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(57) Abstract

A confocal scanning microscope includes a light source which provides a light beam and scanning optics which sweep the light beam
across the surface of a sample. Light from the surface or interior of the sample passes through a pinhole lens which focuses the light on a
pinhole for detection by an optical detector. An image of the surface may be scanned using the optical detector. An optical element (42)
is inserted in a detection arm of the confocal microscope. The optical element (42) provides angular magnification and natural divergence
to the beam from the surface of the sample.
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HIGH RESOLUTION CONFOCAL MICROSCOPE

BACKGROUND OF THE INVENTION

The present invention relates to optical microscopes. More specifically, the
invention relates to confocal scanning optical microscopes.

Confocal scanning optical microscopes are known in the art and offer a
number of advantages over traditional optical microscopes. One main advantage of a
confocal scanning microscope is that it provides optical sectioning of a sample
because it attenuates light which is not in focus. Thus, only light which is in focus
contributes to the final image.

In a scanning confocal microscope, a beam is swept across a surface of a
sample. The light which emanates from the sample (e.g., reflected from, emitted
from or transmitted through) is directed towards a pinhole. Light that is in focus
passes through the pinhole and onto an optical detector. As the beam is scanned
across the surface of the sample, the output from the optical detector can be

accumulated and formed into an image of the scanned surface.

SUMMARY OF THE INVENTION

The present invention includes a confocal scanning microscope. The
microscope includes a light source providing a light beam and scanning optics which
sweep the light beam across a surface of a sample. Light emanating (i.e., reflected
from, emitted from or transmitted through) the surface passes through a pinhole lens
which focuses the light on a pinhole for detection by an optical detector to thereby
form an image of the object. An optical divergence element is inserted in the optical
path and causes the light emanating from the sample to diverge and thereby cover an

increased area of the pinhole lens.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a simplified diagram of a prior art confocal microscope.

Figure 2 is a "unfolded" diagram of the microscope of Figure 1.
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Figure 3 is a simplified diagram of the detection arm of the confocal
microscope of Figure 1.

Figure 4 is a simplified diagram of an elongated prior art detection arm of a
confocal microscope.

Figure 5 is a simplified diagram of a detection arm of a confocal microscope
including an optical element inserted in the detection arm in accordance with one
aspect of the invention.

Figure 6A is a side view of scanning optics in a confocal microscope.

Figure 6B is a perspective view of the scanning optics.

Figure 6C is a simplified view of a confocal microscope having scanning
optics in accordance with one aspect of the invention.

Figure 7 is a graph of intensity versus lateral position for a resolution target
scan with a confocal microscope.

Figures 8 and 9 are graphs of contrast versus spacial frequency of confocal
microscopes illustrating improvements provided by the present invention.

Figure 10 is a simplified diagram showing divergence of the beam in the
detection arm of a confocal microscope in accordance with one aspect of the present

invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention provides a scanning confocal microscope. One aspect
of the invention includes increasing resolution by more than a factor of three. The
invention includes the placement of additional optical components in a return path of
the microscope to increase rejection of off-axis light (i.e., light coming from a point
away from where the probe beam is focused). This is done by increasing the angle
between the beam and the optical axis and by increasing the natural divergence of the
beam to better fill the pinhole lens to provide for a smaller focused spot at the plane
of the pinhole.

Figure 1 is a simplified diagram of a prior art infinity-corrected confocal
microscope 10 (or Type II microscope, after Wilson and Sheppard) focused on a
sample 8. Such a microscope has a parallel beam path between a source 12, spatial

filter 14, beam splitter 16, scanning optics 18 and objective lens 20. Scanning optics
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18 and objective lens 20 focus light onto sample 8, one point at a time. The light
emanating from sample 8 is collected and focused towards pinhole 24 according to
known techniques. Light from an in-focus and on-axis point will be focused through
the detection pinhole 24 and detected by detector 26. Light from points which are
out-of-focus and/or off-axis will be focused away from pinhole 24 and not detected.
Figure 2 is an "unfolded" simplified diagram of microscope 10 and return path or
arm 30 in which the present invention is employed. In subsequent figures, only the
return path portion of the microscope is discussed.

The present invention relates to the portion of the beam path from objective
20 to the detector 26, i.e., return path or arm 30. To understand how microscope 10
detects the light, consider an on-axis point object, i.e., one which is in the center on
the spot illumination on specimen 8. There is a decrease in the signal at detector 26
as the point object is moved off-axis. The variation of detected signals with point
object offset is defined as the point-spread function (PSF). The narrower the PSF the
higher the lateral resolution.

Figure 3 shows arm 30 and illustrates that the tilt of beam 32 away from optic
axis 34 determines the shift of the spot on pinhole 24, and is directly related to the
amount of offset of the point object from optic axis 34. Additionally, the tilt results
in a small lateral shift in beam 32 on pinhole lens 22. However, in the prior art this
has been ignored as negligible because typical microscopes use relatively short beam
paths. In a microscope with a very long beam path (i.e., meters instead of
centimeters), such effects cannot be ignored. As shown in Figure 4, by greatly
lengthening detection arm 30, beam 32 completelgl misses pinhole lens 22. This
reduces the off-axis light which is detected, thus increasing the lateral resolution.

The lateral response for this case has been derived:

"perhaps a system of lenses could be inserted into the detector arm that would

increase the angle between the parallel beam and the optic axis. This would

result in an even sharper lateral response.” ("Confocal Microscopy Applied
to Metrology of Integrated Circuits,"” Matthew R.C. Atkinson, Ph.D. Thesis,

Dissertation Abstracts International, 53/06-B, p. 2947, 1991)

Figure 5 is a simplified diagram of a return arm 40 in accordance with one

aspect of the present invention. Note that in the figures similar elements have
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retained their numbering for simplicity. Return arm 30 includes optical element 42
which is inserted into the light beam path between scanning optics 18 and pinhole
lens 22. In the embodiment shown in Figure 5, optical element 42 is a simple
Keplerian telescope having an objective lens 46 and a low-power lens 44. However,
the invention includes other optical elements such as a simple Galilean telescope and
more complex multi-lens elements.

Optical insert 42 acts as a telescope that magnifies the angle between the
optic axis and light coming from an off-axis object. For a given object offset, the
spot at the pinhole plane is further away from the optical axis than in Figure 3 (Type
IT). However, upon examination of the device of Figure 5, it can be determined that
although the spot is further away from pinhole 24, because the beam is filling less of
lens 22, the spot at the pinhole plane is larger by the same factor as the increase in
distance from the optical axis, resulting in no net improvement in resolution.

Using the embodiments of Figure 5, a model may be developed for the
system considering natural divergence of the beam. In prior art confocal
microscopes, natural divergence of the beam is not a factor because either the beam is
wide enough that the effect is minimized (the angular spread of the beam being
inversely proportional to the beam diameter at its narrowest point), the beam path is
sufficiently short that it is not noticeable, or by operating in what is called a finite-
conjugate or Type I configuration. However, in accordance with the invention, the
beam leaving lenses 44,46 will be reduced in diameter such that divergence will be a
factor. Not only is the beam angle to the optic axis magnified after passing through
lenses 44,46 but the beam width is reduced. For large beam reduction ratios, the
resulting beam width will be narrow enough that geometric optics propagation of the
beam is not valid and physical optics must be used. The present invention includes a
physical optics model which accounts for beam divergence. In the invention, there
will be beam divergence 6 when the beam reaches the pinhole lens 22, according to:

6 = s Eq. 1
nd,

wherein X is the wavelength of light and d, is the initial beam width. This equation

describes divergence of a Gaussian beam. Note that the divergence described by

Equation 1 is changed slightly because the beam profile is different and there usually
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is a small bit of phase curvature to the field as it leaves the second insert lens 46.
These will modify the divergence angle and thus the beam width at the pinhole lens.

The present invention can be implemented anywhere in the return arm of a
confocal microscope. For example, the invention may be implemented in scanning
optics 18 which will now be explained in greater detail. Figure 6A shows the
positioning of relay lenses 80A and 80B in a typical embodiment of scanning optics
18. Lenses 80A,80B are positioned at the indicated distances relative to scanning
mirror 82A, the objective lens 20, and each other. Scanning mirror 82A moves the
beam as shown by the arrows in Figure 6A. Figure 6B shows an oblique view of a
typical scanning system 18. There are two scanning mirrors 82A and 82B and two
pairs of relay lenses 80A, 80B and 84A, 84B. Mirrors 82A, 82B each impart angular
motion to the beam in orthogonal directions. Figure 6C shows the unfolded beam
path along the return path and shows scanning optics 18 in greater detail.

Although the point-spread function (PSF) is usually calculated, it is not
usually measured. Instead, a resolution target with groups of line pairs of different
widths is imaged and the contrast is measured. Figure 7 shows a schematic of a line
profile across a portion of an image of a resolution target. One measure of the quality
of the detection of an object is the contrast, which is calculated from Figure 7 as:

contrast = (Iwax - Ivn)/ (Inax + Ivmn) Eq.2

When two objects are just resolved according to the Rayleigh resolution
criterion (the "standard" criterion), the contrast between them and the background is
0.19. In order to determine the resolution of a system, the contrast is measured as a
function of the "spatial frequency” (given by the number of line-space pairs per unit
distance) e.g., contrast = 0.33 at 200 lines/mm. The Rayleigh resolution limit (or any
other criterion) can be determined from these results. Contrast plots calculated from
images obtained using device of Figure 6C are shown in Figures 8 and 9. As
expected, the calculated "conventional confocal" model (i.e., prior art) provides the
lowest resolution. The case with the insert in both the scanning optics and the
detection arm is best.

One aspect of the invention is the discovery that the natural divergence of the
beam may be used advantageously to fill more of the pinhole lens 22 than in typical

prior art systems. This results in a smaller focused spot in the pinhole plane. The
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desired optical divergence may be obtained by inserting or configuring appropriate
optical elements anywhere in the optical path of return arm 30. One example is
telescope 42 of Figure 5. Another example is shown in Figure 6C in which a 2:1
telescope is provided by lenses 80A,80B. Lenses 84A and 84B are also changed
from a unit-magnification (1:1) element to a 2:1 telescope. This reduces the angular
scan range at objective 20, which translates to a reduced scan area on object. Further,
each telescope reduces the width of the reflected beam as it passes back through the
scanning optics 18 on return path 40. When the return beam leaves the scanning
optics, it has been reduced in width by a factor of 4. This beam is sufficiently narrow
that it diverges in return path 40 and fills pinhole lens 22. Further, light returning
from a spot which is away from the center of the focused spot leaves mirror §2B at
an angle to the optic axis which is four times greater than with 1:1 relay optics of the
prior art. The contrast plots for this case are shown in Figures 8 and 9 as Case 1.

Figure 6C also shows a further enhancement in that telescope 42 is also
provided in return arm 40. Telescope 42 narrows the beam even further and thereby
results in stronger divergence and better filling of pinhole lens 22, and thus a smaller
focused spot at pinhole 24. Further, telescope 42 magnifies the angle between light
returning from a spot which is away from the center of the focused spot and the
optical axis 34. The contrast plots for this case are shown in Figures 8 and 9 as Case
I1. Case II provides additional further improvement in the resolution in comparison
to Case I.

Figure 10 is provided to describe operation of the invention and illustrates the
effect of the natural divergence in the return arm 40. The divergence of the on-axis
spot is shown by the lines at 60. As shown, the divergence causes the beam to fill a
larger portion of pinhole lens 22 than in prior art systems. Element 42 also provides
the aforementioned increased deflection of off-axis light. Preferably, the divergence
should cause the beam to completely fill pinhole lens 22.

Operation of the present invention can be explained with reference to Figure
10. As used herein: Ux, Ux' are the scalar fields before and after a lens (or object or
pinhole) at position x, respectively. Light is a propagating electromagnetic (vector)
field, but a standard approximation for system design is to use a scalar field. Further,

fx, Px are the focal length and pupil size, respectively, of a lens at position x.
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The angular spectrum of plane waves (ASPW) is an exact description of the
propagation of a field over all distance ranges for all degrees of beam divergence.
Different levels of approximation of the ASPW description yield the known Fresnel
and Fraunhoffer diffraction integrals. In the present system, the shape of the light
spot at pinhole 24 due to an on-axis point object can be calculated using the ASPW.
For a well-corrected system, i.e., one with minimal aberrations within a certain field
of view, the spot in the plane of pinhole 24 does not change shape as the point object
is moved in the object plane. The position of the spot in the plane of pinhole 24 (as a
function of the position of a point object in the object plane) can be predicted using
standard geometric optics.

The pupil of objective lens 20 is sufficiently large that for all reasonable
values of dy 44, Uy, is effectively a plane wave. Upon passing through lenses 44 and
46 the beam is reduced in width by a factor f,,/f,. If the beam is originally at an
angle o to the optic axis (due to an off-axis point object in the object plane), it will
now be at an angle
B=ct X f,,/fs.

All light in free space will eventually tend to diverge. However, a narrower
beam at some aperture will diverge at a greater rate. There are exact divergence
equations for Gaussian beams (beams with a Gaussian profile), but not for truncated
uniform plane waves. However, the same principle of divergence applies to both.
The equation describing the divergence angle 6 of a Gaussian beam is set forth above
at Equation 1. In Equation 1, d, is the width of the beam where it leaves lens 46.
Two things change the divergence from Equation 1 for the present case: the beam
profile is different, and there usually is a small bit of phase curvature to the field as it
leaves lens 46. These will modify the divergence angle and thus the beam width at
pinhole lens 22.

U';s is sufficiently narrow that it diverges when propagating toward pinhole
lens 22. One design goal is that the beam diverge sufficiently such that the width of
Uy, is close to the width of U',,. This can be done either by making U',; small (to
increase the divergence angle) or by making d,, 5, large (to increase the available
distance over which the beam can spread). U',; can be made small by having a large

ratio f,,/f,;. Geometric optics predicts that the width of U',, = Py, x f,¢/f,,. Diffraction
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calculations show that this is a reasonable approximation. However, to determine the
actual shape of the focused spot at pinhole 24, diffraction calculations must be used
throughout. Distance d,,,, can be made large, but there are limits to how this can be
done. Simple free space propagation from lens 46 to pinhole lens 22 is limited by the
size of the instrument. Most commercial confocal microscopes are built as
attachments on standard optical microscopes, and do not have room for the distances
(on the order of a few meters) required. The beam can be folded into a more compact
area by using mirrors. However, even the best mirrors introduce some wavefront
distortion to the beam upon reflection (typically A/4). These errors accumulate and
lead to a larger spot at the pinhole 24. This degrades the resolution of the instrument.

Because of the divergence of U,,, the pinhole 24 must be shifted axially away
from the nominal position of d,, ,,= f,, to get the best focus. Typically, this shift will
be less than 10% of f,,. Diffraction calculations for an on-axis object are used to
determine the best focus position and the shape of the spot in the plane of pinhole 24,
i.e., U,,. Once the focus plane is found, the position of the spot (in the plane of
pinhole 24) for an off-axis object can be calculated using geometric optics. Thus the
lateral resolution can now be determined.

Geometric optics predicts that for some conditions and combinations of
lenses and distances, the spot will not move on pinhole 24 when the object is moved.

The beam will be focused to a spot, and the beam will tilt about pinhole 24, but will
not move laterally. This will degrade the response dramatically (to the point of non-
confocal lateral response). This position can be predicted and avoided.

As described above, the present invention includes insertion of at least one
magnifying element in the return path of a confocal microscope to increase deflection
of off-axis light. Further, the optical element(s) of the insertion cause(s) the natural
divergence of the beam to increase whereby a larger area of the pinhole lens is filled
by the beam. The natural divergence refers to "physical optic" or "non-geometric"
divergence of the beam in which the wavefront of the light diverges as the wavefront
spreads out. Note that this is not the divergence which occurs with geometric optics
which are not focused. Over a sufficiently long distance, the light beam will
naturally diverge. However, using an optical element inserted in the return path, this

divergence can be accelerated such that the overall beam path can be as short as one
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or less meters. One aspect of the invention includes a confocal microscope with
desired natural divergence and a beam path of less than 3 meters. Further, any type
of optical element may be inserted in the detection arm which provides this function
and the invention is not limited to the telescope set forth in the preferred
embodiment. For example, suitable mirrors, prisms or active elements can be used to
promote divergence and/or magnification. Further, the microscope may be used as
an ophthalmoscope in which the comea plus lens of an eye of a patient acts as the
objective lens for viewing the posterior of the eye. Alternatively, the microscope can
be used in a system for retrieving optical data from a multilayer data medium of
multiple layers of recorded optical data.

Although the present invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in

form and detail without departing from the spirit and scope of the invention.
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WHAT IS CLAIMED IS:

1. A confocal scanning microscope for imaging an object, comprising:

a light source providing an illumination beam directed along an optical path
toward the object;

scanning optics in the optical path to move the focused point across a surface
of the object;

an objective lens system in the path focusing the illumination beam to a point
on or in the object, whereby the object emits radiation from the point
thereby providing a beam emanating from the point;

a pinhole lens focusing the beam emanating from the point toward the
pinhole; and

a pinhole in the optical path receiving at least a portion of the beam
emanating from the point;

a detector detecting the beam emanating from the point which passes through
the pinhole;

at least one optical divergence element in the optical path positioned between
the pinhole lens and the objective to naturally optically diverge the

beam emanating from the point.

2. The confocal scanning microscope of claim 1 wherein the optical divergence

element magnifies the beam emanating from the point.

3. The confocal scanning microscope according claims 1 or 2 wherein the

optical divergence element comprises a telescope.

4. The confocal scanning microscope according to any one of claims 1 to 3
including an aperture adjacent the pinhole lens and positioned between the pinhole

lens and the optical divergence element.

5. The confocal scanning microscope according to any one of claims 1 to 4

wherein the optical path is less than three meters in total length.
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6. The confocal scanning microscope according to any one of claims 1 to 5
wherein the optical divergence element magnifies an off-axis angle of an off-axis point in

the beam emanating from the point relative to an optical axis of the microscope.

7. The confocal scanning microscope according to any one of claims 1 to 6

wherein the light source comprises a laser.

8. The confocal scanning microscope according to any one of claims 1 to 7
wherein the optical divergence element is at least one of 1) part of the scanning optics

and 2) 1s positioned between the scanning optics and the pinhole lens.

9. The confocal scanning microscope according to any one of claims 1 to 8
wherein the optical divergence element includes a first divergence element in the
scanning optics and a second divergence element between the scanning optics and the

pinhole lens.

10. The confocal scanning microscope according to any one of claims 1 to 9
wherein the optical divergence element comprises first and second telescopes in the

scanning optics.

PCT/US97/16855
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