28 in image plane 27 in object material Z12. The axis of the
line~imag'e is substantially parallel to the optical axis 3 of imaging
subsystem 82. The length of the line image is determined by a combination
of factors such 10 as the depth of focus and chromatic aberration of probe
lens 46 both of which can be adjusted and the optical bandwidth of the
source 10. The line section may cut through one or more surfaces of the
object material or lie in a surface of the object material. Optical axis of
lens 15 46 is aligned with optical axis 3 of subsystem 82. In FIG. 3a,
light beam 12B is partially reflected by beam splitter 100a as light beam
R12B comprised of light beams R12B-1,-2,-3,-A. Light beam R12B enters
subsystem B1c shown in FIG. 3e. The plane of FIG. 3e is parallel to 20 the
plane of FIG. 3a. 



In FIG. 3e, light beam R12B enters lens 26c and emerges as light beam R12C
comprised of light beams R12CI,-2,-3,-4. Light beams 812B-1,-2,-3,-4 are
spatially separated in a plane perpendicular to the plane of FIG. 3e 25 and
appear superimposed and coextensive in the view presented in FIG. 3e. Lens
26c has an optical axis aligned with optical axis 3b of subsystem 81c. Lens
26c in conjunction with plane mirror 120c focuses light beam R12C to image
point lBc in image plane 17c. Light beam 30 R12C emerges from image point
18c as light beam R22 comprised of light beams R22-1,-2,-3,-4. Light beams
R221,-2,-3,-4 are spatially separated in a plane 112   CVO 99/63300
PCTIUS99/11601 perpendicular to the plane of FIG. 3e and appear
superimposed and coextensive in tile view presented in FIG. 3e. La_ght beam
R22 enters lens 36c having an optical axis aligned with optical axis 3c of
subsystem 81c. Light beam 5 R22 emerges from lens 36c and exits subsystem
81c as collimated light beam 822A comprised of light beams 822A1,-2,-3,-4.
Light beams 822A-1,-2,-3,-4 are spatially separated in a plane
perpendicular to the plane of FIG. 3e and appear superimposed and
coextensive in the view 10 presented in FIG. 3e. As shown in FIG. 3a, light
beam 822A after exiting subsystem 81c enters subsystem 83a. Subsystem 83a
shown in FIG. 3f is comprised of lens 56a, reference mirror 120, beam
splitter 100b, and phase shifters 34, 34a, and 44. 15 The plane of FIG. 3f
is paral7.e1 to the plane of FIG. 3a. Phase shifter 34 comprised of phase
shifter elements 341,-2,-3,-4 and phase shifter 34a comprised of phase
shifter e7.ements 34a-1,-2,-3,-4 are illustrated in FIG. 3f as rotated ~/2
radians about the optical axes 3a and 3c, 20 respectively, for the purpose
of~making the description of and tracking of optical beams 822A, 822B,
822C, and 822D through subsystem 83a simpler without departing from the
spirit or scope of the third embodiment of the present invention.
Accordingly, light beam 822A comprised of 25 light beams 822A-1,-2,-3,-4
and light beam 822B comprised of light beams 8_22B-1,-2,-3,-4 are
illustrated in FIG. 3f as rotated by ~/2 radians about the optical axis 3e
and light beam 822C comprised of light beams 822C-1,-2,-3,-4 and light beam
822D comprised of light beams 822D-1,-2, 30 3,-4 are illustrated in FIG. 3f
as rotated by n/2 radians about the optical ax~,s,3a. In subsystem 83a,
light beam 113   WO 99/63300 PCT/L1S99/11601 822A impinges on phase shifter
34a which contains the same 



number of elements, 2m, as phase shifter 19. Light beam 822A passes through
phase shifter 34a as light beam 822B. Light beam R22B is partially
reflected as light beam R22C. 5 The phase shifts introduced by phase
shifters 34a-1 and 34a-3 are of equal values which are ~ radians more than
the phase shifts`introduced by either phase shifter 34a-2 or 34a-4, the
phase shifts introduced by phase shifters 39a-2 and 34a-4 being of equal
values. Thus there is no 10 net relative phase shift between any two of the
light beams 822C-1,-2,-3,-4. Light beam 822C passes through lens 56a as
light beam 822D. Light beam 822D is focused by lens 56a to image point 38
in image plane 37 on reference mirror 120. Optical axis of lens 56a is
aligned 15 with optical axis 3a of subsystem 83a. In FIG. 3g, a portion of
light beam P22D (cf. FIG. 3d) is reflected and/or scattered by the object
material 112 at image point 28 as a plurality of light beams P321,-2,-3,-4
comprising scattered probe beam P32. The plane 20 of FIG. 3g is
perpendicular to the plane of FIG. 3a. Scattered probe beam P32 diverges
from image point 28 in image plane 27 and enters lens 46. As shown in FIG.
3g, scattered probe beam P32 emerges from lens 46 as collimated scattered
probe beam P32A comprised of light 25 beams P32A-1,-2,-3,-4. Light beams
P32A-1,-2,-3,-4 pass through phase shifters 24-4,-3,-2,-1, respectively,
and emerge as light beams P32B-1,-2,-3,-4, respectively. Light beams
P32B-1,-2,-3,-4 comprise scattered probe beam ~P32B which exits subsystem
82. The phase shifts 30 introduced by phase shifters 24-1 and 29-3 are of
equal values which are ~ radians more than the phase shift introduced by
either phase shifter 24-2 or 24-4, the phase 114   VVO 99I63300
PCT/US99I11601 shifts introduced by phase shifters 29-2 and 24-4 being of
equal values. In FIG. 3h, light beam 822D (cf. FIG. 3f) is reflected by
reference mirror 120 as reflected reference 5 beam R32 comprised of light
beams R32-1,-2,-3,-4. Subsystem 83a shown in FIG. 3h is comprised of lens
56a, reference mirror 120, beam splitter 100b, and phase shifters 34, 34a,
and 44. Phase shifter 34 comprised of phase shifter elements 34-1,-2,-3,-4
and phase shifter 34a 10 comprised of phase shifter elements 34a-I,-2,-3,-4
are illustrated in FIG. 3h as rotated ~/2 radians about the optical axes 3a
and 3c, respectively, for the purpose of making the description of and
tracking of optical beams R32, 832A, and 832B through subsystem 83a simpler
without 



15 departing from the spirit or scope of the third embodiment of the
present invention. Accordingly, light beam R32A, light beam 832B comprised
of light beams 832B-1,-2,-3,-4, and light beam 832C comprised of light
beams 832C-1,-2,3,-4 are illustrated in FIG. 3h as rotated by ~/2 radians,
20 about the optical axis 3a. The plane of FIG. 3h is parallel to the plane
of FIG. 3a. Reflected reference R32 diverges from image point 38 in image
plane 37 and enters lens 56a. As shown in FIG. 3h, reflected reference beam
R32 emerges from lens 56a as collimated light beam 832A. 25 Light beams
832A-1,-2,-3,-4 pass first through phase shifter 44 and then through phase
shifters 34-4,-3,-2,-1, respectively, to emerge as light beams
R32B-1,-2,-3,-4, respectively. The phase shift introduced by phase shifter
44 is controlled by signal 132 from computer 118. The 30 phase shifts
introduced by phase shifters 34-1 and 34-3 are of equal values which are n
radians more than the phase shift introduced by either phase shifter 34-2
or 34 l15   WO 99/63300 1'CTlUS99111601 9, the phase shifts introduced by
phase shifters 34-2 and 34-4 being of equal values. Reflected reference
beam R32B exits subsystem 83a. In FIG. 3a, a portion of scattered probe
beam P32B is 5 reflected by beam splitter 100 as a plurality of light beams
P32C-1,-2,-3,-4 comprising scattered probe beam P32C. Scattered`probe beam
P32C enters subsystem Bla shown in FIG. 3i. In FIG. 3i, scattered probe
beam P32C enters lens 26a and emerges as scattered probe beam P32D 10
comprised of light beams P32D-1,-2,-3,-9. The plane of FIG. 3i is
perpendicular to the plane of FIG. 3a. Lens 36a has an optical axis aligned
with optical axis 3a of subsystem 81a. Lens 26a focuses scattered probe
beam P32D onto spatial filter pinhole 18a in image plane 17a. A 15 portion
of scattered probe beam P32D emerges from spatial filter pinhole 18a as
spatially-filtered scattered probe beam P92 comprised of light beams
P42-1,-2,-3,-4. Spatially-filtered scattered probe beam P42 enters lens 36a
having an optical axis aligned with optical axis 3a of 20 subsystem Bla.
Spatially-filtered scattered probe beam P42 emerges from lens 36a and exits
subsystem 81a as collimated spatially-filtered scattered probe beam P42A
comprised of light beams P~I2A-1,-2,-3,-4. As shown in FIG. 3a reflected
reference beam 832B is 25 partially transmitted by beam sputter 100 as
reflected reference beam 832C comprised of light beams 832C-1,-2,3,-4.
Reflected reference beam R320 enters subsystem 81a shown in FIG. 3j. The
plane of FIG. 3j is perpendicular to the plane of FIG. 3a. In FTG. 3j,
reflected reference 30 beam 832C enters lens 26a and emerges as reflected
reference beam R32D comprised of light beams 832D-1,-2,3,-4. Lens 26a
focuses reflected reference beam R32D onto l16   WO 99I63300 PCTlUS99/11601
spatial filter pinhole 18a in image plane 17a. A portion of reflected
reference beam 832D emerges from spatial filter pinhole 18a as
spatially-filtered reflected reference beam R92 comprised of light beams
R42-1,-2,-3, 5 4. Spatially-filtered reflected reference beam R92 enters
lens 36a. Spatially-filtered reflected reference beam R42 emerges from lens
36a and exits subsystem 81a as collimated spatially-filtered reflected
reference beam R42A comprised of light beams 892A-1,-2,-3,-4. 



10 It is shown in FIG. 3a that spatially-filtered scattered probe beam P42A
impinges on dispersive element 130a which is preferably a reflecting
diffraction grating. A portion of spatially-filtered scattered probe beam
P42A is diffracted in the plane of FIG. 3a by dispersive 15 detector
element 130a as scattered probe beam P42B. Scattered probe beam P42B
impinges on a second dispersive detector beam element 130b that is
preferably a transmission diffraction grating. A portion of scattered probe
beam P92B is diffracted in the plane of FIG. 3a by 20 the second dispersive
detector beam element 130b as wavenumber-filtered, spatially-filtered
scattered probe beam P42C. Although the beams P42B and P42C are comprised
of a spectrum of optical frequency components and therefore dispersed in
angle in the plane of FIG. 3a, 25 the paths of only one frequency component
of beams P42B and P42C are shown in FIG. 3a. The baths shown are typical.
The illustration of only one optical frequency component for the beams P42B
and P42C permits the display of the important properties of subsystem 89
with respect 30 to the wavenumber-filtered, spatially-filtered scattered
probe beam P42C without departing from the spirit or scope 117   WO
99/63300 PCT/IJS99/11G01 of the present invention and without introducing
undue complexity Into FIG. 3a and subsequent figures. wavenumber-filtered,
spatially-filtered beam P42C enters subsystem B9 shown in FIG. 3k. The
plane of FIG. 5 3k is perpendicular to the plane of FIG. 3a. As shown in
FIG. 3k, wavenumber-filtered, spatially-filtered beam P42C passes through
lens 66 having an optical axys aligned with optical axis 3d of subsystem B9
and emerges as wavenumberfiltered, spatially-filtered beam P42D comprised
of light - 10 beams P42D-1,-2,-3,-4. The wavenumber-filtered,
spatially-filtered beam P42D illustrated with only one optical frequency
component is focused by lens 66 to image point 48 in image plane 47. The
location of the image point 98 in the image plane 97 and therefore the
location 15 of the image point 48 on a linear array of detector pinholes
located in the image plane 47 will depend on the optical frequency of
wavenumber-filtered, spatiallyfiltered beam P42D by virtue of dispersive
detector elements 130a and 130b_ The portions of a light beam that 20 pass
through the linear array of pinholes is detected by detector 114,
preferably a detector comprised of a linear array of pixels such as a
linear array CCD. It is shown in FIG. 3a that spatially-filtered reflected
reference beam 842A impinges on dispersive 25 detector element 130a. A
portion of spatially-filtered reflected reference beam 842A is diffracted
in the plane of FIG. 3a by dispersive detector element 130a as reflected
reference beam 842B. Reflected reference beam R42B impinges on the second
dispersive detector element 30 130b. A portion of reflected reference beam
R42B is diffracted in the plane of FIG. 3a by the second dispersive
detector element 130b as wavenumber-filtered, 118  



\\'O 99l63300 PCTN599/11601 spatially-filtered reflected reference beam
842C. Although the beams R42B and R42C are comprised of a spectrum of
optical frequency components and therefore dispersed in angle in the plane
of FIG. 3a, the paths of 5 only one optical frequency component for the
beams 842B and R42C are shown in FIG. 3a. The paths shown are typical. The
illustration of only one optical frequency component for the beams 842B and
R42C permits the display of the important properties of section B4 with
respect to 10 the wavenumber-filtered, spatially-filtered reflected
reference beam R92C without departing from the spirit or scope of the
present invention and without introducing undue complerity into FIG. 3a and
subsequent figures. Wavenumber-filtered, spatially-filtered reflected Z5
reference beam R42C enters subsystem 84 shown in FIG. 31. The plane of FIG.
31 is perpendicular to the plane of FIG. 3a. In FIG. 31,
wavenumber-filtered, spatially-filtered reflected reference beam 842C
passes through lens 66 and emerges as wavenumber-filtered,
spatially-filtered 20 reflected reference beam 842D comprised of light
beams 842D-1,-2,-3,-4. Wavenumber-filtered, spatially-filtered reflected
reference beam 842D illustrated with only one optical frequency component
in FIG. 31 is focused by lens 66 to image point 48 in image plane 47. The
location of 25 the image point 48 in image plane 47 and therefore the
location of the image point 4B on the linear array of detector pinholes
located in the image plane 47 will depend on the optical frequency of
wavenumber-filtered, spatially-filtered reflected reference beam 842D. The
30 portions of a light beam that pass through the linear array of detector
pinholes are detected by detector 114. 119   WO 99/G3300 1'C'1'1US99i11601
The remainder of the third embodiment depicted in FIGS. 3a-31 is preferably
the same as described for corresponding aspects of the first preferred
embodiment in the description of FIGS. la-ln. 5 The Level 1 discrimination
in the third preferred 



embodiment of the present invention is achieved by manipulating the~impulse
response functions of imaging subsystems of apparatus of the present
invention in a plane orthogonal to the plane defined by dispersive 10
detector elements 130a and 130b. A Level 1 type discrimination may also be
achieved in a variant of the third preferred embodiment wherein the
apparatus and electronic processing means of the variant are substantially
the same as for the third preferred 15 embodiment with the phase shifters
14, 24, and 34 rotated by ~/2 radians about their respective optical axes.
The remainder of the variant of the third embodiment is preferably the same
as described in the description of the variant of the first preferred
embodiment of the present 20 invention. Referring now to FIGS. 4a-4f, FIGS.
4a-4f depict in schematic form a fourth embodiment of the present invention
from the first group of embodiments in which the source subsystem 80a,
subsystem 81b, and the detector 25 subsystem 89a are preferably configured
fox approximate slit confocal microscopy. Li~:e reference numerals are used
in FIGS. 4a-4f for like elements previously described with reference to
FIGS. 3a-31. The modifications in subsystem 80a shown in FIG. 4b exist in
the area of the 30 source 10a which is now preferably comprised of a
broadband, spatially incoherent line source, preferably. a lamp filament or
laser diode array, and in the area of the 120   WO 99/6330U PCT/US99/11 G01
pinhole a of the third embodiment which is now preferably comprised of a
linear array of source pinholes 8a aligned with the image of line source
10a formed by lens 6. The modification in subsystem 81b shown in FIGS. 4c
and 4d 5 consists of replacing pinhole lBa in subsystem 81a of the third
embodiment with a linear array of spatial filter pinholes 18b in subsystem
Blb. The modifications in subsystem B4a shown in FIGS. 4e and 4f exist in
the area of the detector 114a in which the linear array of pinholes 10 in
the image plane 97 of the third embodiment is now preferably a
two-dimensional array of detector pinholes and the detector 114 of the
third embodiment having a linear array of pixels is now a detector 114a
preferably comprised of a two-dimensional array of pixels. 



15 In FIG. 4b, the linear array of source pinholes Ba and source 10a are
aligned perpendicular to the plane of FIG. 4b, the plane of FIG. 4b being
perpendicular to the plane of FIG. 4a. In FIGS. 4c and 4d, the linear array
of spatial filter pinholes 18b is aligned perpendicular to 20 the plane of
FIGS. 4c and 4d, the planes of FIGS. 4c and 4d being perpendicular to the
plane of FIG. 4a. In FIGS. 4e and 4f, the two-dimensional array of detector
pinholes and the two-dimensional array of detector pixels are aligned
perpendicular to the plane of FIGS. 4e and 4f. 25 The remainder of the
fourth embodiment depicted in FIGS. 4a-4f is preferably the same a~
described for corresponding aspects of the third preferred embodiment in
the description of FIGS. 3a-31. The Level 1 discrimination in the fourth
preferred 30 embodiment of the present invention is achieved by
manipulating the impulse response functions of imaging subsystems of
apparatus of the present invention in a l21   WO 99I63300 I'CT/L1S99/11601
plane orthogonal to the plane defined by dispersive detector elements 130a
and 130b. A Level 1 type discrimination may also be achieved in a first
variant of the fourth preferred embodiment wherein the apparatus and 5
electronic processing means of the first variant are substantially the same
as for the fourth preferred embodiment with the phase shifters 14, 24, and
34 rotated by ~/2 radians about their respective optical axes. The
remainder of the first variant of the fourth embodiment is 10 preferably
the same as described for corresponding aspects of the first variant of the
second preferred embodiment of the present invention. A second variant of
the fourth preferred embodiment is described wherein the apparatus and
electronic 15 processing means of the second variant are substantially the
same as for the fourth preferred embodiment except for the linear arrays of
source pinholes 8a and spatial filter pinholes 18a of the fourth preferred
embodiment which are replaced by a source slit and a spatial filter slit.
The 20 remainder of the second variant of the fourth' embodiment 



is preferably the same as described for corresponding aspects of the fourth
preferred embodiment of the present invention. The reduction of the
systematic effects of out-of25 focus images for the second variant of the
fourth preferred embodiment is substantially the same as that achieved in
prior art slit confocal interference microscopy. However, the statistical
effects due to the out-of-focus images in the second variant of the fourth
30 preferred embodiment is reduced below that achieved in prior art slit
confocal interference microscopy but generally not as effective as achieved
with apparatus of 122   WO 99/63300 PCT/US99/I I 60 i the fourth preferred
embodiment and first variant of the fourth preferred embodiment. The use of
a linear array of source pinholes and a linear array of spatial pinholes as
in the fourth 5 preferred embodiment and the first variant of the fourth
preferred embodiment instead of respective slits generates a requirement
for a restricted scan of the object material to generate a two-dimensional
representation of a section of the object material. The direction of the
restricted 10 scan is in the direction of the image of the linear array of
source pinholes in the object material. The restricted scan arises because
of the spacing between pinholes in the direction of the image of the linear
array of source pinholes in the object material. In addition, a high 15
sensitivity to the wavenumber-filtered, spatially-filtered scattered probe
beam is maintained when the spacing between the pinholes in the direction
of the image of the linear array of source pinholes in the object material
complies with a condition subsequently set fourth in Eq. 20 (54) . The
number of steps of the restricted scan is determined by the ratio of the
spacing between the images of two contiguous source pinholes in the object
material and the angular resolution of the respective imaging 25 subsystem.
In practice, the number of steps in the restricted scan will be
significantly less than the number of pinholes in the linear arrays
of~source pinholes and spatial filter pinholes. Thus using apparatus of the
fourth preferred embodiment and the first variant of the 30 fourth
preferred embodiment with linear arrays of source pinholes and spatial
filter pinholes, a two dimensional representation of a section of object
material can be acquired with substantially no scanning. 



123   1V0 99!63300 PCTIUS99/116~1 It was noted in the descriptions of the
embodiments and variants of the five groups of embodiments that the
amplitude and phase of the complex amplitude of a scattered probe beam,
scattered and/or reflected by an 5 object material, is obtained by each of
the embodiments and variants thereof. The significantly reduced statistical
errors and reduced systematic errors in the determination of the complex
amplitude of a scattered probe beam for each of the embodiments and
variants 10 thereof is a property relevant to the maximum density of data
that can be stored and retrieved for a given recording medium of an optical
disk, the recording medium being the object material. The format for data
stored at memory sites is 15 typically binary with one bit available for
use. With the increased signal-to-noise' ratio afforded by the cited
properties of reduced statistical errors and reduced systematic errors for
the embodiments and variants thereof of the five groups of embodiments
described herein, the 20 maximum density of. data that can be stored in a
given recording medium of an optical disk can be increased. The data stored
at a memory site can be expressed in a (base N)x(base M) format, base N for
the N number of amplitude windows to which the amplitude of the complex
amplitude is 25 compared and base M for the M number of phase windows to
which the phase of the complex amplitude is compared. For the embodiments
and variants thereof of the five groups of embodiments, the amplitude of
the complex amplitude is processed by a series of N window comparator 30
electronic processors to determine in which of N windows the amplitude is
7.ocated. Similarly, the phase of the complex amplitude is processed by a
series of M window comparator electronic processors to determine in which
of l24   WO 99l63300 PCT/US99111601 M windows the phase is located. The
values of N and ri that can be used will be determined by factors such as a
signal-to-noise ratio achieved and required processing time. The increase
in the maximum dens~.ty of data stored 5 in an optical memory by use of one
of the five groups of embodiments is proportional to the product NxM. The
presently preferred fifth embodiment of the present invention from the
second group of embodiments has many elements that perform functions
analogous to like 10 numbered elements of the first embodiment from the
first group of embodiments. In the confocal microscopy system shown in FIG.
1a, subsystem 82 is replaced by subsystem 82aa, dispersive elements 130c
and 130d, and subsystem 85; and subsystem 83 is replaced by subsystem B3aa,
mirror 15 120a, and subsystem 95, as shown in FIG. laa, to provide the
fifth embodiment of the present invention. The fifth embodiment includes a
Michelson interferometer comprised of a beam splitter 100, object material
112, translator 116, reference mirror 120, dispersive probe beam elements
20 130c and 130d, dispersive detector elements 130a and 130b, and detector
114. As shown in FIG. laa, light beam 22A is partially transmitted by beam
splitter 100 as light beam P22B comprised of light beams P22B-1,-2,-3,-4
and enters 



25 subsystem 82aa which is shown in FIG. 1d. In FIG. laa, light beam P22B
impinges onto a phase shifter 24 comprised of phase shifters 24-1,-2,-3,-4.
The plane of FIG. lab is perpendicular to the plane of FIG. laa. Phase
shifter 24 is comprised of the same number of 30 2m elements as phase
shifter 14 and is shown in FIG. lab with m =2. Light beams P22B-1,-2,-3,-4
pass through phase shifters 24-1,-2,-3,-4, respectively, and emerge as 125
\'V~ 99163300 PCTIL3S99111641 light beam P22C comprised of light beams
P22C-1,-2,-3,-4, respectively. The phase shifts introduced by phase
shifters 24-1 and 24-3 are of equal values which are rt radians more than
the phase shift introduced by either 5 phase shifter 24-2 or 24-4, the
phase shifts introduced by phase shifters 24-2 and 24-4 being of equal
values. The sum of t`he phase shifts produced by each pair of phase
shifters 14-1 and 24-1, 19-2 and 24-2, 14-3 and 243, and 19-4 and 24-4 is
~c radians. Thus there is no net 10 relative phase shift between any two of
the light beams P22C-1,-2,-3,-4. Light beam P22C passes through lens 26 as
light beam P22D comprised of light beams P22D-1,-2,-3,4 which is focused to
first intermediate probe beam spot at image point ZS in in-focus image
plane 17. Light beam 15 P22D emerges from image point 18 as light beam P32
comprised of light beams P32-1,-2,-3,-4. Light beam P32 enters lens 36
having an optical axis aligned with optical axis 3 subsystem 82aa. Light
beam P32 emerges from lens 36 and exits subsystem 82aa as collimated light
beam P22A 20 comprised of light beams P32A-1,-2,-3,-4. In FIG. laa, probe
beam P32A impinges on a third dispersive element, dispersive probe beam
element 130c, which is preferably a transmission diffraction grating. A
portion of probe beam P32A is diffracted in the plane of 25 FIG. laa by the
third dispersive element 130c as probe beam P32B comprised of. light beams
P32B-1,-2,-3,-4, respectively. Probe beam P32B impinges on a fourth
dispersive element, dispersive probe beam element 130d, which is preferably
a transmission diffraction grating. A 30 portion of probe beam P32B is
diffracted in the plane of FIG. laa by the fourth dispersive element 130d
as probe beam P32C comprised of light beams P320-1,-2,-3,-4, 126   \VO
99163300 PCTNS99/11601 respectively. Although probe beams P32B and P32C are
comprised of a spectrum of optical frequency components and therefore
dispersed in angle in the plane of FIG. laa, the paths of only one
frequency component of probe beams 5 P32B and P32C are shown in FIG. laa.
The paths shown are typical. The illustration of only one optical frequency
component for probe beams P32B and P320 permits the display of the
important properties of subsystem 85 shown in FIG. 1ac with respect to the
probe beam P32C without 10 departing from the spirit or scope of the
present invention and without introducing undue complexity into FTG. 1aa
and subsequent figures. In FIG. lac, probe beam P32C enters subsystem 85
and passes through lens 46 to form probe beam P32D comprised 15 of light
beams P32D-1,-2,-3,-4, respectively. Probe beam P32D is focused by lens 46
to farm a line image in infocus image plane 27 in object material 112 and
to thereby illuminate the object material 112. The line image in infocus
image plane 27 includes image point 28. The axis of 



20 the line image is substantially perpendicular to the optical axis 3a of
imaging subsystem 85. The length of the line image is determined by a
combination of factors such as the focal length of lens 46 and the
dispersive power of the dispersiv~ probe beam elements 130c and 130d, 25
both of which can be adjusted, and the optical bandwidth of the source 10.
The line section nay cut through one or more surfaces of the object
material or lie in a surface of the object material. Optical axis of lens
46 is aligned with optical axis 3a of subsystem 85. 30 In FIG. laa, light
beam 22A is partially reflected by beam splitter 100 as light beam 822B
comprised of light beams 822B-1,-2,-3,-4. Light beam 822B enters subsystem
127   1~'O 99I63300 PCTIUS99/1 I 601 83aa, which is shown in FIG. lad. The
plane of FIG. lad is perpendicular to the plane of FIG. laa. As shown in
FIG. lad, light beam 822B impinges on phase shifter 34 comprised of phase
shifters 34-1,-2,-3,-4. Phase shifter 5 34 contains the same number of
elements, 2rn, as phase shifter 14 and is shown in FIG. lad with m =2.
Light beam 822B passes through phase shifter 39 and then through phase
shifter 44 to emerge as light beam 822C comprised of light beams
R220-1,-2,-3,-4. The phase shift introduced 10 by phase shifter 44 is
controlled by signal 132 from computer 11B. The phase shifts introduced by
phase shifters 34-1 and 34-3 are of equal values which are ~t radians more
than the phase shift introduced by either phase shifter 15 34-2 or 34-4,
the phase shifts introduced by phase shifters 39-2 and 34-4 being of equal
values. Thus there is no net relative phase shift between any two of the
light beams 822C-1,-2,-3,-4. Light beam 822C passes through lens 56 as
light beam 822D comprised of light 20 beams 822D-1,-2,-3,-4. Light beam
822D is focused by lens 56 to first intermediate reference beam spot at
image point 38 in in-focus image plane 37. Optical axis of lens 56 is
aligned with optical axis 3b of subsystem 83. Reference beam 822D emerges
from the intermediate 25 reference beam spot at image point 38 as reference
beam R32 comprised of light R22D-1,-2,-3,-4, respectively. Reference beam
R32 enters lens 66 having an optical axis aligned with optical axis 3b of
subsystem 83aa. Reference beam R32 emerges from lens 66 and exits subsystem
B3aa 



30 collimated as reference beam 832A comprised of light beams
832A-1,-2,-3,-4, respectively. 128   1V0 99I63300 PCT/US99/11601 In FIG.
laa, it is shown that reference beam 832A is reflected by mirror 120a and
directed to subsystem 95 as reference beam 832B comprised of light beams
832B-1,-2,3,--4, respectively. In FIG. lae, reference beam R32B 5 passes
through lens 76 as reference beam 832C comprised of light beams
832C-1,-2,-3,-4, respectively. Reference beam 832C is focused by lens 76 to
image point 48 in in-focus image plane 47 on reference mirror 120. Optical
axis of lens 76 is aligned with optical axis 3e of subsystem 95. 10 In FIG.
laf, a portion of probe beam P32D (cf. FIG. lac) is reflected and/or
scattered by illuminated object material in the region of the line image in
in-focus image plane 27 as scattered probe beam P42 comprised of light
beams P42-1,-2,-3,-4. Scattered probe beam P42 diverges 15 from the line
image in in-focus image plane 27 and enters lens 46. As shown in fIG. laf,
scattered probe beam P42 emerges from lens 46 and exits subsystem 85
collimated as scattered probe beam P42A comprised of light beams
P42A1,-2,-3,-4, respectively. 20 As shown in FIG, laa, scattered probe beam
P42A impinges on the fourth dispersive probe beam element 130d. A portion
of scattered probe beam P42A is diffracted in the plane of FIG. 1aa by
dispersive probe beam element 130d as scattered probe beam P42B comprised
of light beams 25 P42B-1,-2,-3,-4, respectively. Scattered probe beam P42B
impinges on the third dispersive probe beam element 130c. A portion of
scattered probe beam P42B is diffracted in the plane of FIG. laa as
scattered probe beam P42C comprised of light beams P42C-1,-2,-3,-4,
respectively. 30 Although scattered probe beams P42B and P42C are comprised
of a spectrum of optical frequency components and therefore dispersed in
angle in the plane of FIG. laa, the 129   WO 99!633D0 PCTlUS99/11601 paths
of only one frequency component of scattered probe beams P42B and P92C are
shown in FIG. laa. The optical frequency for the component paths of
scattered probe beams P42B and P92C is the same optical frequency as for
the 5 component paths of probe beams P32B and P32C shown in FIG. laa.
Scattered probe beam P92C enters subsystem 82aa (cf. FIG. laa) shown In
FIG. lag. 7n FIG. lag, scattered probe beam P42C enters lens 36 and emerges
as scattered probe 



10 beam P92D comprised of light beams P42D-1,-2,-3,-4, respectively. Lens
36 focuses scattered probe beam P42D to intermediate scattered probe beam
spot at image point 18 in in-focus image plane 17. Although only the paths
of one optical frequency component of scattered probe beam 15 P92D are
shown in FIG. lag, the image points for a11 optical frequency components of
scattered probe beam P42D are the same as the one shown schematically in
FIG. lag: the optical system comprised of lens 36, the dispersive probe
beam elements 130c and 130d, lens A6, and the object 20 material 112 is a
confocal imaging system with image point 18 being a conjugate image point
of itself for the full spectrum of optical frequency components of beam
P32. Continuing with FIG. lag, scattered probe beam P42D emerges from image
point 18 as scattered probe beam P52 25 comprised of light beams
P52-1,-2,-3,-4, respectively. Scattered probe beam P52 enters lens 26 and
is collimated to form scattered probe beam P52A comprised of light beams
P52A-1,-2,-3,-4, respectively. Light beams P52A-1,-2,-3,-4 pass through
phase shifters 24-4,-3,-2,-1, respectively, 30 and emerge as light beams
P52B-1,-2,-3,-4, respectively. Light beams P32H-1,-2,-3,-4 comprise
scattered probe beam P52B which exits subsystem 82aa. The phase shifts 130
1~'O 99l63300 PCTIUS99I11601 introduced by phase shifters 24-1 and 24-3 are
of equal values which are ~t radians more than the phase shift introduced
by either phase shifter 24-2 or 24-4, the phase shifts introduced by phase
shifters 24-2 and 29-9 being of 5 equal values. In FIG. lah, reference beam
832D (cf. FIG. lae) is reflected by reference mirror 120 as reflected
reference beam R42 comprised of light beams R42-l,-2,-3,-4, respectively.
Reflected reference beam R42 diverges from 10 image point 48 in in-focus
image plane 47 and enters lens 76. As shown in FIG. lah, reflected
reference beam R42 emerges from lens 76 collimated as reflected reference
beam 842A comprised of light beams 842A-1,-2,-3,-9, respectively. 15 In
FIG. laa, reflected reference beam R42A is reflected by mirror 120a and
directed to subsystem 63aa as reflected reference beam R42B comprised of
light beams R42B-1,-2,-3,-4, respectively. In FIG. lai, reflected reference
beam 842B passes through lens 66 as reflected 20 reference beam 842C
comprised of light beams 842C-1,-2,3,-4, respectively. Reflected reference
beam R42C is focused by lens 66 to the intermediate reflected reference
beam image spot at image point 38 in in-focus image plane 37. Reference
beam R42C emerges from the intermediate 25 reflected reference beam spot at
image point 38 as reflected reference beam R52 comprised of light beams
R521,-2,-3,-4, respectively. Reference beam R52 enters lens 56 and emerges
from lens 56 as reference beam 852A comprised of light beams
852A-1,-2,-3,-4,~respectively. 30 As shown in FIG. lai, reflected reference
beam R52 emerges from lens 56 as collimated reflected reference beam 852A
comprised of light beams 852A-1,-2,-3,-4, respectively. 13l   



1V0 99/63300 PCT/LJS99/i 160i Light beams 852A--1,-2,-3,-4 pass first
through phase shifter 44 and then through phase shifters 34-4,-3,-2,-1,
respectively, to emerge as reflected reference beam 832B comprised of light
beams 832H-1,-2,-3,-4, respectively. 5 The phase shift Introduced by phase
shifter 44 is controlled by signal 132 from computer 118. The phase shifts
introducea by phase shifters 39-1 and 34-3 are of equal values which are ~
radians more than the phase shift introduced by either phase shifter 39-2
or 34-9, the 10 phase shifts introduced by phase shifters 34-2 and 34-9
being of equal values. Light beams R32B-1,-2,-3,-4 which comprise light
beam R32B exits subsystem 83aa. The remaining description of the fifth
embodiment is the same as corresponding portions of description given 15
for the first embodiment. The interference cross term between the complex
amplitude of the wavenumber-filtered, spatially-filtered scattered probe
beam P42D and of the complex amplitude of the wavenumber-filtered,
spatially-filtered reflected 20 reference beam R42D of the first embodiment
and the interference cross term between the complex amplitude of the
wavenumber-filtered, spatially-filtered scattered probe beam P62D and of
the complex amplitude of the wavenumber-filtered, spatially-filtered
reflected 25 reference beam 862D of the fifth embodiment contain
information about two substantially orthogonal line sections in object
material 112, the image points of the respective line sections being
acquired simultaneously. Fox the first embodiment, the line section in
object 30 material 112 is substantially parallel with the optical axis 3 of
subsystem 82 and for the fifth embodiment, the 132   WO 99I63300 PCTIUS99/I
1601 line section in object material 112 is substantially 



orthogonal to the optical axis 3a of subsystem 85. The Level 1
discrimination in the fifth preferred embodiment of the present invention
is achieved by 5 manipulating the impulse response functions of imaging
subsystems of apparatus of the present invention in a plane orthogonal to
the plane defined by dispersive probe beam elements 130c and 130d and
dispersive detector elements 130a and 130b. A Level 1 type discrimination
may 10 also be achieved in a variant of the fifth preferred embodiment
wherein the apparatus and electronic processing means of the variant are
substantially the same as for the fifth preferred embodiment with the phase
shifters I4, 24, and 34 rotated by ~/2 radians about their respective 15
optical axes. The reduction of the systematic effects of out-of-focus
images in the variant of the fifth preferred embodiment is the same as that
in the fifth preferred embodiment. The statistical effects due to the
out-of focus images in the variant of the fifth preferred 20 embodiment is
also reduced below that achieved in prior art confocal interference
microscopy but generally not as effective as achieved with apparatus of the
fifth preferred embodiment. The presently sixth preferred embodiment of the
25 present invention from the second group of embodiments has many elements
that perform functions analogous to like numbered elements of the second
embodiment from the first group of embodiments, the sixth embodiment being
configured for approximate slit confocal microscopy. In 30 the confocal
microscopy system shown in FIG. 2a, subsystem 82 is replaced by subsystem
82aa, dispersive elements 130c and 130d, and subsystem 85; and subsystem 83
is replaced by subsystem 83aa, mirror 120a, and subsystem 95, as shown 133
WO 99/63300 PCT/US99/I I601 in fIG. 2aa, to provide the sixth preferred
embodiment of the present invention. The si~ah embodiment includes a
Michelson interferometer comprised of bearn splatter 100, object material
112, translator 116, reference mirror 120, 5 dispersive probe beam elements
130c and 130d, dispersive detector elements 130a and 130b, and detector
114a. The remainin~ description of the sixth embodiment is the same as
corresponding portions of descriptions given for the second and fifth
embodiments. 10 The interference cross term between the complex amplitude
of the wavenumber-filtered, spatially-filtered scattered probe beam P42D
and of the complex amplitude of the wavenumber-filtered, spatially-filtered
reflected reference beam R~12D of the second embodiment and the 15
interference cross term between the complex amplitude of the
wavenumber-filtered, spatially-filtered scattered probe beam P62D and of
the complex amplitude of the wavenumber-filtered, spatially-filtered
reflected reference beam RG2D of the sixth embodiment contain 20
information about two substantially orthogonal twodimensional sections in
object material 112, the image points in the respective two-dimensional
sections being acquired simultaneously. For the second embodiment, a normal
to the two-dimensional section in object material 25 112 is substantially
orthogonal to the optical axis 3 of in subsystem 82 and for the sixth
embodiment, a normal to the two-dimensional section in object material 112
is substantially parallel to the optical axis 3a of subsystem 85. 



30 'rhe presently seventh preferred embodiment of the present ilwention
from the second group of embodiments has many elements that
perform'functions analogous to line l34   WO 99!G3300 PCT/US99/11601
numbered elements of the third embodiment from the first group of
embodiments. In the confocal microscopy system shown in FIG. 3a, subsystem
82 is replaced by subsystem 82aa, dispersive elements 130c and 130d, and
subsystem 85; 5 and subsystem 83a is replaced by subsystem 83ab, mirror
120a, and subsystem 95 to provide the seventh embodiment of the present
invention, as shown in FIG. 3aa. The seventh embodiment includes a
Michelson interferometer comprised of beam splitter 100, object material
112, 10 translator 116, reference mirror 120, dispersive probe beam
elements 130c and 130d,~dispersive detector elements 130a and 130b, and
detector 114a. The remaining description of the seventh embodiment is the
same as corresponding portions of descriptions 15 given for the third and
sixth embodiments. The interference cross term between the complex
amplitude of the wavenumber-filtered, spatially-filtered scattered probe
beam P42D and of the complex amplitude of the wavenumber-filtered,
spatially-filtered reflected 20 reference beam R42D of the third embodiment
and the interference cross term between the complex amplitude of the
wavenumber-filtered, spatially-filtered scattered probe beam P62D and of
the complex amplitude of the wavenumber-filtered, spatially-filtered
reflected 25 reference beam R62D of the seventh embodiment contain
information about two substantially orthogonal line sections in object
material 112, the image points of the respective line sections being
acquired simultaneously. For the third embodiment, the line section in
object 



30 material 112 is substantially parallel with the optical axis 3 of
subsystem 82 and for the seventh embodiment, the 135   WU 99/63300
r~cxius99/~ i 60~ line section in object material 112 is substantially
orthogonal to the optical axis 3a of subsystem 85. The presently eighth
preferred embodiment of the present invention from the second group of
embodiments has 5 many elements that perform functions analogous to like
numbered elements of the fourth embodiment from the first group of
embodiments. In the confocal microscopy system shown in FIG. 4a, subsystem
82 is replaced by subsystem 82aa, dispersive elements 130c and 130d, and
subsystem 85; 10 and subsystem 83a is replaced by subsystem 83ab, mirror
120a, and subsystem 95 to provide the eighth embodiment of the present
invention, as shown in FIG. 4aa. The eighth embodiment includes a Michelson
interferometer comprised of beam splitter 100, object material 112,
translator 116, 15 reference mirror 120, dispersive probe beam elements
130c and 130d, dispersive detector elements 130a and 130b, and detector
114a. The remaining description of the eighth embodiment is the same as
corresponding portions of descriptions given 20 for the fourth and seventh
embodiments. The interference cross term between the complex amplitude of
the wavenumber-filtered, spatially-filtered scattered probe beam P42D and
of the complex amplitude of the wavenumber-filtered, spatially-filtered
reflected 25 reference beam R42D of the fourth embodiment and the
interference cross term between the complex amplitude of the
wavenumber-filtered, spatially-filtered scattered probe beam P62D and of
the complex amplitude of the wavenumber-filtered, spatially-filtered
reflected . 30 reference beam R62D of the eighth embodiment contain
information about two substantially orthogonal twodimensional sections in
object material 112, the image 136   CVO 99I63300 PCTNS99/11601 points of
the respective two-dimensional sections being acquired simultaneously. For
the fourth embodiment, a normal to the two-dimensional section in object
material 112 is substantially orthogonal to the optical axis 3 of 5
subsystem 82 and for the eighth embodiment, a normal to the two-dimensional
section in object material 112 is substantially parallel to the optical
axis 3a of subsystem B5. The presently preferred ninth, tenth, eleventh,
and 10 twelfth preferred embodiments and variants thereof of the 



present invention from the third group of embodiments comprise the same
elements and subsystems of the first, second, third, and fourth embodiments
and variants thereof, respectively, except for the omission of the 15 phase
shifters 14, 24, 34, and 34a. The remaining description of the embodiments
and variants thereof in the third group of embodiments is the same as the
corresponding portions of the descriptions given for the embodiments and
variants thereof from the first group of 20 embodiments except with respect
to the level of statistical accuracy obtained for images in a given time
interval. The level of statistical accuracy obtained for images in a given
interval of time with embodiments and variants 25 thereof from the first
group of embodiments is better than the level of statistical accuracy
obtained for images in the same interval of time with embodiments and
variants thereof from the third group of embodiments. However, the
statistical errors introduced by the amplitude of the out 30 of-focus
images will be greatly reduced for the apparatus of the embodiments and
variants thereof of the third group of embodiments in relation to the
corresponding statistical errors introduced by the amplitude of out-of 137
WO 99!b3300 P CTIU S99111601 focus images in prior-art confocal
interferometric microscopy. The size of the interference cross term between
the complex amplitude of the wavenumber-filtered, spatially 5 filtered
background beam and the complex amplitude of the wavenumber-filtered,
spatially-filtered reflected reference beam ire a detector image plane for
embodiments and variants thereof of the third group of embodiments will be
substantially the same as that obtained for the 10 corresponding
interference cross term in prior art confocal interferometric microscopy on
a pixel by pixel comparison. However, in a given interval of time, the
statistical error per each image point of an imaged line section of the
object material acquired with the apparatus 15 of the embodiments and
variants thereof of the third group of embodiments is substantially the
same as that obtained in the same time interval for only a single image
point for the prior art confocal interferometric microscopy. A similar
statement applies with respect to imaging two 20 dimensional sections of
the object material. This difference is the basis fox the conclusion that
the statistical errors introduced by the amplitude of the outof-focus
images will be greatly reduced for the embodiments and variants thereof of
the third group of 25 embodiments in relation to the corresponding
statistical errors introduced by the amplitude of the out-of-focus images
in prior-art confocal interferometric microscopy when considering the
statistical accuracy of an image of a line section or two-dimensional
section of the object 30 material acquired in identical intervals of time.
The presently preferred embodiments 13, 14, 15, and 16 and variants thereof
o~ the present invention from the fourth group of embodiments comprise the
same elements and 



138   !VO 99/63300 PCTJUS99J11601 subsystems of the fifth, sixth, seventh,
and eighth embodiments and variants thereof, respectively, except for the
omission of the phase shifters 14, 24, 34, and 34a. The remaining
description of the embodiments and variants 5 thereof in the fourth group
of embodiments is the same as the corresponding portions of the
descriptions given for the embodiments and variants thereof from the second
group of embodiments except with respect to the level of reduction and
compensation of background from out-of-focus 10 images. The level of
reduction and compensation of background from out-of-focus images obtained
with embodiments and variants thereof from the second group of embodiments
is better than the level of reduction and compensation of 15 background
from out-of-focus images obtained with embodiments and variants thereof
from the fourth group of embodiments. However, the statistical errors
introduced by the amplitude of the out-of-focus images will be greatly
reduced for the apparatus of the embodiments and 20 variants thereof of the
fourth group of embodiments in relation to the corresponding
statistical~errors introduced by the amplitude of out-of-focus images in
prior-art confocal interferometric microscopy. The size of the interference
cross term between the 25 complex amplitude of the wavenumber-filtered,
spatiallyfiltered background beam and the complex amplitude of the
wavenumber-filtered, spatially-filtered reflected reference beam in a
detector image plane for embodiments and variants thereof of the fourth
group of embodiments 30 will be substantially the same as that obtained for
the corresponding interference cross term in prior art confocal
interferometric microscopy on a pixel by pixel comparison. However, in a
given.interval of time, the 139   ~VU 991633U11 !'CT/LJS99/116U i
statistical error per each image point of an imaged line section of the
object material acquired with the apparatus of the embodiments and variants
thereof of the fourth group of embodiments is substantially the same as
that 5 obtained in the same time interval for only one image point for the
prior art confocal interferometric microscopy. ~ similar statement applies
with respect to imaging two-dimensional sections of the object material.
This difFerence is the basis for the conclusion that the 10 statistical
errors introduced by the amplitude of the out of-focus images will be
greatly reduced for the embodiments and variants thereof of the fourth
group of embodiments in relation to the corresponding statistical errors
introduced by the amplitude of the out-of-focus 15 images in prior-art
confocal interferometric microscopy when considering the statistical
accuracy of an image of a line section or two-dimensional section of the
object 



material acquired in identical intervals of time. The presently preferred
embodiments 17, 18, 19, and 20 20 and variants thereof of the present
invention from the fifth group of embodiments comprise the same elements
and subsystems of the first, second, third, and fourth embodiments and
variants thereof, respectively, except for the replacement of the
non-achromatic probe lens of the 25 embodiments and variants thereof of the
first group of embodiments by an achromatic probe lens. The remaining
description of the embodiments and variants thereof of the fifth group of
embodiments is the same as the corresponding portions of the descriptions
given for the 30 embodiments and variants thereof from the first group of
embodiments except with respect to the level of statistical accuracy
obtained in a given interval of time. l40   ~'4'O 99/633D0 PCT/US99/11G01
The level of reduction and compensation of background from out-of-focus
images obtained with embodiments and variants thereof from the fifth group
of embodiments is the same as the level of reduction and compensation of 5
background from out-of-focus images obtained with embodiments and variants
thereof from the first group of embodiments. However, the statistical
errors introduced by the amplitude of the out-of-focus images will be
better for the apparatus of the embodiments and variants thereof 10 of the
first group of embodiments in relation to the corresponding statistical
errors introduced by the amplitude of out-of-focus images in the apparatus
of the embodiments and variants thereof of the fifth group of embodiments,
the fifth group of embodiments acquiring 15 image points sequentially in
time. The level of reduction and compensation of background from
out-of-focus images obtained with embodiments and variants thereof from the
fifth group of embodiments is significantly better than the level of
reduction and 20 compensation of background from out-of-focus images
obtained with prior art confocal interferometric microscopy. The size of
the interference cross term between the complex amplitude of the
wavenumber-filtered, spatially-filtered background beam and the complex 25
amplitude of the wavenumber-filtered, spatially-filtered reflected
reference beam in a detector image plane for embodiments and variants
thereof of~the fifth group of embodiments will be greatly reduced in
relation to that obtained for the corresponding interference cross term in
30 prior art confocal interferometric microscopy on a pixel by pixel
comparison. 7.'hus, the level of statistical accuracy and systematic error
obtained for images in a given interval of time with embodiments and
variants ' 141 



VVU 99J6330() PCTIU5991t 1G01 thereof from the fifth group of embodiments
is significantly better than the level of statistica3 accuracy and
systematic error obtained for images in the same interval of time with
prior art confocal 5 interferometric microscopy. It will appreciated by
those skilled in the art that phase shifters 1Q, 24, 34, and 34a may be
apodized in order to alter the properties of the apparatus of the present
invention vis-a-vis the magnitude of reduction of 10 signals from
out-of-focus images and the spatial resolving power without departing from
the spirit and scope of the present invention. It will also be appreciated
by those skilled in the art that the function of the phase shifters 14, 24,
34, and 34a may be achieved by other combinations 15 of phase shifters or
be configured with elements comprised of sections of a set of concentric
annuli or other geometric patterns without departing from the spirit and
scope of the present invention. Phase shifters 19, 24, 34, 39a, and 44 may
be of the 20 electro-optical type or of the dispersive optical element
type. References to a dispersive optical element type are given in the
following paragraph in regards to broadband operation. Alternatively, the
phase shifts described as being introduced by phase shifter 44 may
alternatively be 25 produced by making displacements of mirrors such as,
for example reference mirror 120, in a direction normal to the reflecting
surface of the mirrors. Improved performance of the apparatus of the
present invention for broadband sources will be obtained when the 30 phase
shifts produced by phase shifters 14, 24, 34, 34a, and 44 are not dependent
on wavelength. It is possible to meet broadband phase shifter requirements
by appropriately designing phase shifters 14, 24, 34, 34a, and 44 as types
142   CVO 99I63300 1'CTlUS99/I 1601 such as disclosed by H. A. Hill, J. 6V.
Figoski, and P. T. Ballard in U.S. Pat. No. 4,213,'l06 issued Jul., 1980
and entitled "Background Compensating Interferometer" and by H. A. Hill, J.
~~~. Figos):i, and P. T. Ballard in U.S. Pat. 5 No. 4,304,464 issued Dec.,
1981 which is also entitled "Bac?ground Compensating Interferometer". 



For each of the embodiments and variants thereof of the five groups of
embodiments, there is a corresponding embodiment or variant for writing
information to an object 10 material comprising a recording medium. Each
embodiment or variant for writing information comprises method and
apparatus of a corresponding embodiment or variant of the five group of
embodiments except for the following changes in configuration: the source
and reference mirror 15 subsystems are interchanged and the detectors and
detectors pinholes are replaced by a writing mirror which directs the light
from the source impinging on the writing mirror substantially back on
itself. The reflectivity of the writing mirror and phase shift introduced
by the 20 writing mirror are functions of location on the writing mirror
arranged in conjunction with a phase-shifting procedure to produce the
desired image in the object material. The phase-shifting procedure performs
a function analogous to the procedure of introducing a 25 sequence of phase
shifts in the wavenumber-filtered, spatially-filtered reflected reference
beam to obtain first, second, third, and fourth measured intensity values
for the embodiments and variants thereof of the five groups of embodiments.
30 For the writing embodiments described herein, the recording process
comprises a number of different mechanisms and the recording medium of the
optical disk comprises a number of different'm~terials and different 143
WO 99163300 PCT/US99/11601 combinations of materials. Examples of recording
processes include electro-optical effects and magnetooptical effects such
as Faraday rotation and Kerr effect as well as photochemical hole burning.
5 tllhen an magneto-optical effect is used for the recording process such
that the stored information is retrieved by detecting changes in the state
of polarization of a scattered or transmitted probe beam, the embodiments
of the five groups of embodiments are 10 configured to detect the
polarization of the scattered probe beam in addition to the complex
amplitude of the scattered probe beam. The five groups of embodiments are
configured to measure the polarization of the scattered probe beam by
passing the scattered probe beam through an 15 analyzer such as a
polarizing beam splitter and measuring the complex amplitudes of the
different polarization states of the scattered probe beam separated by the
analyzer. When an amplitude-recording medium, nonlinear 20
amplitude-recording medium, and/or a phase recording medium are used with
the writing embodiments described herein, the reduced statistical errors
and the reduced systematic errors associated with images in the recording
medium, a property of the writing embodiments described 25 herein, the
density of the data stored at a memory site is proportional to NxM where N
and M have the same meanings as used in the description of the reading
embodiments, the five groups of embodiments. The information content stored
at a given memory site 30 is control-led by the spatial distribution of the
reflectivity and the spatial distribution of the phase shifts produced by
the writing mirror of the writing embodiments and variants thereof. The
windowed 149   CVO 99/63300 PCT/US99/11601 reflectivity and windowed phase
shifts produced by the writing mirror are controlled by a matrix of
electrooptical amplitude modulators and phase shifters located in front of
the mirror, the states of the electro-optical 5 amplitude modulators and
phase shifters being controlled by the computer. The windowing of the
reflectivity and the phase shifts is achieved by electronic processes
similar to those used in the windowing of the amplitude and phase of the
measured complex scattering amplitude in 10 the five groups of embodiments.
The interference term between the spatially-filtered, wavenumber-filtered
scattered probe beam and the spatially-filtered, wavenumber-filtered
reflected reference beam measured by the embodiments and variants of 



15 the first and third groups of embodiments in the axial direction of a
probe lens is proportional to the Fourier transform of the complex
scattering amplitude at the image sites in an object material. Similarly,
the information stored at a mFmory site by writing embodiments and 20
variants thereof, corresponding to embodiments and variants of the first
and third groups of embodiments, is proportional to the interference term
between corresponding spatially-filtered, wavenumber-filtered beam
reflected by the writing mirror and the spatially 25 filtered,
wavenumber-filtered reflected reference beam is proportional to the Fourier
transform of the complex reflectivity at respective sites on~the writing
mirror. It will be apparent to those skilled in the art that it when the
complex reflectivity of the writing mirror is 30 chosen so that the
interference term between the spatially-filtered, wavenumber-filtered beam
reflected by the writing mirror and the spatially-filtered,
wavenumberfiltered-reflected reference beam is proportional to the 145   WU
99/633(l0 PCT/US99l11601 inverse courier transform of the information to be
stored at a memory site, the measured interference term between the
spatially-filtered, wavenumber-filtered scattered probe beam and the
spatially-filtered, wavenumber-filtered 5 reflected reference beam measured
by the embodiments and variants of the first and third groups of
embodiments in the axial direction of a probe lens is proportional to the
original information stored. Thus, it is not necessity in this instance to
perform a Fourier transform of the 10 complex scattering amplitude measured
by the embodiments and variants of the first and third groups of
embodiments in the axial direction of a probe lens to recover the original
information that was stored. An advantage of certain ones of the first and
third 15 groups of embodiments is that a tomographic complex amplitude
image of a wafer used in the fabrication of integrated circuits is
accomplished by substantially simultaneous imaging of a line section in the
depth direction of the wafer with significantly reduced 20 statistical
errors and with a background from out-of-focus images significantly reduced
compared to or the same as that obtained in a sequence of measurements with
prior art single-pinhole confocal interference microscopy or holography.
The simultaneous imaging of a line section in 25 the depth direction of the
wafer can be used to greatly 



reduce sensitivity to motion of the wafer in the depth direction generated
by for example by translations, scanning, or vibrations of the wafer. The
simultaneous imaging of a line section in the depth direction of the 30
wafer can further be used to identify a surface of and/or in the wafer with
information acquired simultaneously from multiple depths. 146   1V0
99/63300 PCT/US991I I 60I Another advantage of certain other ones of the
first and third groups of embodiments is that a tomographic complex
amplitude image of a wafer used in ttie fabrication of integrated circuits
is accomplished by substantially 5 simultaneous imaging of a
two-dimensional section of the wafer with significantly reduced statistical
errors and with a background from out-of-focus images significantly reduced
compared to or the same as that obtained in a sequence of measurements with
prior art single-pinhole and 10 slit confocal interference microscopy or
holography. One axis of the two-dimensional section of the wafer is
parallel to the depth direction of the wafer. The simultaneous imaging of a
two-dimensional section of the wafer can be used to greatly reduce
sensitivity to motion 15 of the wafer in the depth and transverse
directions generated by translation, scanning, and/or vibrations of the
wafer. The simultaneous imaging of a two-dimensional section in the wafer
can further be used to identify a surface or internal surface of the wafer
with information 20 acquired simultaneously at other locations, the surface
andlor internal surface possibly serving registration purposes. An
advantage of certain ones of the first and third groups of embodiments is
that a tomographic complex 25 amplitude image of a biological specimen in
vivo, an image which can be used for example in a non-invasive biopsy of
the biological specimen, is accomplished by substantially simultaneous
imaging of a line section in the depth direction of the biological specimen
with significantly 30 reduced statistical errors and with a-background from
out of-focus images significantly reduced compared to or the same as that
obtained in a sequence of measurements with - ~ prior art single-pinhole
confocal interference microscopy 



147   WO 99/6330(1 fCT/L1S99/11ti01 or holography. The simultaneous imaging
of a line section in the depth direction of the biological specimen can be
used to greatly reduce sensitivity to motion of the biological specimen in
the depth direction generated by 5 for example by translations, scanning,
or vibrations of the biological specimen. The simultaneous imaging of a
line section in the depth direction of the biological specimen can further
be used to identify a surface of and/or in the biological specimen with
information 10 acquired simultaneously from multiple depths. Another
advantage of certain other ones of the first and third groups of
embodiments is that a tomographic complex amplitude image of a biological
specimen in Vivo, an image which can be used for example in a non-invasive
15 biopsy of the biological specimen, is accomplished by substantially
simultaneous imaging of a two-dimensional section of the biological
specimen with significantly reduced statistical errors and with a
background from outof-focus images significantly reduced compared to or the
20 same as that obtained in a sequence of measurements with prior art
single-pinhole and slit confocal interference microscopy or holography. One
axis of the two-dimensional section of the biological specimen is parallel
to the depth direction of the wafer. The simultaneous imaging of 25 a
two-dimensional section of the water can be used to greatly reduce
sensitivity to motion of the biological specimen in the depth and
transverse directions generated by translation, scanning, and/or vibrations
of the biological specimen. The simultaneous imaging of a two 30
dimensional section in the biological specimen can further be used to
ider_tify a surface or internal surface of the biological specimen with
information acquired l48   VVO 99I63300 PCTNS99111601 simultaneously at
other locations, the surface and/or internal surface possibly serving
registration purposes. An advantage of certain ones of the second and
fourth groups of embodiments is that a tomographic complex 5 amplitude
image of a wafer used in the fabrication of integrated circuits is
accomplished by substantially simultaneous imaging of a line section
tangent to a surface of the wafer or on a surface in the wafer with
significantly reduced statistical errors and with a 10 background from
out-of-focus images significantly reduced compared to or the same as that
obtained in a sequence of measurements with prior art single-pinhole
confocal interference microscopy or holography. The simultaneous imaging of
a line section tangent to a surface of the 15 wafer or on a surface in the
wafer can be used to greatly reduce sensitivity to motion of the wafer
generated by translations, scanning, and/or vibrations of the wafer. The
simultaneous imaging of a two-dimensional section tangent to a surface in
or on the wafer can further be 20 used to identify a reference location in
or/on the wafer with information acquired simultaneously from locations,
the reference location serving registration purposes. An advantage of
certain ones of the second and fourth groups of embodiments is that a
tomographic complex 25 amplitude image of a biological specimen in vivo, an
image which can be used for example in a non-invasive biopsy of the
biological specimen, is accomplished by substantially simultaneous imaging
of a line section tangent to a surface in or on the specimen with
significantly reduced 



30 statistical errors and with a background from out-of-focus images
significantly reduced compared to or the same as that obtained in a
sequence of measurements with prior art single-pinhole confocal
interference microscopy or 199   1V0 99I633(1(1 I'CT/US99/116(1I
holography. The simultaneous imaging of a line section tangent to a surface
in or on the specimen can be used to greatly reduce sensitivity to motion
of the specimen generated by translation, scanning, and/or vibrations of 5
the specimen. The simultaneous imaging of a two dimensional section tangent
to a surface in or on the specimen can further be used to identify a
reference location in the specimen with information acquired simultaneously
from multiple locations, the reference 10 location serving registration
purposes. An advantage of the fifth group of embodiments is that a
tomographic complex amplitude image of a wafer used in the fabrication of
integrated circuits is that an onedimensional, two-dimensional, or
three-dimensional image 15 of a wafer is generated with a background from
out-offocus images significantly reduced compared to that obtained in a
sequence of measurements with prior art single-pinhole confocal
interference microscopy or holography. 20 An advantage of the fifth group
of embodiments is that a tomographic complex amplitude image of a
biological specimen in vi vo, an image which can be used for example in a
non-invasive biopsy of the biological specimen, is that an one-dimensional,
two-dimensional, or three 25 dimensional image of the specimen is generated
with a background from out-of-focus images significantly reduced compared
to that obtained in a sequence of measurements with prior art
single-pinhole confocal interference microscopy or holography. 30 The
confocal interference microscopy systems described above can be especially
useful in alignment mark identification on a stepper or scanner of
lithography applications used for fabricating large scale integrated 150   



VVO 99I63300 PCT/US99/11601 circuits such as computer chips and the like
and in a stand-alone metrology system for measuring overlay performance of
the stepper or scanner. The confocal interference microscopy systems
described above can also 5 be especially useful in inspection of masks used
in the stepper or scanner and in the inspection of wafers at different
stages of the fabrication of large scale integrated circuits. Lithography
is the key technology driver for the semiconductor manufacturing industry.
10 Overlay improvement is one of the five most difficult challenges down to
and below 100 run line widths (design rules), see for example the
Semiconductor Industry Roadmap, p82 (1997). Since a lithography tool may
produce $50-100M/year of product, the economic value from 15 improving
(maintaining) performance of the lithography tool is substantial. Each to
increase (loss) in yield of the lithography tool results in approximately
$1M/year economic benefit (loss) to the integrated circuit manufacturer and
a substantial competitive advantage or 20 disadvantage to the lithography
tool vendor. Overlay is measured by printing one pattern on one level of a
wafer and a second pattern on a consecutive level of the ~iafer and then
measuring, on a stand-alone metrology system, the difference in the
position, 25 orientation, and distortion of the two patterns. The
stand--alone metrology system comprises a microscope system for viewing the
patterns, such as the confocal interference microscopy systems described
above, connected to laser gauge-controlled stage for measuring 30 the
relative positions of the patterns, and a wafer handling system. The
function of a lithography tool is to direct spatially patterned radiation
onto a photoresist-coated 151   Wn 9916330U PCT/US99/116U1 wafer. The
process involves determining which location of the wafer is to receive the
radiation (alignment) and applying the radiation to the photoresist at that
location. 5 To properly position the water, the wafer includes alignment
marks on the wafer that can be measured by dedicated sensors such as the
confocal interference microscopy systems described above. The measured
positions of the alignment marks define the location of 10 the wafer within
the tool. This information, along with a specification of the desired
patterning of the wafer surface, guides the alignment of the wafer relative
to the spatially patterned radiation. Based on such information, a
translatable stage supporting the photoresist-coated 15 wafer moves the
wafer such that the radiation will expose the correct location of the
wafer. During exposure, a radiation source illuminates a patterned reticle,
which scatters the radiation to produce the spatially patterned radiation.
The reticle is also 20 referred to as a mask, and these terms are used
interchangeably below. In the case of reduction lithography, a reduction
lens collects the scattered radiation and forms a reduced image of the
reticle pattern. Alternatively, in the case of proximity 25 printing, the
scattered radiation propagates a small distance (typically on the order of
microns) before contacting the wafer to produce a 1:1 image of the reticle
pattern. The radiation initiates photo-chemical processes in the resist
that convert the radiation pattern into a 30 latent image within the
resist. When a mas)i is made, it must be perfect. Any defects in the
pattern will destroy the functionality of the semiconductor circuit that is
printed with that mask. l52  



WO 99/63300 T'CTlUS99l1160i Before a mash is delivered to the semiconductor
manufacturing line, it is passed through an automated mask inspection
system that searches for any defects in the pattern. There are two possible
strategies in mask 5 inspection, known as die-to-database and die-to-die
inspection. The first method involves an automated scanning microscope that
compares the mask pattern directly with the computer data used to generate
the mask. This requires a very large data handling capability, 10 similar
to that needed by the mask writer itself. Any discrepancy between the
inspected mask pattern and the data set used to create it is flagged as an
error. The confocal interference microscopy systems described above are
especially well suited for automated mask inspection 15 with its advantages
in background reduction and in the substantially simultaneous acquisition
of one-dimensional line section images and two-dimensional section images.
Iii general, the lithography system, also referred to as an exposure
system, typically includes an illumination 20 system and a wafer
positioning system. The illumination system includes a radiation source for
providing radiation such as ultraviolet, visible, x-ray, electron, or ion
radiation, and a reticle or mask for imparting the pattern to the
radiation, thereby generating the spatially 25 patterned radiation. In
addition, for the case of reduction lithography, the illumination system
can include a lens assembly for imaging the spatgally patterned radiation
onto the wafer. The imaged radiation exposes resist coated onto the wafer.
The illumination system 30 also includes a mask stage for supporting the
mask and a positioning system for adjusting the position of the mask stage
relative to the radiation directed through the mask. .The wafer positioning
system includes a wafer stage for 153   f'CTiUS99ll 1601 11'O 99I63300
supporting the wafer and a positioning system for adjust~r.g tha position
of the wafer stage relative to the imaged radiation. Fabrication of
integrated circuits can include multiple exposing steps. For a general
reference 5 on lithography, see, for example, J. R. Sheats and B. W. Smith,
in Microlithography: Science and Technology (Marcel Dekker, Inc., Nel~t
York, 1998), the contents of which is incorporated herein by reference. An
examp)_e of a lithography scanner 800 using a 10 confocal interference
microscopy system (not shown) in Fig. 8a. The confocal interference
microscopy system is used to precisely locate the position of alignment
marks on the wafer (not shown) within an exposure system. Here, stage 822
is used to position and support the wafer 15 relative to an exposure
station. Scanner 800 includes a frame B02, which carries other support
structures and various components carried on those structures. .An exposure
base 804 has mounted on tap of it a lens housing B06 atop of which is
mounted a reticle or mask stage 816, 20 which is used to support a reticle
or mask. A positioning system for positioning the mask relative to the
exposure station is indicated schematically by element 817. Positioning
system B17 can include, e.g., piezoelectric transducer elements and
corresponding control electronics. 25 Although, it is not included in this
described embodiment, one or more interferometry systems are used to
precisely measure the position of the mask stage as well as other moveable
elements whose position must be accurately monitored in processes for
fabricating lithographic 30 structures (see supra Sheats and Smith
Micro~ithography: Science and Technology). 159   WO 99/63300 PCTIU599111601



Suspended below exposure base 804 is a support base 813 that carries wafer
stage B22. Stage 822 includes a plane mirror 828 for reflecting a
measurement beam 854 directed to the ~tag2 by interferometry system 826. A
5 positioning system for positioning stage 822 relative to interferometry
system 826 is indicated schematically by element 819. Positioning system
B19 can include, e.g., piezoelectric transducer elements and corresponding
control electronics. The measurement beam reflects back 10 to the
interferometry system, which is~mounted on exposure base 804. During
operation, a radiation beam B10, e.g., an ultraviolet (UV) beam from a UV
laser (not shown), passes through a beam shaping optics assembly 812 and
travels 15 downward after reflecting from mirror 814. Thereafter, the
radiation beam passes through a mask (not shown) carried by mask stage 816.
The mask (not shown) is imaged onto a wafer (not shown) on wafer stage 822
via a lens assembly 808 carried in a lens housing B06. Base 804 and 20 the
various components supported by it axe isolated from environmental
vibrations by a damping system depicted by spring 820. As is well known in
the art, lithography is a critical part of manufacturing methods for making
25 semiconducting devices. For example, U.S. Patent 5,983,343 outlines
steps for such masnufacturing methods. These steps are described below with
reference to FIGS. 8b and 8c. FIG. 8b is a flow chart of the sequence of
manufacturing a semiconductor device such as a 30 semiconductor chip (e. g.
IC or LSI), a liquid crystal panel or a CCD. Step 851 is a design process
for designing the circuit of a sezn~,conductor device. Step 852 155   VVO
99I63300 PCT/US99/11601 is a process for manufacturing a mask on the basis
of the circuit pattern design. Step B53 is a process for manufacturing a
wafer by using a material such as silicon. Step 854 is a wafer process
which is called a prey process wherein, by using the so prepared mask and
wafer, circuits are formed on the wafer through lithography. To form
circuits on~the wafer that correspond with sufficient spatial resolution
those patterns on the mask, interferometric positioning of the lithography
tool 10 relative the wafer is necessary. The confocal interference
microscopy methods and systems described herein can be especially useful to
inspect the surface of the wafer and internal layers generate on the wafer
by wafer process to check and monitor the effectiveness of 15 the
lithography used in the wafer process. Step 855 is an assembling step,
which is called a post-process wherein the wafer processed by step 854 is
formed into semiconductor chips. This step includes assembling (dicing and
bonding) and packaging (chip sealing). Step 20 856 is an inspection step
wherein operability check, durability check and so on of the semiconductor
devices produced by step 855 are carried out. With these processes,
semiconductor devices are finished and they are shipped (step 857). 25 FIG.
Bc is a flow chart showing details of the water process. Step 861. is an
oxidation process for oxidizing the surface of a wafer. Step 862 is a CVD
process for forming an insulating film on the wafer surface. Step 863 is an
electrode forming process for forming electrodes on 30 the wafer by vapor
deposition. Step 864 is an ion implanting process for implanting ions to
the wafer. Step 865 is a resist process for applying a resist l56   CVO
99/63300 PCTIUS99/11601 (photosensitive material) to the wafer. Step 866 is
an exposure process for printing, by exposure (i.e., lithography), the
circuit pattern of the mask on the wafer through the exposure apparatus
described above. Once 



5 again, as described above, the use of the conioca'1 interference
microscopy systems and methods described herein improve the accuracy,
resolution, and maintenance of such lithography steps. Step B67 is a
developing process for developing the 10 exposed wafer. Step 868 is an
etching process for removing portions other than the developed resist
image. Step B69 is a resist separation process for separating the resist
material remaining on the wafer after being subjected to the etching
process. By repeating these 15 processes, circuit patterns are formed and
superimposed on the wafer. An important application of the confocal
interference microscopy systems and methods described herein is the
inspection of masks and reticles used in the lithography 20 methods
described previously. As an example, a schematic of a mask inspection
system 900 is shown in FIG. 9. A source 910 generates an source beam 912
and a confocal interference microscopy assembly 914 directs the radiation
beam to a substrate 916 supported by a movable stage 918. 25 To determine
the relative position of the stage, an interferometry system 920 directs a
reference beam 922 to a mirror 924 mounted on beam focusing assembly 914
and a measurement beam 926 to a mirror 928 mounted on stage 918. Changes in
the position measured by the interferometry 30 system correspond to changes
in the relative position of write beam 912 on substrate 916. Interferometry
system 920. sends a measurement signal 932 to controller 930 that is
indicative of the relative position of inspection beam 157   1~'O 99/633(10
1'CT/U599/1 1601 912 on substrate 916. Controller 930 sends an output
signal 939 to a base 936 that supports and positrons stage 918. Controller
930 can cause confocal interference 5 microscopy assembly 914 to scan the
inspection beam over a region of the substrate, e.g., using signal 944. As
a result, controller 930 directs the other components of the system to
inspect the substrate. The mask inspection compares the mask pattern
directly with computer data used 10 to generate the mask. THEORY Background
Discrimination 15 The apparatus described in the preferred embodiments a11
include some form of either a pinhole or slit confocal interference
microscopy system. The background discrimination capacity of a confocal
microscopy system is 20 one of its most important attributes and results
from the strong optical sectioning property of confocal microscopy. This is
of a completely different nature from the restricted depth of field in
conventional microscopy, the difference being that in a conventional
microscope out-of 25 focus information is merely blurred, whilst in the
confocal system it is actually detected much less strongly: light scattered
at some place axially separated from the focal plane is defocused at the
detector plane and hence fails to pass efficiently through a mask placed 30
there [cf. C. 3. R. Sheppard and C. J. Cogswell, "Threedimensional Imaging
In Confocal Microscopy", Confocal Microscopy, edited by T. Wilson,
(Academic Press, London),_ . pp. 143-Z69 (1990)]. The Fizeau interferometer
used in 158 



1fO 99/63300 PCTIUS99111601 DIP, for erample, possesses a sensitivity to
out-of-focus images that is comparable to that found in conventicnal
microscopy. A characteristic of the confocal interference 5 microscopy of
embodiments and variants thereof of the first, second, and fifth groups of
embodiments is that the reflected reference beam and the scattered probe
beam are both substantially altered at the in-focus image point 48 by pupil
function modifications whereas the portion of the 10 out-of-focus beam at
in-focus image point 98 is substantially unaltered. For the cited
embodiments and variants thereof, it is this property of the present
invention that is used to achieve a sensitivity to out-offocus images
reduced in relation to that achieved in prior 15 art confocal interference
microscopy. The apparatus described in the embodiments and variants thereof
of the first, second, third, and fourth groups of embodiments further
comprise a form of dispersion interferomety. The method of optical time 20
domain reflectometry, OTDR, consists of injecting a short intense pulse of
light into an object such as a fiber and measuring the time-dependent
backscattering light signal. The method of optical frequency domain
reflectometry, OFDR, consists of illuminating an object with 25
monochromatic radiation whose frequency varies with time in a known way and
measuring the frequency-dependent backscattering light signal. In the~cited
embodiments and variants thereof, the wavenumber-dependent backscattering
light signal is measured as a function of the wavenumber 30 k. By analogy
with the definitions of OTDR and OFDR, the form of dispersion
interferometry used in the instant invention may be classified as a form of
optical wavenumber domain reflectometry, OWDR. 159   11'U 99163300
I'CT/US991116Q1 A sensitivity of the embodiments and variants thereof of
the first and third group of embodiments to an amplitude of an in-of-focus
image is achieved substantially simultaneously for a11 axial positions that
5 are accessible in a given exposure as a result of the incorporation of
OWDR. For the embodiments and variants thereof of the second and fourth
group of embodiments, a sensitivity to an amplitude of an in-of-focus image
is also achieved substantially simultaneously for all lateral 10 positions
in a line section substantially orthogonal to the optical axis of object
material imaging subsystem that are accessible In a given exposure also as
a result of the incorporation of OWDR. The standard confocal interference
microscopy system must execute a scan in the respective 15 axial dimension
or lateral dimension of the object material to obtain the equivalent
sensitivity to an amplitude of an in-of-focus image. The unusual
characteristics of the confocaf interference microscopy system of the
embodiments and 20 variants thereof of the first and second groups of
embodiments are the substantially simultaneous acquisition of information
for an array of points in an image, each with a sensitivity to out-of-focus
images reduced i.n relation to that achieved in prior art confocal 



25 interference microscopy. Confocal interference microscopy systems are
known in the art as a means to improve optical sectioning for the purpose
of obtaining one-dimensional, two-dimensional and three-dimensional images
of an object by reducing the effects of out-of-locus images, pupil 30
function modification schemes for microscopes [cf. M. Born and E. Wolf,
Principles of Optics, Section 8.6.3, pp. 423927 (Pergamon Press, New York)
1959] are known in the art as a means to improve contrast for specific
applications, 16U   WO 99l63300 PCT'1US99111601 and a form of OWDR as used
in DIP is known in the art as a means of reducing phase ambiguity.
Ho~~ever, the combination of confocal interference microscopy, pupil
function modifications, and OWDR in the same system for 5 the purpose of
reduction of both systematic errors and statistical errors arising from
background light is believed b5~ the inventor to be taught herein for the
first time. The unusual characteristic of the confocal 10 interference
microscopy system of the embodiments and variants thereof of the third and
fourth groups of embodiments is the substantially simultaneous acquisition
of information for an array of points in an image, each with substantially
the reduced sensitivity to out-of-focus 15 images of prior art confocal
interferometric microscopy. Confocal interferometric microscopy is known in
the art as a means of reducing the effects of out-of-focus images and a
form of OWDR as used in DIP is known in the art as a means for reducing
phase ambiguity; however, the 20 combination of the confocal
interferometric microscopy and OWDR in the same system for the purpose of
reducing the systematic and statistical errors arising from background
light is believed taught herein for the first time in the art. 25 The
unusual characteristic of the confocal interference microscopy system of
the embodiments and variants thereof of the fifth group of embodiments is
the same as the unusual characteristic of the embodiments and variants
thereof of the first and second groups of 30 embodiments relating to the
acquisition of information for an array of points in an image, each with a
sensitivity to out-of-focus images reduced in relation to that achieved in
prior art confocal interference microscopy. 161   \VO 99/63300
i'CTIU599111601 Accordingly, the combination of confocal interference
microscopy and pupil function modifications in the same system for the
purpose of reduction of both systematic errors and statistical errors
arising from background 5 light is believed by the inventor to be taught
herein ror the first time. IMPULSE RESPONSE FUNCTION FOR IN-FOCUS IMAGE:
AXIAL OWDR 10 



The first embodiment depicted in FIGS. 1a-In is selected as the system for
showing the basis of the distinctive features cited in the preceding
section although the basis applies equally well to a11 four of the 15
embodiments and variants disclosed herein from the first group of
embodiments. Pinhole 8 in FIG. lb and spatial filter pinhole 18a in FIGS.
lh, li, and 1m represent conjugate pinholes of a confocal interference
system for all optical frequency components of optical beams whilst 20 each
pixel of detector 114 in FIGS. lj, lk, and In is sensitive to only one
optical frequency component of an optical beam as a result of the
dispersive detector elements 130a and 130b shown in FIG. 1a. It is shown in
the following theory paragraphs that it is possible to 25 reconstruct
substantially an equivalent of prior art confocal signals appropriate for
each accessible axial position from the intensities recorded by detector
119 as a function of optical frequency in a set of four exposures. This
corresponds substantially to obtaining 30 simultaneously equivalent prior
art in-focus confocal signals as a function of axial position with the
apparatus of the present invention in contrast to the standard confocal
microscopy system where a physical scan in the 162   ~~"O 99/63300
PCTliJS99/1~601 axial direction of the object material 1I2 shown in FIGS.
lc and le is required to obtain the prior art confocal signal as a function
of axial position. There are two useful modes of the non-fluorescent 5
confocal scanning microscope [C. J. R. Sheppard, "Scanning optical
microscopy", in: Advances in optica.I and electron microscopy, 10,
(Academic, London, l987); C. J. R. Sheppard and A. Choudhury, Optica Acta,
24(10), 105l-1073 (1977)]: the reflection-mode and the transmission-mode.
10 In practice, it is easy to achieve with the reflectionmode microscope
the optical sectioning by scanning the object along the axial direction [C.
J. R. Sheppard and C. J. Cogswell, J. Microscopy, 159 (Pt 2) , 179-194
(l990) ; C. J. R. Sheppard and T. Wilson, Optics Lett., 3, l15-l17 15
(1978y; C. J. R. Sheppard, D. K. Hamilton, and I. J. Cox, Proc. R. Soc.
Lond., A 38'7, 171-l86 (1983) ] and thus form three dimensional images.
Consider a confocal microscope shown in FIG. 5 with three imaging sections.
For the combination of subsystems 20 referenced in FIGS. la-In which
contain the source 10, the object 112, and the detector 114 for the probe
beam and scattered probe beam, lens 1 of FIG. 5 is the equivalent to the
combination of lens 1,6 of subsystem 80 shown in FIG. lb, lenses 26 and 36
of subsystem 81 shown in FIG. 25 1c, and lens 46 of subsystem 82 shown in
FIG. lc; lens 2 of FIG. 5 is the equivalent to the Combination of lens 46
of subsystem 82 shown in FIG. 1f and lens 26a of subsystem 81a shown in
FIG. lh; and lens 3 of FIG. 5 is the equivalent to the combination of lens
36a of subsystem 81a 30 shown in FIG. 1h and lens 66 of subsystem 84 shown
in FIG. lj. For the combination of subsystems referenced in FIGS._ . 1a-In
which contain the source 10, the object 112, and the 163   1VQ 99/63300
YCT/IJS99/11601 



detector 119 for the reference beam and reflected reference beam, lens 1 of
FIG. 5 is the equivalent to the combination of lens 16 of subsystem BO
shown in FIG. lb, lenses 26 and 36 of subsystem 81 shown in FIG, lc, and 5
lens 56 of subsystem 83 shown in FIG. le; lens 2 of FIG. 5 is the
equivalent to the combination of lens 56 of subsystem 83 shown in FIG. 1g
and lens 26a of subsystem 81a shown in FIG. li; lens 3 of FIG. 5 is the
equivalent to the combination of lens 36a of subsystem Bla shown in 10 FIG.
1i and lens 66 of subsystem 89 shown in FIG. 1k. We define optical
coordinates ~u,, i>>,, r~l~ for four spaces; the image plane space 7A,
either the object material 112 space or reference mirror 120 space, the
image plane l7aA space, and the detector 119 image plane 15 space 97A with
i=1 0, 2, and 3, respectively: u, = kx, sin a, , ~>>, = Ic j~; sin a; , ( 1
) ul =4ki, sin2~al~2~ , where sin at is the numerical aperture of region r,
20 wavenumber k = 2~~7~ , ?~ is the wavelength of the radiation in vacuum,
and x;, y;, and z, are the optical path distances in region i. The optical
path distances are defined as 169   1!'O 99I63300 ~~ ,1 , lt(~~r ~) i : ~yn
rcmus99mboi . ', yx;~)'i~~ydJ't ~ (2) _. , ,, , zr = ~l~xr~Jmzy w where the
integration is along the path of a respective light ray and ~r~x;,)~;,z~~
is the refractive index at position , , , 5 ~x;,y"z~~ . It has been shown
that imaging in a confocal scanning microscope behaves as a coherent
microscope (Sheppard and Choudhury, ibid.) in which the image can be
described by a coherent transfer function, the coherent transfer function
10 being the Fourier transform of the impulse response function. Thus, the
effective three dimensional impulse response function hew3,vz,vo,vl~ for
the system in FIG. 5 can be expressed as 15
1'Ie~V3,VZ,V~,V1)=173V3-V2~~2~V2 VO~~~1~V0-V1~ where 1 12 +~12 hiw~=
pi~~l~~lnexp ~'~  



9sin2~a1~2} 2 (4a) xexp~-.7~~iU+~ln~'~+.IkWl~~idW 20 165   \~VO 99/633(l0
PCTIUS99/11601 hz(v~= Pz(~z~r4z~e'~P -.hl 1 ~z2+~za 4sinz a. /2 2 (4b) C 1.
J xexp~-.I(~zu+~lzu'~+.if~rz~~zd~tz l73(v)- p3(~3~~3~eXP -~2l 1 - Q32 +~3z
4sinz a 2 2 (4c) ( 3I x exp[- .J(~3U +'1~311~~+ .Ikl~ 3 ~53d~13 5 h, , P~ ,
and Ill are the impulse response function, the pupil function, and the wave
aberration function [cf. Refs. 10-12 In M. Gu and C. J. R. Sheppard, Appl.
Opt., 31(14), 2591-2599, (1992)], respectively, for the rth equivalent lens
in FIG. 5 with i=1, 2, 3, and 9, 10 respectively; and j is (-1)12. The
impulse response function is the amplitude in an image plane in response to
a point-source object. The function of the phase shifter 44 is incorporated
into the appropriate pupil function P~. Assume that the three-dimensional
object mny be 15 characterized by a scattering distribution t(vo) [cf. C.
J. R. Sheppard and X. Q. Mao, J. Opt. Soc. Am. A, 6(9), 12601269 (l989)]
representing the scattering per unit volume, which is related to the
refractive index n by 20 t(vo~= jkz~l-nz(vo~1 (5) [E. Wolf, Opt. Commun.,
1, 153-l56 (1969)]. Both n and i are in general.complex, and the j in Eq.
(5) accounts for the fact that in a lossless medium the scattered wave is
25 in phase quadrature to the direct wave. We assume that the effects of
multiple scattering are negligible. We 166   WO 99I63300 rcT~s99u isa~ 



also neglect the unscattered radiation, which is a valid assumption for the
reflection-mode microscopy because no direct (unscattered) radiation
contributes to the image. The image amplitude can be summed over the
elemental 5 slices that constitute the object because the principle of
superposition is valid. Furthermore the image amplitude must be integrated
over the incoherent source of amplitude distribution Awl . The attenuation
function awo~ accounting for the attenuation of the radiation in the 10
object must also be included for both the incident and scattered radiation.
The impulse response functions of the lenses including the dispersive
detector elements 130a and 130b can be written as 15
hlwo-y~=~exPGk~ZO-Zn~~~i~vo-vu ~ (6a) hzwz -vo~= fexp~- jk~zz -zo~l~~zwz
-~'o~ ~ ( 6b) 2O IJ3(V3-V2?=~exp~ .IIt\Z3 Z2~~~j3~~'3 V2l ~ (6C) where l `
l 1 I?i(vo vlJ ~~pn~m~luexP -~uo~2(~ZZ +Wz ~ (7a) X UexP~-.I~~i lvo-un+
~ll~~i'c~wv, ~~+ lk~u~W dill 25 l 1 h2(vz-vo~=~~~z~~z~~iz~exP .JOzwo~2(~22
+~lzz) (7b) xUexP~ .IL~zOz-vo~+~lz~wa-~'o~~+~-.Ik~z~~~za~lz 167   v~u
99~o.i.iuU PC'r1U599/1 16U1 jJ3~V3 -V~~=~~p3~~3~~~3~3~ke~3~e~' ~-JIl2 Z(~3z
~'~3') (7C) >;~texpp-JL531u3 u2l+~3~~3-11'2!J+JkI~3~~~~2~n2 i 



and G3~k,v3~ is the dispersive pupil function for the dispersion detector
elements 130a and 130b in FTG. la. 5 The sign change of rr in Eqs. (7b) and
(7c) in relation to the corresponding rr term in Eq. (7a)~is because of the
reflection that takes place in the vo space. The amplitude of the scattered
probe beam US in the image plane 17a of the spatial filter pinhole 1Ba is
thus 10 given by Usw2~=~RiTi~l~ Awl~~~~hUvo W (8) XGY(V~~~VO~~V0~2~V2
VD~~0~~1 where R1 and T1 are the reflection and transmission 15
coefficients, respectively, for beam splitter 100. Substituting Eqs. (6a)
and (6b) into Eq. (8) gives the following expression for Usw2}
Us~v2~=~~W~1~2 Awu~ exp~2kzo hiwo-vl~ (g) xawo~wo~crOo~hiO2 -vo~~uodlvo dzo
duldwl 20 The amplitude USw2~ represents for the apparatus of the present
invention the complex scattering amplitude at spatial filter pinhole 18a in
FIG, lh. It follows from 168   ~~~0 99I63300 the properties of the impulse
response function PCTIUS991I I 601 ITi,(V3, vz, vo, vl~ given by Fq. (3)
that the complex scattering amplitude USw3~ in image plane 47 at the
detectcr 114 shown in FIG. 1j is obtained by the convolution of Us~v2 5
with the impulse response function h3w3-v2~ for the combination of lenses
36a and 66 of FIGS. lh and lj, 



respectively, and the dispersive detector elements 130a and 130b in FIG.
la. The optical coordinates of the image plane 47 are given by v3.
Expressed in equation form, 10 Usws~=~RiTi~l~2yvlexp~j~zo~
~?i~vo-vnXQ{VO~~~'0~~~~~~~?31V3~'2~2~~~2~~~2~V2-VOf-iU2dw2(10) x duochvo
dzo duldwl where~tZw2~ is the transmission function for the spatial filter
pinhole lBa. The appropriate equation for Usw3 15 for the transmission mode
confocal microscope configuration is obtained from Eq. (10) by setting
zo=0, i.e. exp~j2kzo~ = 1. It quite easy to display the im~aortant features
of OWDR as used in the apparatus of the present invention 20 without
introducing undue complexity by examining the properties of observed
amplitudes of interference signals obtained from scattering by a planar
transverse section of an object. With this in mind, we first consider the
response of the confocal interference microscope to a 169   VVO 9N/63300
planar transverse section of an arbitrary three I'CTIUS99/11601 dimensional
scattering object along with a transverse planar reflector for the
reference mirror, a point radiation source, and the refractive indices in
regions l, 5 2, 3, and 9 equal to 1. Let the axial locations of the
reference mirror and the transverse section of the scattering obj ect be
~o,R arid zo,s, respectively, and the amplitude of the reflected reference
beam in image plane 97 at the detector 114 in 10 FIG, lk be UR . UR can be
obtained from Eq. (10) with 



the appropriate changes in variables. The output current I from the
detector 114 for the given transverse planar section of the scattering
object material is of the form I zo,s - Zo,R ~ (U3 ~~3 sin a3 ) _ 15 +
(uol~o sin ao)+ (w3I kf3 sin a3 ~, w3, x ( 11 a ) ( 2 +,UR (ZO,R ~ u3 ~ w3
~ Us lZO,s > u3 ~ ~'~ which can be expanded as I Zo,s - zo,R ~ (v3I~3 sin
a3 ) _ +(vo~kJ'o sin ao)+(Du3Ikj3 sin a3pv3,x +f
UR(zo,R>U3~~'3~21'IUS(Zo,S~u3,u's~2 (11b) + 2IUR ~ZO~, U3,1N3'IIUS lZO,S ~
U3~ w3 xcos~2k~zo,s -ZO,n)+(~'s -'i'R)+x~ 20 m9 f3 sin a3 eu3 = 2~c 2 , ~1
_ (2wit3 ~k~2 ~/ (12) 170   WO 99I63300 PCT/US99I11601 f~ is the focal
length of detector region 3, rir3 is the u3 component of spatial frequency
specific to the diffraction order used of the dispersive detector elements
130a and 130b, ~c~S -~R~ is the phase difference between US and UR 5 at zo
s = zo,R , and x is the phase shift introduced by a phase shifter 99 in the
reference leg of the interferometer in subsystem 83 shown in FIGS. le and
lg. It is seen from examination of Eq. (11b) that, within a constant scale
and phase factor, the term in Eq. (llb) 10 proportional to the scattering
amplitude Us~zo s, u3, w3~ can be obtained with measurements of I(zo R, z
s, u3, w3, x~ at four different values of y~. A preferred set of four
values of 7C are x = 7Co , 7Co +n , xo + ~n~2~, and ~,o + ~3~t~2~ . The
corresponding four values of output current h for i=1, 2, 15 3, and 4,
respectively, are combined according to the following schedule to yield ~I
z'R' zs' ~~3 ~~s sin a3~= 1 - I 1 + ~uo~~o sin ao}-t- ~~u3~kf3 sin a3~,w3 i
z = I~zo,R,ao,s,v3,m3~7Lo~-I~ZO,R~zo,s~u3,~1~3,xo + ~~ (13a) -
4IUR`zo,R~us~~'s~lUs~zo,s~us~~'3~ x cos ~2k~zo,s - zo,R~+ ~~s - ~n~+ xo~ , 



171   1'JO 99l63300 !'CTlUS99l1160 t zo,R ~ zo,s ~ ~us ~~~s Sin a3 ~ = ~2
+wolh~o sinao)+(~L3/h~3 SInLY3),Si~3 -13 ~ - rp \Z O,It ~ ZD,S W 3 > >4'3 ~
x0 + ' Y 2l IP~zo,R~ zo,S ~u3,u'3,xo + 3~2~ ( 13b )
__ql~[JR{zo,R,v3,ii'3~~I7S~o,s,u3,ws~ xsinC?Jz~zo,s -zo~~+~dss -~R~+xo~ The
complex expression for DI is defined as ~ zo,R>zo,~Uu3I~3 Sina3~= 5 Ooljlo
sinao)+~du3~kf3 Slna.3~,V'3 ( 19 ) + ~1 ~Z~~ , Zp~ , u3 ,14'3 + J~2 ~ZO,R ~
zp,S ~ U3 ~ lV3 or with the substitution of Ec~s. (13a) and (13b) as el
Zo'~~Zo,SUusI~I3sina3)= +(uo~kjo sin ao~+(~u3lkj'3 sin a3),w3
+4~UR{za~,u3,w3~~Us~zo~s~u3>>4~3~ (15) x exp~- j~2kEzo~ -zo,R~.+~~S -d~R~~
10 For a scattering object material of finite axial thickness, the
corresponding signal ~I~zo,R,u3,w3~ is obtained by the integration of
dl~zo,R,zo,S,u3,w3~ over zo,s Using Eq. (15) , dl~zo,R,u3,~4'3~ can be
expressed for a 15 scattering object material of finite axa.al thickness as
172   VVO 99I63300 PCT/US99/11601 ~o.n ~ ~~3I~~s sm a3) _ ~l +~uo/kfo sin
a~)-~- ~du3~lw/'3 sin a.~~,w3 



(15) +~~~9~Un~~Uslexp~-.j~2k~zo,s -zo,R~+~~s -d>R~~~~o,s  The resulting
signal al~zo,n,u3,w3~ is measured as a function of the wavenumber Ic by
measuring dl~zo,R,u3,w3~ as a 5 function of u3. It is seen from examination
of Eq. (16) that, within a constant scale factor, the observed quantity 01
is a Fourier transform of the product of the scattered amplitude Us and the
reflected reference amplitude LTn. 10 Prior art confocal interference
microscopy obtains the equivalent information about the object material.
The information represented by lll~zo,n,u3,w3~ about the obj ect material
at an array of axial points in the zo direction is obtained with apparatus
of the present invention from a I5 set of four independent measurements
acquired sequentially in time with no scanning of the object material
required. For prior art confocal interference microscopy, equivalent four
independent measurements must be made for each axial point in the array of
axial points in the zo direction by 20 scanning the object material. Thus,
information represented Lll~zo,n,u3,w3~ is acquired about the object
material with the apparatus of the present invention in less time than with
prior art interference confocal microscopy. It is this feature of the
instant invention 25 - which leads in part to an improvement in statistical
accuracy and a reduced sensitivity to motion of the object material during
acquisition of the measured currents. 173   ~4'lJ 99163300 PROPERTIES OF
FOURIER TRANSFORMED SCATTERING AIfPLITUDE f CT/US99/11601 It was shown in
the secticn entitled "Impulse 5 Response Function for In-Focus Image" that
the measured intensities h can be combined to give dl as expressed by Eq.
(16) which i~ the Fourier transform of the product of the scattered
amplitude US and the reflected reference amplitude LTR. Thus, information
about the scattering 10 object itself can be obtained by computing the
inverse Fourier transform F-1~.r11~ of dl~zo,R,u3,~v3~ with respect to the
wavenumber k, i.e. F _l t~) _ ~~. zo,R Us Ik.'fs sin a3 ) _ ~uolkfo sin
ao~+~du3/kf3 sin a3~,~!~3 ( 17 ) x ~exp(jk'z~~lk' 15 Substituting into Eq.
(17) the expression for ~l given by Eq. (16), the following equation for
the product of the scattered anlplitude US and the reflected reference
amplitude UR is obtained. 20 IURIIUSIe-i(~s-fix) _ 011F-ltdl~ 4~ (18) 



The preferred procedure for computation of IUSI exp~-j~!S~ from F-1(L11
which is based on Eq. ( 18 ) _ is the 25 multiplication of ~F-1(dl~]~9 by
['URI exp~j~R~~ 1 where the reflected amplitude IU~I exp~j~R~ is determined
by a independent set of measurements. Tn the referenced 179   1Y0 99I63300
PCT/US99I11601 computation, it is important to only :now ~lZ relative to
the all non-object material contributions to ~~5, ~s,o~ A method for the
determination of IU~lexp~j(~n -~~s,o~~ is comprised of three different
types of measurements. The 5 first type of measurement is made with the
object material 112 replaced by a plane reflecting surface with known
reflecting properties to yield a measurement of the corresponding complex
quantity lSI. From the corresponding complex quantity DI obtained with the
first 10 type of measurement, a measurement of IURIIUS,olexp~j(~~ -~S,o~~
is acquired where lUs,ol describes a11 non-object material contributions to
IUSI. The second type of measurement is to measure one of the h with no
object material present. From the h acquired with no object material
present, a 15 measurement of IURI2 is acquired. The third type of
measurement is to measure one of the I, with no reference mirror present
and the object material 112 replaced by a plane reflecting surface with
known reflecting properties. From the I; acquired with no reference mirror
present and 20 the object material 112 replaced by a plane reflecting
surface, a measurement of IUS,oI2 is acquired. The measurements of the
three quantities ~URIIUs,olexp`j(~R-~S,o~~~ IURI2 , and IUS~o~2 contain the
information required for the determination of ~Unlexp~j(~R -~S,o~~ 1 for
use in the 25 computation of ~USI exp~-j~>S~ from T-1(dl~ . 175   WO
99/63300 PCT,~US99/11601 The accuracy to which IURIexpC~tc~'R -~'s,o~~ can
be determined by the described procedure twill depend in part on the level
of intrinsic background present in the apparatus of the present invention,
the background 5 produced by the apparatus itself and not by the object
material. Tt is important to note that the described method may also be
used to help characterize IUs~olz and thus the impulse response function
for the object material arm of the interferometer of the apparatus of the
present 10 invention. The axial resolution of the apparatus of the present
invention is easily estimated for the case where the axial resolution
exceeds that determined by the numerical apertures of the apparatus of the
present invention for a 



15 given wavelength. The following simplifying assumptions are made in
order to estimate the axial resolution for such a condition without the
distraction of or confusing the picture with non-essential details.
Assuming that ~UR~,USI and ~~S -~R~ change by a negligible amount over the
20 interval k_ to k+ and further assuming the spectrum of the source to be
a triangle function in this interval, 11k, k+, k_~, the integration over k'
Eq. (17) can be evaluated in closed form with the result F 1(d.I~-9dlc
IURIIUs~exp 'I~~~ZO,s -zo,R~-z -~~~s -~R) 25 (19) 2 Sin ~Ic[~zo,S -zo,R~-Z
x dzo,s ZO,S - zO,R -- Z where 176   CVO 99/63300 PCT/US99/I 1G01 0, k >_
Ir+ ll~lr,k+,k_~= 1, k=k , (20) 0, k < k_ k = ~~Ir+ + k_ ~~2~ , ( 21 a ) 5
dlr = ~~lr+ - k _ ~~9~ ( 21 b ) We see from Eq. (19) that IUSI is obtained
with an axial spatial resolution of 10 dz = 2-88 __ 4~2.8~ Nr ~lr+-k-~
(22a) or written in terms of wavelength as ~z = 2-88 2~,+?~_ , ( 2 2b ) ~
~.+ - ~, _ 15 where 7~+ = 2~~k_ , ~._ = 2n~k+ . ( 2 3 ) 20 White-Light
Fringe Pattern 



For the example ~f the scattering object being a single reflective surface,
dI is typical of the whitelight fringe pattern when the axial resolution
exceeds 25 that determined by the numerical apertures of the apparatus of
the present invention for a given wavelength. Consequently for this
situation, the relative location of 177   WO 99/633U1> 1'CT/US99111b01 the
reference and object reflective surfaces may easily identified with an a~;
ial resolving power similar to that given by Eq. (22a) or Eq. (22b). This
may be achieved directly from the white-light fringe pattern by either 5
locating the peak in the fringe pattern with the largest amplitude,
locating the peak in the envelope of the whitelight fringe patt~err. or
some other contrast reference feature (cf. Refs. 2-7 in L. Deck and P. de
Groot, ibid.). 10 Impulse Response Function For In-Focus Image: Transverse
OWDR The fifth embodiment of the second group of embodiments is selected as
the system for showing the 15 basis of the distinctive features cited in
the section entitled "Background Compensation" although the basis applies
equally well to all of the embodiments and variants thereof of the second
group of embodiments. The Impulse Response Function for an in-focus image
for a 20 confocal interferometric microscopy system using OWDR as for the
fifth embodiment is easily obtained from the Impulse Response Function
derived in the preceding section for the first embodiment: the pupil
functions P of the first embodiment are replace by the corresponding pupil
25 functions of the fifth embodiment, the pupil functions P~ of the fifth
embodiment including the effects of the dispersive elements 130a, 130b,
130c, and 130d (see FIGS. laa, 2aa, 3aa, and 4aa). Tt is seen from
examination of Eq. (16) that, within 30 a constant scale factor, the
observed quantity DI is a Fourier transform of the product of the scattered
amplitude US and the reflected reference amplitude UR. 178   CVO 99I63300
~CTlUS99/116U1 



Prior art confocal interference microscopy obtains the equivalent
information about the object material. The information represented by
~ll~io,s,zo.n,u3,~~'3) about the object material at an array of lateral
points in the 5 transverse planar section is obtained with apparatus of the
present invention from a set of four independent measurements acquired
sequentially in time with no scanning of the object material required. For
prior art confocal interference microscopy, equivalent four 10 independent
measurements must be made for each lateral point ir_ the array of lateral
points in the transverse planar section by scanning the object material.
Thus, information represented by lll~zo,s,zo,R,u3,w3) is acquired about the
object material with the apparatus of the 15 present invention in less time
than with prior art interference confocal microscopy. It is this feature of
the instant invention that leads in part to an improvement in statistical
accuracy and a reduced sensitivity to motion of the object material during
acquisition of the 20 measured currents. The Amplitude of Out-of-Focus
Image The amplitude of the out-of-focus beam UB in the 25 spatial filter
pinhole in image plank 17a can be expressed in terms of the Fresnel
integrals C(z) and S~z) which are defined as 179   WO 99/633(10
1'C'i'1US99l11GU1 C{z)= `o cosC2t2Jdt , (29) S(z)=~Zsin~~tz~i (25) J J0 5
[cf. Abramowitz and Stegun, Handbook of Mathematical Functions, (Nat. Bur.
of Standards, Appl. Math. Ser. 55), 



Sect. 7.3, 300-302, 1969]. The expression for U~ can written as z
U~~~z~=`~~~ AB ~ kz fz exP~Ik~zB~~ 10 x expljk(xzz + y2z)~~2z~)] ( 2 6 ) x
~SI'z~~z~~lz~eap~-.1 2 (fizz +rlzz)~d~zd~z for a point source 8 located at
vl - (0,D,0) where .fz is the focal length of region 2 in FIG. 5, ~xz, yz,
zB) are the out-of-focus coordinates in image plane 57, ~AB~j~z~ is the 15
amplitude of the out-of-focus beam at the exit pupil of lens 2, 1/2 ~2 = ~B
~2 + xz .~2 ~ (27a) Za 1/2 2 0 r~z = ~B ~lz + ~z .fz ( 27b ) 7Lf2 z13 180
WO 99/63300 PCT/tJS99/11601 and ~2 and ~~2 are the exit pupil coordinates
of lens 2 (derived from the theory of diffraction presented in Section
8.8.l of Born and Wolf, ibid.). The result after the integration over ~z
and r~2 for a Level 2 5 discrimination, m =2, and no apodization of the
phase shifter elements of phase shifters 14, 24, and 34 is z U B ~,~, 2 ) -
j ~B ~.fz eYpC jk ~zB ~~ .fez kzB x exp[jk(x22 + y22 ~/~2zB ~, " ~ ~~~5 )
2C~~Q ~+ 2C~~3 )- 2C02 )+ C(~n ~~ -J[S(~5 )-2S04 )+2S~~s ~-2S02 )+S(~1~ )~
S ~ 2C~~9 ~+2C03 ~-2C(~~2 )+C(111 ~~ -.J~S(~l5 )~' 25~~19~ ~+ 25e13 )-2S(~l
z ~+ S(W )~ 10 where 



1/2 kzB ~ _ 3~a + xz f2 ~ p =1,...,5 , ?t f2 ZB 1/2 'tip' _ ~BZ ~7-3~u+y2
fZ l ; ~=1,...,5 , ZB 1 15 (28) (29a) (29b) and a is the width of the phase
shift elements in the ~z and r~z directions. The result for a Level 1
discrimination operating for example in the u2 direction, m = 2, and no
apodization of the phase shifter elements of 20 phase shifters 14, 24, and
34 is l81   \VU 99I6330(1 Pcrius99ii ~boi 2 UBw2~=-C~~ ~B ~z exp~jk~?a)~ j
xexp~jk(x2z +y2z)~~2z1~~] (30) 75 ) 2059 )-~2C~~3 ) 2C~~2 ~+C(51 -.I[S(~5
)-~5~59~ )+2S(53 ~-2S(5z )+5~,~~,,~ z An example of ILlBw2~l for each of
the beams B52D-1, -2,  5 3,-4 for the Level 1 discrimination is shown in
FIG. 6 as z a function of ~xzdo~?L.f2~ for yz = 0 and z2 = 50~, ~j2 alo~ It
is evident on examination of FIG. 6 why the apparatus of the present
invention displays reduced sensitivity to background from out-of-focus
images in 10 comparison to prior art interference confocal microscopy,
prior art interference confocal microscopy being sensitive 



to UB while apparatus of the present invention is sensitive in first order
to the derivatives of Up with respect to xz and yz as a result of the
antisymmetric 15 spatial properties of UR in image plane 17a. Tt is
possible to demonstrate using the properties of Fresnel internals [cf.
Abramowitz and Stegun, ibi d.] that the integration of an optical frequency
component of ~U~UB +URUB) at the spatial filter pinhole 18a, which is 20 to
a good approximation equivalent to integration the corresponding ~URUB;
-URUB~ over a corresponding detector pinhole, behaves in the manner listed
in Table 1 for both the case of prior art confocal interferometric
microscopy and for the case of the invention disclosed herein. In 25 Table
1, 182   WO 99/63300 T.zIBLE 1 PCT/US99111601 J~ ~UBUB
+URUB~z'x2dy2ApparatusPrior Art interferenceconfocal microscopy~z BPresent
Invention:3/2Level 1 discrimination,~1No apodizationzBPresent
Invention:1Level 2 discrimination,~No apodization zBPresent Invention:Level
1 discrimination, z 1 ~2zBsine ~ apodizationaPresent Invention: Level 2
discrimination,3 1 ~2zBsny~ 



apodization, )asin~n~2~ apodozationJa 5 U' denotes the complex conjugate of
U and the integration is over intervals centered about the position where U
R is antisymmetric in x2 for Level 1 discrimination and in both 10 xz and
y2 for Level 2 discrimination. 183   \~VU 99/63300 PCTIUS99I11601 Improved
discrimination against background from outof-focus images beyond that given
in Table 1 is obtained in apparatus of the present invention by the
apodization of phase shifter elements of phase shifters 14, 24, and 34 5 10
15 so as to decrease the magnitude of the derivatives of UB with respect to
z:z and ]~z. Consider the apodization function Tz(~z, ~Iz~ Tz~~z,~lz~=
sin~~~z sin rc~2 a a The result after the integration over ~z and r~2 for a
Level 2 discrimination and m =2 is 2 UB(~'z)--C2k~ AB ~2 exp~jk(zB~~ .~z B
z x eXp Jk 2kz kx2 a B f2 x ~~C(~5~ C~~1~~ .~~`~(~5)-S(~1) 2 2 eRp jk ~2 ~2
+ 7L 



2kzB .fz a x (t~(~5)-~(~~)l->Is(~5)-S(~~)l ~ ~,~ 2 f22 ~2 x eXp ~k 2kzB .fz
a x ~~C(~5) C(~1~~ J~'S(~5)-'~(~1)~ 2 - ex k .fz z kJ'z + ~ 2kzB , f2 a x ~
~C(~5) C(~1)~ .~~`S(~5) S(~1 (31? (32) 184   CVO 99I63300 where
PCTIUS99/11601 1/z 2 hB ~p-3~-~- .~2 ~2-n ~ p=1~5 ~ (33a) ~.f2z lrzB .fz a
i/z z 5 ~" __ ~B ~p-31_+ .fz ~2+?~ , p=1,5 ; (33b) x.fzz ~B .fz a z ~l' ~g
~p - 3~rx + '~z l~'z -?~ , p = 1,5 ; ( 3 3 c ) ~.~22 kzB fz a i/z z ~Bz
~p_3~Cr+ 'fz 19'2 +~ , p=1,5 . (33d) n~'2 IczB .~z a 10 It is possible to
demonstrate using the properties of Fresnel internals [cf. Abramowitz and
Stegun, op. cit.) that the integration of an optical frequency component of
~URUB +URUB~ at the spatial filter pinhole 58, which is to 



15 a good approximation equivalent to integration the corresponding ~UnUB+
URUp) over a corresponding detector pinhole, behaves in the manner listed
in Table 1 for the invention disclosed herein with a Level 2 discrimination
with the apodization given by Eq. (31) and a Level 1 20 discrimination in
the ~2 direction with an apodization having a ~2 dependence of (sintx~z~a~
and no apodization in the r~2 direction. A very significant feature of the
properties of apparatus which embodies the present invention is that the
165   WO 99/G3300 PCTNS99J11601 enhanced reduction of the interference term
wave-number filtered, spatially-filtered reflected reference beam and the
wave-number filtered, spatially-filtered background beam detected in image
plane 67 is effective for each 5 independent volume element of the source
of out-of-focus images. Therefore, the reduction leads to both a reduction
in the statistical error as well as an enhanced reduction in the systematic
error produced by the background from out-of-focus images. 10 The potential
value of the differing possibilities for reduced sensitivity of apparatus
of the present invention to background from out-of-focus images may also be
appreciated in the context of the axial sectioning power of prior art
interference confocal microscopy being 15 effectively reduced in comparison
to the axial sectioning power of prior art confocal microscopy. The error
signal in prior art interference confocal microscopy due to the detected
interference cross term between the reflected reference amplitude and the
background amplitude from out 20 of-focus images has a weaker dependence on
zB by one order in zB in comparison to the error signal in prior art
conf_ocal microscopy due to the detected background from the intensity of
out-of-focus images. 25 STATISTICAL ERROR 



Consider the response of the apparatus of the present invention to a planar
transverse section of an arbitrary three-dimensional scattering object 112.
The output 30 current I from a pixel of the detector for the given
transverse planar section of the scattering object 112 is of the form 186
Vr'O 99/63300 PCT/US99111601 I(ZO,S -~O,R~x.)-`~PIUR~Z~3dO3
+,~,~P~UB~2~3d~~3 +~~PIUSI2~3d3'3 t + cosx ~ f Un US ~3d)~3 + j 5111 ~(, jJ
URUs 3d.1'3 ( 3 9 ) P +UR.Us P _Un.Us +cosxJ! URUB~ 3dJ's +jsinxJJ URUa
3d'3 P +Un.UB P _Un.UB +JfP~USUB` +US~U~~Ix3d~'3 where the integration ~~
is over the area of a detector P pinhole and x is the phase shift
introduced by phase 5 shifter 44. The corresponding equations for the
intensity differences ~.h =1~-I2 and ~Iz =13-I9 defined by Eqs. (12a) and
(12b), respectively, are ~1 -2~~P~UnUB~ +UR'UB~lx3dYs (35a) +2~Jn~UnUs`
+UR'Us~x3dy3 . 10 ~z =.l2~jp~URUB~ -UIt~U~~3dJ's (35b) + j2JJP `URUs. _
Un*Us t"`3df3 , where I, is defined by the equation , 15 I;=_1(x=xr~ fm
=~~x2 w~x3 W2~x4 =3n2 . (36) 187  



WO 99I63300 PCTIUS99/11601 The statistical errors for ~~ (U~US`
+U~*US~lx3d3'3 and P j~j ~L1~US* -U~*US~3d~y~3 can be expressed as P P
'URUS* +Un*US~3d~)3~ rr C ~ JJp ~UR ~ ~3~~3 5 + 1 + 1 ~~p~U~~2~3d~'3 +1 ~~
~Us~2da'3dys P 2 2 f fplUnl2~3dy3 2 ~~p~UR~2~3~'3 1 ~Z[~~p~URU~*
+Un*UB~7C3~3~ + 2 `f Z ,.~, JJpIUR~ ~3~~3 1 o2~~~p~USUB* +US*UB~:3d.Ys~
~~p~UR~ ~3~~3 a2[J~~p~URUSV ~n,Us'~3~'f3~_ ~~P~UR~2~3~3 1 1 ~~p~UB~2~3~3 ],
~~p~Us~z~'3~3 +2+2~~p~~~~2~3~3 +2 JlPIURI2~3~3 1 ~a~J~~p~U~UB U~UB~a~y3~ 2
`f 2 ~~p~U~~ ~3~v3 1 ~2[~~p~USUB* +US*UB~x3d.Ys~ 2 ff 2 JJp IUR l ~3~~3 r
(37a) (37b) 188   1V0 99/63300 



PCTIUS9911 I601 respectively. It has been assumed in the derivation of Eqs.
(37a) and (37b) that aZ~~~ ~URIZd~3dy3 - ~~ IU~'zdr3dy3 p n and a2 ~~
IUBI2dx3dy3 - ~~ IUBIZd~,dy3 , .i. e. the statistical P P noise in the
system is determined by the Poisson 5 statistics of the number of
photoemissive electrons detected and both ~~ IU~I2d~3dy3 and ~~ IUBIZdx3dy3
P P correspond to a large number of photoemissive electrons. For the case
where ~~ ~Unl2dx3d_y3 ~~ IUSI2dx3dy3 and P P ~jP,Ug(ZC~3d)~3 ~jP`USIzd~3dy3
, the terms on the right hand 10 sides of Eqs. ~ (37a) and (37b) which
depend of US can be neglected which leads to the simplified equations
az~J~P(URUS~ +Un'US~x3dy3~ 1 1 ~~ ~Ug~z~3dy3 __-+` P ~~p UR~Z~3d'y3 2 . 2
~~p~UR~2~3dy3 (38a) 1 ~2L~~p~URUB~ +Un#UB~x3dy3~ +~~P~Un~ ~sdys
a2[~~~P~U~Usi -UR#US~3dy3~-1 1 ~~ ~UB~Z~3d~'3 _- -t- - P ~~P~UR~2`~3dYs 2
2,~,~P~Un~2~3dys 15 (38b) 1 ~2[.7~~P~UnUa _UnUa~3d.Y3~ +- , 2 ~` 2 ~~p~Un~
~3dy3 189   ~~4'~ 99I63300 PCT/US99/I I 601 



It is of value to note that the additional gain in the signal-to-noise
ratios for ~~p~URUsx + Ulz*US ~ dx3d~'3 and j~J ~U~US* -Un'US~3dy3 obtained
in going from P 2JJ ~UB~2~3d'~~3 t0 ~~pIITnI2da-3d)~3  ~~nIUB~2~3d3'3 ,J JJ
5 is a factor of approximately ~3j2~. However, this latter gain is made at
the expense of a considerable increase in the power of the source and in
the required dynamic range of the signal processing electronics. Therefore,
the optimum choice for IUR) will typically be with 10 2~~p~U B ~2 ~3d~'3
When the condition expressed by Eq. (39) is satisfied, the statistical
errors given by Eqs. (38a) and (38b) are 15 bounded as expressed in the
following inequalities: 1 a2[~~p~URUS~ +U~~*US~x3dys~ 9 (90a) 2< ~~p~UR~
d'`3dy3 ~ 8 1 a2[~~p~URU~* -Un*Us~3~'3] 9 -c 2 =- . (90b) 2 J~pIURI dx3dJ'3
8 20 It is clearly evident on examination of Eqs. (37a) and (37b) or Eqs.
(38a) and (38b) that apparatus embodying the present invention with its
reduced bacrground from out-of-focus images has intrinsically lower
statistical 19U   WO 99I63300 PCTIUS99II I601 errors for given operating
values of US and U R in relation to prior art confocal interference
microscopy systems. Typically, the signal-to-noise ratios obtained when
using apparatus embodying the present invention will 5 be larger by a
factor of ~3/2}I~2 over that obtained by a confocal interference microscope
not employing the invention disclosed herein. The interpretation of Eqs.
(37a) and (37b), Eqs. (38a) and (38b), and Eqs. (90a) and (90b) is the 10
following: it is possible with the invention disclosed herein to achieve
from a set of four intensity measurements the components of the complex
scattering amplitude such that for each independent position in the object,
the statistical error for each of the components 



15 of the inferred complex scattering amplitude is typically within a
factor of ~3/2~1~2 of the limiting statistical error fixed by the
statistics of the complex scattering amplitude itself, and that the
referred to statistical error can be achieved with lower operating power
levels of 20 the source and lower required dynamic range capacity in the
signal processing electronics in relation to prior art confocal
interference microscopes. The term independent position is used to mean
that the associated sets of four measured intensities are statistically
independent sets. 25 It may be possible to achieve the condition expressed
by Eq. (39) for the first and second~embodiments illustrated in FIGS. la-In
and FIGS. 2a-2f and variant of the first and second embodiments by reducing
the transmission of phase shifter 24 so as to attenuate 30 simultaneously
the scattered probe beam and the out-offocus image beam at the image plane
47. In order to obtain a given signal-to-noise ratio, this attenuation 19l
WO 99/b3300 PCT/US99/11601 procedure may require the increase of the
strength of the light source 10 as the attenuation at phase shifter 29 is
increased. The alternative third and fourth embodiments of the invention
illustrated in FIGS. 3a-31 and FIGS. 4a 5 4f and the variants of the third
and fourth embodiments permits the condition given by Eq. (39) to be
satisfied by adjusting the tr~nsmission/reflection properties of beam
splitters 100, 100a, and 100b relative tQ each other. When either the third
or fourth embodiments are used to 10 meet the condition expressed by Eq.
(39), the light source 10 or 10a may in general be operated at lower power
levels relative to that required by the above described attenuation
procedure based on the reduction of transmission of phase shifter 24. 15
The signal-to-noise ratio may be adjusted as a function of the wavelength
of the source optical frequency components so as to generate for example a
signal-to-noise ratio that is to first order independent of wavelength.
This feature was described in the section presenting the 20 detailed
description of the first embodiment. As stated in the cited description,
the amplitude of the wavelengthfiltered, spatially-filtered scattered probe
beam P42D normalized to the corresponding optical frequency component of
the amplitude of the probe beam P22D'prior to 25 entry into object material
112 will generally change with wavelength due to enunciated factors. Also
the ratio of the amplitude of the wavelength-filtered, spatially filtered
scattered probe beam P42D to the amplitude of the wavelength-filtered,
spatially-filtered background beam 30 B62D will generally decrease as the
depth of image point 28 into the object material 112 is increased. The
effects 



of such factors on the signal-to-noise ratio may be compensated in part by
placing a wavelength filter in 192   ~'~'O 99l63300 PCTNS991116U1 reference
mirror subsystem 83 and/or in noise ratio may be compensated in part by
placing a wavelength filter in reference mirror subsystem 83 and/or in the
probe beam subsystem 82, preferably in reference mirror subsystem 83, 5 and
constructing the transmission of the wavelength filter to have a specific
wavelength dependence to adjust and/or optimize the ratio of the
wavelength-filtered, spatiallyfiltered scattered probe beam P42D and the
wavelength filtered, spatially-filtered reflected reference beam R42D 10
transmitted through respective detector pinholes for different wavelengths
so as to satisfy the condition expressed by Eq. S39). SYSTEMATIC ERROR DUE
TO OUT-OF-FOCUS IMAGES 15 Eqs. (35a) and (35b) can be used in conjunction
with measured values of 4I1, 412 , and IURlexp~j~~n -~s,o~~ to obtain
measurements of the real and imaginary parts of Us. The quantity
,Unlexp~j~~~n-~s,o~~ may be determined for example by 20 the method
described in section entitled "Properties of Fourier Transformed Scattering
Amplitude". There remains the potential systematic error terms, ~~
~UnUB~+Un~UB~~3dy3 ~ (41a) P 25 ~~P~URUB~ -U~*U~~~3d3'3 ~ (41b) These
systematic error terms can be significant when ~UBI :~ IUsI. Consequently,
it is desirable for the 30 interference terms expressed by Eqs. (41a) and
(41b) to be 193 



1'VO 99/63300 PCT/US99/1 160I compensated to an acceptable level. The
compensation for the f J ~UIZUB* -~-UR*UB~d~3dy3 and P ~J ~URU~*
-UR`UB~C~i:3CI~~3 terms in the invention disclosed F herein requires in
general much less in the way of 5 computer processing than that required in
prior art confocal interference microscopy. This is because the spatial
properties of U~ depend on the scattering properties of the three
dimensional object 112 under examination and therefore on US through an
integral 10 equation. These integral equations, Eqs. (35a) and (35b), are
Fredholm integral equations of the second kind. The computer processing
required to perform the inversion of the respective integral equations to
obtain US decreases when the f JF(URUB~ +U~'UB)dx3dJ'3 and ~~P~UnUB'
-UR'UB)dx3d~'3 15 terms are reduced such as in apparatus which embodies the
present invention. Generally, the rate of decrease in the required computer
processing is faster then the rate of reduction of the J~ (URUB~
+URsUB)ax3d3'3 and P ~~ (U~UB* U~rtTJg~dxsdy3 terms . F 20 For those
interferometric measurements where the mutual interference terms the
JJP~USUB* -~-US*UB~dx3d~~3 term is not compensated in contrast to that in
apparatus embodying the present invention, the integral equations
corresponding to Eqs. (35a) and (35b) are nonlinear 25 integral equations:
they are integral equations that are second order in US. Nonlinear integral
equations require in general considerably more sophistication in regards to
the computer hardware and software for their solution than l99   WO
99/63300 FCTIUS99/11601 do linear integral eguations. Thus, the
transformation by apparatus embodying the present invention from working
with a f fP(USUB* tU,S'U~)dx3d~~3 term to ~fp(U~U~* +UR"Up~dr3dy3 and ~J
(URUa* -U~*Ug~dx3dy3 terms represents an important P 5 feature of the
invention in relation to prior art pinhole confocal microscopy. Note also
that the reduction of the systematic error due to the background signal ~~
IU~Izdx3dy3 is complete in P apparatus embodying the present invention in
contrast to 10 that achieved with the prior art pinhole confocal
microscope. 



BROADBAND OPERATION 15 One of the significant features of the invention is
that the enhanced reduction of the effects of background from out-of-focus
images is operative when source 10 is a broadband source as required for
the simultaneous imaging of multiple image point in the axial direction of
probe 20 lens 46. For the discussion of this feature, it is assumed for
simplicity in the present disclosure that the aberration functions W = 1
and that there is no apodization of the pupil functions P~, i.e. no
apodization of the phase shifters 14, 24, 34, 34a, and 44. Those 25 skilled
in the art will appreciate that when apodization is employed to modify the
resolution, for example, the resulting mathematical expression for USw3~
will be more complicated, but nonetheless will generally retain the
important features with regards for example to its 30 symmetric or
antisymmetric spatial properties. 195   ~VU 99I63300 f CT/US99/I 1601 The
integration of Eq. (9) under the simplifying assumptions enunciated in the
preceding paragraph and for the case of Level 1 discrimination yields
Us~~2)= 2 ' d CRiTi)1~2 f A(~~W C) o x j~sihc~~a'/2do~uo-ul~~ 5 x sin~m~uo
-vi~~ a~~,o~t~~o~~~o~ ( 92 ) m sin ~~1/2~uo - ul ~~ xsinc~~a'/2do~u2 -uo~
~5in~r~r~u2 -uo~~ m sin {u2 - uo~ x sin ~~1~2~u2 - uo~~exp( j2kis ~duodzo
where io has been replaced by zs, a' and do are the width and the center to
center distance, respectively, of the elements in phase shifters 14, 24,
34, and 34a and 10 sincx=~sinx~/~:. The N~~ dependence has been suppressed
since it is not relevant in Level 1 discrimination to the reduction of the
background from out-of-focus images, the spatial properties of USw2~ in the
u2 direction being arranged so as to obtain an enhanced reduction of the 15
wavenumber-filtered, spatially-filtered background beam and as a
consequence, a potential source of limitation on a broadband operation. The
corresponding expression for the amplitude of the 



reflected reference beam URw2~ is 20 196   WO 99I63300 FCTIUS99/11601
Ulzwz~= 2 ~d (TiRl~1/z~~'~~,~~vi o x Jsinc~~a'~2do~uo-ul~~ sin~nr~uo - ul
~~ ~ ( 4 3 ) x sin c~~a /2do ~u z - a o ~~ m sin ~~1~2~uo - a 1 ~~ x
sin~m~u2 -vo~~ sin~~l/2~uz -uo~~exp~j2l~~~duo rrrsin~u2 -uo~ where zo has
been replaced by zn. Lets consider the special case where a' = do . Eqs . 5
(42) and (43) reduce for the special case to Us~t'2)=~2~~~1T1)~2~A~~'Z~yf
2smc~m~uo-un~ xawo~wo~~~'o~ ( 49 ) xsincl~l~2~u2-uo~ sin~m~uz-uo~~ l
msin~u2 -vo~ xsin~~l~2~uz-uo~~exp~.j?yczs~duodzo , UHwa~=~2~~TiRnl~2 f AwW
j2sinc~rn~uo-uu~ x sinc~~l/2~u2 - uo~~5in~m~u2 - vo~~ ( 4 5 ) msin~uZ -uo~
xsin~~1/2Xu2 -uo~~exp(j2kzn~duo , 10 respectively. The integration over uo
in Eq. (95) can be performed with the result 



197   1V0 99I6330(1 PCTILJS99I11601
U~~`,2~=~2~~T1R1yI2~At~~nll~n~sincL(1/2Xuz -ul}3 x sin~m~uz -ul~~ (46)
msin~u2 -ul~ xsin~~l~2~u2 -ul~~exp~j2k~~~Clu1 An example of U R~~2~ is
shown in FTG. 7 for a two element phase shifting system (m=l~ as a function
of ~x2kdo~f~ for 5 y2=0, z2=0, and ul=0_ The antisymmetric spatial
distribution of U R w2~ about ul is clearly exhibited in Eq. (46) through
the factor sin~~l~2~u2-ul~~ . The spatial distribution of UStv2~ will in
general display similar behavior since Eq. (49) is 10 of the same
mathematical structure as Eq. (45). Tt is this antisymmetric spatial
distribution which is exploited in the preferential reduction of the
amplitude of the background from out-of-focus images. From system
properties such as exhibited in Eq. (96), 15 it is evident that for USw2~
given by Eq. ( 44 ) , a high sensitivity is maintained far the in-focus
image as long as the phase ~u2- ul~ meets the condition that ~~uz - un~ 2m
20 (47) where ~c~~g~~Z is the variance of argument g . Contributions to the
signals for given values of ~u2-ul~ have a hyperbolic relationship between
~x2-xl~~f and k , ~u2 -ul~ being proportional, to k~x2 - rl~~f . 25
Therefore a restriction may be placed on k so that the 198   WO 99l63300
PCTIUS99/1160I 



corresponding allowed values of k and ~x`-xl~~_f will permit Eq. (47) to be
satisfied and an image to be obtained with the detector that will yield an
improved signal-to-noise ratio (with respect to strength of in s focus
signals relative to strength of out-of-focus signals). From Eq. (47), we
obtain the relationship z o ~2 ~a~~x2 - xi ~~.f ~~2 + ~kd o ~ ~~x2 - Xi
~~.f r C k (48) 2 C ( 2m, 10 Choosing for the discussion presented here to
operate in a mode where each of the two terms on the left hand side of Eq.
(48) contribute equally to the left side, we have ~~'o ~~~x2 - xi ~~.f ~ S
232 m ( 9 9 ) 15 and ~~o X~x2 - xi Il f k s 232 m. . ( 5 0 ) An equation is
obtained for ~a~~k~ by combining Eq. (50) with the equation 20 ~u 2 - v i ~
_ ~~o lx3 - Xo ~~.f ~ = rn , r = 1, 3, ~. . , ( 51 ) where r~ represents
the subset of values of ~u2-ul? which give rise to peaYs in the factor 25
l99   VVO 99I6330(1 sin~m~uz -ul~~ nrsin~u2-ul~ The result is (52) 5 C6A~ ~
3z ~ ' (53) k 2 ~ nrr Tt is evident from Eq. (53) that apparatus embodying
the present invention is effective for relatively broadband operations in
~, . For example, ~6~ ~k~ < 0.35 for 



10 m = 1 and r = 1 and ~6k ~k~ < 0.18 for m = 2 and r = 1 . There is a
limitation on the range of the values of r that may be effectively used.
This limitation comes from consideration of signal-to-noise ratio. For each
peak in the factor given by Eq. (52) that contributes to 15 the observed
signal, there is an improved signal strength. However, as the number of
peaks included is increased and thus the maximum value of r, r~;~, is
increased, the bandwidth on k must be reduced according to Eq. (53). There
is also a restriction on the spacing between 20 source pinholes when using
Level 2 discrimination in either the second or fourth embodiments of the
present invention and the respective variations to the detailed
descriptions of the second and fourth embodiments. This restriction cars be
obtained using an analysis similar to 25 the type of analysis of the
section on broadband operation. From system properties such as exhibited in
Eq. (96) , it is evident that a high sensitivity for USw2 is maintained for
the in-focus image as long as I'CTIUS99l11601 200   ~1~0 99I63300
fCTIUS99/11601 bvl ~. 9>t (54) where 8v1 is the spacing between contiguous
pinholes of the respective linear array source of pinholes. 5 Note that the
right hand side of the constraints expressed by Eqs. (49) and (50) do not
depend explicitly on xl or yl. Thus, apparatus embodying the present
invention is affective for point like sources with no intrinsic restriction
on the range of values for xl and 10 yl . OBSERVING THROUGH A TURBID MEDIUM
.Another significant feature of the invention 15 disclosed herein is that
the enhanced reduction of the effects of background from out-of-focus
images can be operative when observing through a turbulent medium. The
impulse response function hA~~~ for observing through a turbulent medium is
20 hA.h~ = IrA* h~~ ( 55 ) 



where Irk is the impulse response function for the apparatus when observing
through non turbulent medium, hJ,,l 25 is the impulse response function
for,the turbulent medium, and * denotes the convolution of 1rA and IrM. The
Fourier transform F(Ir~* lrh~~ of h,q* h~~ is F(hAM ~ = F(h,~ ~F(lr~~ ~ . (
5 6 ) 30 20l   V1'O 99/63300 PCTIUS99/I 1601 The impulse response function
h~f is very well represented by a Gaussian distribution ( _ lz ( ~ lz
hh~~~'C-vnrl- 1 e7C~l - `UC uml '+'~~I'C-nr' (57) 2~a 2a 5 where az is the
variance of hhl. The Fourier transform F~h~~~ of h~~ is given by F~h~~ ~ =
exp - q ~ q62 2 10 (58) where q is the angular spatial frequency vector
conjugate to v. The lowest frequency peak in h,g is located at the
frequency 15 q = 2~~do ~~,~ (59) It is apparent from Eqs. (56) and (58)
that a'relatively large value for h~~~~ is maintained at q = ~do ~7~? when
2 0 F~h,~~~ z (1/e~ ( 60 ) or 9 . 1a2 < 1 



(61) 2 25 Using equations (59) and (61), it follows that the values . of do
that can be used are constrained by the condition 202   CVO 99/63300 do S ~
~n6 PCTlUS99/1 I601 (62) Thus, it is possible to configure the tomographic
5 imaging system embodying the present invention to maintain a relatively
high sensitivity for spatial frequencies below the cut off frequency
imposed by Ir~~. In accordance with the present in~Tention it is recognized
that for a reference beam amplitude of 10 arbitrary spatial properties, the
interference term between the amplitudes of the background light (i.e., the
out-of-focus return probe beam) and the reference beam may dominate
generation of undesired systematic errors and be . important in generation
of undesired statistical errors. 15 The interference term between the
amplitudes of the background light and the reference beam is reduced in the
above embodiments of the invention because of the antisymmetric spatial
properties produced in the reference beam by phase shifting. Since this
interference term is 20 reduced, it does not cause generation of
unacceptably large systematic errors and statistical errors in data
produced by each pixel of multi-pixel detector. It is also recognized that
the amplitude of the wavenumber-filtered, spatially-filtered reflected 25
reference beam and the interference term between the wavenumber-filtered,
spatially-filtezed reflected referenc:E beam and the wavenumber-filtered,
spatiallyfiltered scattered probe beam (i.e., the "desired signal") are
related. The reference beam is detected as the square 30 of the amplitude
of the wavenumber-filtered, spatiallyfiltered reflected reference beam.
The.wavenumberfiltered, spatially-filtered scattered probe beam is 203   WO
99I63300 1'CT/L1S99/11b01 detected as the interference term between the
wavenumberfi.ltered, spatially-filtered reflected reference beam and the
wavenumber-filtered, spatially-filtered scattered probe beam, i.e., the
amplitude of the wavenumber 5 filtered, spatially-filtered scattered probe
beam multiplied by the amplitude of the wavenumber-filtered,
spatially-filtered reflected reference beam. The detected
wavenumber-filtered, spatially-filtered reflected reference beam and the
detected wavenumber-filtered, 



10 spatially-filtered scattered probe beam therefore are related, because
the amplitude of the wavenumber-filtered, spatially-filtered reflected
reference beam is present in each. This relationship makes the
determination of properties of the object material from such interference
15 term more statistically accurate. Consequently, accurate
characterization of the object material can be obtained from data produced
by the multi-pixel detector in response to the interference term between
the wavenumber-filtered, spatially-filtered reflected reference beam and
the 20 wavenumber-filtered, spatially-filtered scattered probe beam. This
is because the statistical accuracy acquired for a given pixel of the
multi-pixel detector is limited by the number of photoelectrons produced in
the pixel in response to the square of the amplitude of the wavenumber 25
filtered, spatially-filtered scattered probe beam, but not in response to
either the square of the amplitude of the wavenumber-filtered,
spatially-filtered reflected reference beam or the square of the amplitude
of the wavenumber-filtered, spatially-filtered background beam. 30 It will
be further appreciated by those skilled in the art that alternative and/or
additional optical elements and detectors may be incorporated into one of
the disclosed embodiments of the present invention. For 209   ~~1'O
99I63300 PCT/US99/1160t example, polarizing beam splatters alternatively
may be used and or used with additional phase shifting elements to alter
the properties of the radiation used to probe the object material. ~1
further example would be the addition 5 of a detector to monitor the
intensity of the light source. These and other obvious modifications may be
introduced without departing from the spirit and scope of the present
invention. It should also be appreciated that phase shifter 34 10 could be
omitted for example in FIGS. la-1n, in which case the image of point light
source 8 produced at image point 3B in the image plane 37 will be different
than described above although the image of point light source 8 produced by
the reflected reference beam at image point 48 in the 15 image plane 47
will not be altered substantially from that described above. Nonetheless,
the above described cancellation of out-of-focus images would be achieved.
Similarly, phase shifter 34 could be omitted in FIGS. 2a2f and phase
shifters 34 and 34a could be omitted in FIGS. 20 3a-31 and 4a-4f. . It
should also be appreciated that spatial configurations of the phase shifter
elements of phase shifters 14, 24, 34, and 34a may be different from that
described above and/or apodized as long as the spatial 25 distribution of
the amplitude of the reflected reference beam in the single pixel detector
plane produces a substantially spatially antisymmetric distribution.
However, the ?.mage data produced by the multi-pixel detector may need to
be processed slightly differently for 30 the above described embodiments of
the invention to produce the desired tomographic image of the object
material 112. . 205   1V0 99163300 PCTllJS99111601 It will be appreciated
by those slcilled the art that the interferometers of the embodiments and
variants thereof described herein can be configured as confocal
interferometric microscopy instruments functioning in the 5 transmission
mode without departing from the scope and spirit of the present invention.
The transmission mode may be a preferred mode of operation for certain
reading and writing modes of the present invention such as when detecting
changes in polarization state of a probe beam. 10 It should further be
appreciated that the interferometers of the embodiments described above
could 



be of the polarizing type, for example for the purpose of probing the
object material 112 with polarized light or for increasing the throughput
of light through the 15 interferometer to the single or multi-pixel
detector. However, an additional optical element such as a polarizing beam
splitter will need to be added to the apparatus described above for the
purpose of mixing the reflected reference beam and the scattered probe beam
at 20 the single or mufti-pixel detector. 206   WO 99/6330U PCT/US 99/ 1 I
60I 1. A method for discriminating an in-focus image of a region ~~~ithin
and,/or on an object from an out-of-focus image so as to reduce errors in
image information of the object, comprising the steps of. 5 (a) producing a
probe beam and a reference beam from a monochromatic point source; (b)
producing antisymmetric spatial properties in the reference beam; (c)
producing an in-focus return probe beam by 10 directing the probe beam to
an in-focus image point within or on the region; (d) producing
antisymmetric spatial properties in the in-focus return probe beam; (e)
interfering the reference beam of step (b) 15 with a beam from an
out-of-focus image point; (f) interfering the reference beam of step (b)
with the in-focus return probe beam of step (d); (g) detecting an amplitude
of the in-focus return probe beam as an interference term between the
reference 20 beam of step (b) and the in-focus return probe beam of step
(d) by means of a detector system, an amplitude of an interference term
between an amplitude of the out-of-focus image beam and an amplitude of the
reference beam of step (b) being substantially reduced, to reduce errors in
data 25 produced by the detector system to represent the image information.
207   2. The method of claim 1 wherein the point source is a point on a
monochromatic line source. 3. The method of Claim 1 wherein the object is a
semiconductor wafer. 5 4. The method of Claim 1 wherein the object is a
biological substance. 



5. A method for discriminating an in-focus image of an information-bearing
region within an optical disk from an out-of-focus image so as to reduce
errors in reading 10 information represented by the information-bearing
region within the optical disk, comprising the steps of: (a) producing a
probe beam and a reference beam from a monochromatic point source; (b)
producing antisymmetric spatial properties in 15 the reference beam; (c)
producing an in-focus return probe beam by directing the probe beam to an
in-focus image point within the information-bearing region; (d) producing
antisymmetric spatial properties in 20 the in-focus return probe beam; (e)
interfering the reference beam with a beam from an out-of-focus image
point; (f) interfering the reference beam with the infocus return probe
beam; 208   (g) reducing systematic and statistical errors in data produced
by the detector to represent the information being read by detecting i. the
reference beam as a nonlinear 5 function of an amplitude of the reference
beam, and ii. the in-focus return probe beam as an interference term
between a reference beam and the in-focus return probe beam by means of a
detector, an amplitude of an interference term 10 between an amplitude of
the out-of-focus image beam and an amplitude of the reference beam being
substantially reduced, [to reduce errors in data produced by the detector
to represent the information being read.] 6. A method for discriminating an
in-focus image of a 15 region within and/or on an object from an
out-of-focus image so as to reduce errors in image information of the
object, comprising the steps of: (a) producing a probe beam and a reference
beam from a broadband point source; 20 (b) producing antisymmetric spatial
properties in the reference beam; (C) passing the probe beam through a
first dispersal element to convert the probe beam to a beam focused to a
line in and/or on the object; 25 (d) producing an in-focus return probe
beam; (e) producing antisymmetric spatial properties in 209  



CVO 99I63300 the in-focus return probe beam; PC'TILfS991I 1 G01 (f)
spatially filtering the in-focus return probe beam of step (e); (g) passing
the spatially filtered in-focus 5 return probe beam through a second
dispersal element to convert it to a beam focused to a line in a detector
plane of a detector system; (h) spatially filtering the reference beam of
step (b) ; 10 (i) passing the spatially filtered reference beam through the
second dispersal element to convert it to a beam focused to the line in the
detector plane; (j) spatially filtering a beam from an out-offocus Image
point; 15 (k) passing the spatially filtered beam from the out-of-focus
image point through the second dispersal element to convert it to a beam
focused to the line in the detector plane; (1) interfering the focused
spatially filtered 20 reference beam of step (i) with the focused spatially
filtered beam of step (k) from the out-of-focus image point; (m)
interfering the focused spatially filtered reference beam of step (i) with
the focused spatially filtered in-focus return probe beam of step (g); and
25 (n) detecting an interference term between the focused spatially
filtered reference beam of step (i) and 210   WO 99/b3300 f CT/US99J1160l
the focused spatially filtered in-focus return probe beam of step (g) by
means of the detector system, an amplitude of an interference term between
an amplitude of the focused -spatially filtered out-of-focus image beam of
step (k) and 5 an amplitude of the focused spatially. filtered reference
beam of step (i) being substantially reduced, to reduce errors in data
produced by the detector system to represent the image of the object. 7.
The method of Claim 6 wherein the point source is 10 a point on a broadband
line source. 



8. The method of Claim 6 wherein step (c) includes passing the probe beam
through at least one grating, wherein the line is substantially parallel to
a surface of the obj ect . 15 9. The method of Claim 6 wherein the line is
substantially perpendicular to a.surface of the object. 10. The method of
Claim 6 including performing Fourier transforms on the data produced by the
detector system. 11. The method of Claim 6 wherein the object is a 20
semiconductor wafer. 12. The method of Claim 6 wherein the object is a
biological. substance. 211   WO 99I63300 PCTItJS99/11601 13. The method of
Claim 6 wherein the object is an optical disc and tile region is an
information-bearing region in and/or on the optical disk. 14. A method for
discriminating an in-focus image of a 5 region within and/or on an object
from an out-of-focus image so as to reduce errors in image information of
the object, comprising the steps of: (a) producing a probe beam and a
reference beam from a broadband point source; 10 (b) producing
antisymmetric spatial properties in the reference beam; (c) converting the
probe beam to a beam focused to a line in and/or on the object; (d)
producing an in-focus return probe beam; 15 (e) producing antisymmetric
spatial properties in the in-focus return probe beam; (f) spatially
filtering the in-focus return probe beam of step (e); (g) passing the
spatially filtered in-focus 20 return probe beam through a dispersal
element to convert it to a beam focused to a line in a detector plane of a
detector system; (h) spatially filtering the reference beam of step (b) ;
212 



~'VO 99/633(>0 1'CT/US99/1 I 601 (i) passing the spatially filtered
reference beam through the dispersal element to convert it to a beam
focused to the line in the detector plane; (~) spatially filtering a beam
from an out-of 5 focus image point; (k) passing the spatially filtered beam
from the out-of-focus image point through the dispersal element to convert
it to a beam focused to the line in the detector system; 10 (1) interfering
the imaged spatially filtered reference beam of step (i) with the focused
spatially filtered beam from the out-of-focus image point of step (k); (m)
interfering the focused spatially filtered reference beam of step (i) with
the focused spatially 15 filtered in-focus return probe beam of step (g);
and (n) detecting an interference term between the focused spatially
filtered reference beam of step (i) and the focused spatially filtered
in-focus return probe beam of step (g) by means of the detector system, an
amplitude of an 20 interference term between an amplitude of the focused .
spatially filtered out-of-focus image beam of step (k) and an amplitude of
the focused spatially filtered reference beam of step (i) being
substantially reduced, to reduce errors in data produced by the detector
system to represent 25 the image of the object. 15. The method of Claim 14
wherein the point source is a point on a broadband line source. z13   CVO
99I63300 PCTIUS99111601 16. The method of Claim 14 wherein the object is a
semiconductor wafer. 17. The method of Claim 14 wherein the object is a
biological substance. 5 18. The method of Claim 14 wherein the object is an
optical disk and the region is an information-bearing region in and/or on
the optical disk. 19. The method of Claim 14 wherein step (c) includes
passing the probe beam through at least one grating, wherein 10 the Line is
substantially parallel to a major surface of the object. 



20. The method of Claim 14 wherein the line of step (c) is substantially
perpendicular to a major surface of the object. 15 21. The method of Claim
14 including performing Fourier transforms on the data produced by the
detector system. . 22. An interferometry system for discriminating an
infocus image of a region within and/or on an object from an 20
out-of-focus image so as to reduce errors in image information of the
object, comprising: (a) a point source producing a probe be~n7~and a zn;
WU 99l63300 reference beam; PGTlUS99111601 (b) a first phase shifter
producing antisymmetric spatial properties in the reference beam; (c) a
first beam guiding apparatus producing an 5 in-focus return probe beam by
directing the probe beam to an in-focus image point within or on the
region; (d) a second phase shifter producing antisymmetric spatial
properties in the in-focus return probe beam; to (e) antisymmetric probe
beam to with a beam f interfere the 15 antisymmetric a second beam guiding
apparatus guiding the reference beam and the antisymmetric in-focus
interfere the antisymmetric reference beam rom an out-of-focus image point
and to antisymmetric reference beam with the in-focus return probe beam;
(f) a detector system detecting an interference term between the
antisymmetric reference beam and the antisymmetric in-focus return probe
beam, an amplitude of an interference term between an 20 amplitude of the
out-of-focus image beam and an amplitude of the antisymmetric reference
beam being substantially reduced, to reduce errors in data produced by the
detector system to represent the image information. 23. The interferometr-y
system of Claim 22 wherein the 25 point source is a point of a line source.
215 



WO 99I63300 rrrn~s99n ~bo~ 24. The interferometry system of Claim 22
wherein the point source is a monochromatic point source. 25. The
interferometry system of Claim 22 wherein the point source is a broadband
point source. 5 26. An interferometry system for discriminating an infocus
image of a region within and/or on an object from an out-of-focus image so
as to reduce errors in image information of the object, comprising: (a) a
point source producing a probe beam and a l0 reference beam; (b) a first
phase shifter producing antisymmetric spatial properties in the reference
beam; (c) a first dispersal element and a first beam guiding apparatus
passing the probe beam through the first 15 dispersal element to convert
the probe beam to a beam focused to a line in and/or on the object and
thereby produce an in-focus return probe beam; (d) a second phase shifter
producing antisymmetric spatial properties in the in-focus return 20 probe
beam; (e) a spatial filter spatially filtering the antisymmetric in-focus
return probe beam; (f) a second dispersal element and a second beam guiding
apparatus passing the spatially filtered 25 antisymmetric in-focus return
probe beam through the second 226   WO 99/63300 PCT/LIS991111601 dispersal
element to convert it to a beam focused to a line in a detector plane of a
detector system; (g) the spatial filter spatially filtering th
antisymmetric reference beam; 5 (h) the second beam guiding apparatus
passing the spatially filtered antisymmetric reference beam through he
second dispersal element to convert it to a beam focused to the line in the
detector plane; (i) the spatial filter spatially filtering a ~eam ~0 from
an out-of-focus image point; (j) the second beam guiding apparatus passing
the spatially filtered beam from the out-of-focus image poin through the
second dispersal element to convert it to a eam focused to the line in the
detector plane; and 



15 (k) the detection system detecting an interference term between the
focused spatially filtered antisymmetric reference beam and the focused
spatially filtered in-focus antisymmetric return probe beam, an amplitude
of an interference term between an 20 amplitude of the focused spatially
filtered out-of-focus image beam and an amplitude of the focused spatially
filtered antisymmetric reference beam being substantially reduced, to
reduce errors zn data produced by the detecto system to represent the image
of the object. 25 27. The interferometry system of Claim 26 wherein point
source is a point of a line source. 217   \v0 99I63300 rcrms99~ i i 28. The
interferometry system of Claim 26 wherein the point source is a
monochromatic point source. 29. The interferometry system of Claim 26
wherein the point source is a broadband point source. 5 30. An
interferornetry system for discriminating an infocus image of a region
within and/or on an object from n out-of-focus image so as to reduce errors
in image information of the object, comprising: (a) a point source
producing a probe beam and 10 reference beam; (b) a first phase shifter
producing antisymmetric spatial properties in the reference beam; (c) a
focusing apparatus converting the probe beam to a beam focused to a line in
and/or on the object to 15 produce an in-focus return probe beam; (d) a
second phase shifter producing antisymmetric spatial properties in the
in-focus return probe beam; (e) a spatial filter spatially filtering the
~n20 focus antisymmetric return. probe beafi; (f) a dispersal element and a
beam guiding apparatus passing the antisymmetric spatially filtered i focus
return probe beam through the dispersal element to convert it to a beam
focused to a line in a detector pla a 25 of a-detector system; 218   WO
99I63300 PCTIUS99/1 I (S01 



(g) the spatial filter spatially filtering th antisymmetric reference beam;
(h) the beam guiding apparatus passing the spatially filtered antisymmetric
reference beam through he 5 dispersal element to convert it to a beam
focused to tile line in the detector plane; (i) the spatial filter
spatially filtering a ~eam from an out-of focus image point; (j) the beam
guiding apparatus passing the 10 spatially filtered beam from the
out-of-focus image point through the dispersal element to convert it to a
beam focused to the line in the detector system; and (k) the detector
system detecting an interfere ce term between the focused spatially
filtered antisymmetric 15 reference beam and the focused spatially filtered
in-focu antisymmetric return probe beam, an amplitude of an interference
term between an amplitude of the focused spatially filtered out-of-focus
image beam and an amplitude of the focused spatially 20 filtered
antisymmetric reference beam being substantially reduced, to reduce errors
in data produced by the detecto system to represent the image of the
object. 31. The interferometry system of Claim 30 wherein t point source is
a point of a line source. 25 32. The interferometry system of Claa.m 30
wherein t~e'. point source is a broadband point source. 219   WO 99l63300
PCTIUS991116Q 1 33. A lithography system for use in. fabricating integrated
circuits on a wafer, the system comprising: (a) a stage for supporting the
wafer; (b) an illumination system for imaging spatially 5 patterned
radiation onto the wafer; (c) a wafer including alignment regions withi
and/or on the wafer; (d) a laser-gauge-controlled positioning syst for
adjusting the position of the stage relative to the 10 imaged radiation;
(e) an interferometry system for discriminatin an in-focus image of a
region within and/or on an object from an out-of-focus image so as to
reduce errors in imag information of the object connected with the
laser-gauge 15 controlled positioning system for measuring the relative
positions of the alignment regions. 



34. The lithography system of Claim 33 wherein the interferometry system
includes the interferometry system f Claim 22. 20 35. The lithography
system of M aim 33 wherein the interferometry system includes the
interferometry system f Claim 26.  zzo   WO 99l63300 PCTIUS991I I 601 36.
The lithography system of Claim 33 wherein the interferometry system
includes the interferometry system of Claim 30. 37. A metrology system for
use in inspecting an 5 integrated circuit pattern on a wafer during
integrated circuit fabrication, the system comprising: (a) a stage for
supporting the wafer; (b) a laser-gauge-controlled positioning system for
adjusting a relative position of a region within and/or 10 on the pattern;
(c) an interferometry system for discriminating an in-focus image of the
region within and/or on the pattern from an out-of-focus image so as to
reduce errors in image information of the pattern. 15 38. The metrology
system of Claim 37 wherein the interferometry system includes the
interferometry system of Claim 22. 39. The metrology system of Claim 37
wherein the interferometry system includes the interferometry system of 20
Claim 26. 40. The metrology system of Claim 37 wherein the interferometry
system includes the interferometry system of Claim 30. 221   WO 99!633Q0
PCTNS99111601 41. A metrology system for use in inspecting a pattern in a
mask used during integrated circuit fabrication, the system comprising: (a)
a stage for supporting the mask; 5 (b) a laser-gauge-controlled positioning
system for adjusting a relative position of a region within and/or on the
mask; (c) an interferoinetry system for discriminating an in-focus image of
the region within and/or on the region 



10 within and/or on the mask from an out-of-focus image so as to reduce
errors in image information of the pattern. 42. The metrology system of
Claim 41 wherein the interferometry system includes the interferometry
system of Claim 30. 15 43. The metrology system of Claim 41 wherein the
interferometry system includes the interferometry system of Claim 26. 44.
The metrology system of Claim 41 wherein the interferometry system includes
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