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ABSTRACT

This dissertation describes the implementation of contocal microscopy through a fiber-
optic imaging bundle. This system, the fiber-optic imaging-bundle confocal
microscope, permits the optical-sectioning. etfect of confocal microscopy to be applied
to a range of samples inaccessible to a conventional contocal microscope. Two such
systems were designed and built. The first system is a modified laboratory microscope
used to demonstrate and evaluate the performance of the fiber-optic imaging-bundle
confocal microscope. The second system is a real-time slit-scanning microscope that

is expected to be a suitable design for in-vivo medical applications.

Fiber-optic imaging bundles are discussed in some detail. A number of parameters of
three tlexible silica imaging bundles were measured and the suitability of these
bundles for use in the microscope is evaluated. A new reflection technique for
measurement of optical-fiber refractive indices was developed and applied to the

evaluation of these imaging bundles.
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1. INTRODUCTION

1.1. Overview of confocal microscopy

Confocal microscopy is an optical technique that allows for visualization of thin slices
within a thick object, expanding the usefulness of microscopy from two to three |
dimensions. This effect is called optical sectioning, and is the result of simultaneous
imaging of a point-source and a point-detector onto a single point in the sample.
Minsky first proposed the confocal microscope in a 1957 patent application.! He
pointed out some of the fundamental advantages of confocal microscopy, particularly

the ability to examine thick specimens.

Neglecting aberrations, the intensity near the image of a point source will be the
greatest at the geometric image of the point. Equivalently, the coupling of light from
the sample to a point detector will be optimum from the point in the sample conjugate
to the detector. Aligning the images of a point source and a point detector in the
sample plane yields a sensitivity to the attributes of the sample at this point (scattering
or fluorescence) that falls off quickly in both lateral and axial directions. Optical
sectioning is the axial variation in sensitivity, and in high numerical-aperture confocal
systems can result in an axial slice thickness as small as one-half of the wavelength

(full-width at half-maximum).2

Figure 1.1 demonstrates the optical-sectioning effect in studying the reflection of light
from the face of a fiber-optic imaging bundle. The bundle face is at an angle (upper
left to lower right), resulting in only a strip in the middle being visible in the image.

The regions of the object above and below the focal plane have been "sectioned"
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away, leaving only the in-focus region visible. This differs from more conventional
forms of microscopy in which both in-focus and out-of-focus object planes contribute
to the image, producing blurrcd images of thick objects (sce, for example, Figures

5.25a and 5.25b).

Figure 1.1. Confocal microscope image of a tilted object. The upper
left and lower right portions of the objcct are above or below the focal
plane, and have been removed from the image by the optical-sectioning
effect.

The optical layout of a confocal microscope is shown in Figure 1.2. For regions of the
sample that are above or below the focal plane, both the illumination and detection

cfficiency are reduced, resulting in a drop in sensitivity Lo these regions. The
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reduction in sensitivity with defocus is a function of the numerical aperture of the
objective and the size of the source and detection "point” images (neither one can be
exactly a point due to the need to pass light). Higher numerical apertures and smaller

source and/or detector images all result in a quicker falloff with defocus.
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Figure 1.2. Optical layout of an (epi-illumination) contocal
microscope.

As seen in Figure 1.2, the confocal microscope measures the properties of a single
object point. This is necessary to preserve the optical-sectioning effect, and requires
scanning to form an image of a finite field-of-view. Minsky originally envisioned a

system where the object is scanned in three dimensions through the desired field-of-
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view. Alternatively, the object may be held fixed and the source and detection pinhole

images scanned through the desired field-of-view.

Figure 1.3 shows the through-focus intensity distribution in the image of the point-
source or point-detector (often called the three-dimensional point-spread—t’unctioﬁ),
including the effects of diffraction, but not aberrations, for a rotationally symmetric
system with an evenly illuminated pupil. This is a planar slice through the three-
dimensional intensity distribution; one axis, z, is along the optical axis, while a second
axis, x, is perpendicular to the optical axis. Assuming the source and detection lenses
have identical properties, the fluorescence-mode intensity point-spread-function (PSF)
of the confocal microscope is approximately the square of the point-spread-function of
Figure 1.3. The resulting point-spread-function of the confocal system is smaller than
that shown in Figure 1.3, indicating the confocal microscope's ability to resolve finer
detail than a system relying on the resolution of the illumination or collection arm
alone. Analysis of the reflection (scattering) case is more complicated due to the

potential for interference between light scattered from ditferent object points.

It is also possible to simultaneously scan multiple source and detection pinhole images
across the sample. This results in essentially the same image forming properties as the
confocal microscope as long as the pinhole spacing is large enough to prevent
significant crosstalk. Crosstalk occurs if a detection pinhole collects light from a

source pinhole other than the one with which it is confocal.

It is important to note that while this discussion provides a general indication of the

advantages of confocal microscopy, it does not address important issues such as
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signal-to-noise ratio (SNR), imaging time, and fluorescence saturation or bleaching,
which may prohibit the use of a confocal system. For a particular application, it is
incorrect to assume that a contocal system will always be superior to a conventional
imaging system. Also, it can be misleading to compare a confocal microscope with a
"conventional" microscope because there are many different types of optical

microscopes with a variety of different imaging characteristics.
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Figure 1.3. The through-focus intensity distribution of a rotationally
symmetric system with an evenly illuminated pupil. Includes the
effects of diffraction but no aberrations.
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The majority of applications of confocal microscopes are in the biological sciences,
where they are used to examine cellular and sub-cellular structures. Most samples are
tagged with fluorescent dyes and may be fixed on microscope slides, in cell cultures,
or even in live specimens. Contocal microscopes are also used in industrial inspection
tasks such as the analysis of semiconductors. The optical-sectioning effect is the usual
reason for using a confocal system in order to study the three-dimensional structure of

the sample.

1.2. Motivation for a fiber-optic imaging-bundle confocal microscope

Confocal microscopy is generally performed with modified laboratory microscopes.
This typically limits the range of potential samples to those that can be placed on a
microscope stage and inspected with conventional microscope objectives, making in-

vivo medical application unrealistic in most cases.

A recent technique has been to use an optical fiber as the source and/or detection
pinhole, allowing greater flexibility in sample location.3:45:6 While this allows a
compact scan head and has been applied to in-vivo problems,’-® such a system requires
mechanical scanning in the region of the sample and, therefore, a sophisticated

mechanical apparatus.

As an enhancement of confocal microscopy, we have included a fiber-optic imaging
bundle into the optical path of the imaging system (see Figure 1.4). This allows the
inspection of any sample that can be reached with the end of the fiber bundle. The
advantage of this system over the single-fiber system is that the scanning mechanism

no longer needs to be located at the distal end of the fiber. This is because the imaging
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bundle transmits the entire field rather than a single field point. However, the
properties of the imaging bundle now affect the spatial resolution, field-of-view, and
radiometric performance of the system. Significantly, the imaging of the system is no
longer space-invariant, making analysis ot the image-formation process rather
complicated. There is alrange of point-spread-functions, and, therefore, no single

modulation-transfer-function (MTF), associated with the system.

Scanning
Point
Source
Fiber-Optic
Imaging
&\ Bundle Sample
¢ o
Beam Splitter ! %
Lens
L2
=~ Point
Detector

Figure 1.4. The fiber-optic imaging-bundle confocal microscope.

Fiber-optic imaging bundles are available in various lengths, thicknesses, resolutions,
flexibilities, and materials. All the fiber-optic imaging-bundle confocal microscope
images presented in this work were collected through a 10,000 fiber silica imaging

bundle of 0.5 mm diameter (4.4 pm center-to-center spacing and 3.4 um core diameter

of the fibers).



The most exciting potential application of the fiber-optic imaging-bundle contocal
microscope is examination of areas of the human body that can be reached directly,
through body orifices, or percutaneously. The main obstacles to a successful system
are development of adequate distal imaging optics and a positioning, stabilizing, and
focusing mechanism at the distal end of the fiber bundle. This requires a compact,
manipulable fiber bundle and probably a focusing and/or zooming distal objective.
While suitable fiber bundles are commercially available, the distal imaging system
must be designed and built specifically for this application. A catheter-based system
will be difficult to build due to the size limitations, particularly on the diameter of the
distal imaging system. The fiber-optic imaging-bundle confocal microscope images
presented in this work were collected with conventional microscope objectives serving
as the distal objective. Such objectives are clearly too large to be of use for an in-vivo

system, but give some indication of potential imaging performance.

The use of confocal microscopes in semiconductor metrology and other industrial
applications may also benefit from increased flexibility in the imaging system. Good
performance in these applications may to be easier to achieve than in in-vivo medical
applications due to less stringent constraints such as mechanical size and catheter

sterilizability.

1.3. Scope and organization of this work
The goal of this work is to study the implementation of confocal microscopy through
fiber-optic imaging bundles and to assess the imaging performance of this type of

confocal microscope. The work includes a discussion of the image formation process
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in the fiber-optic imaging-bundle confocal microscope, and a comparison of its
performance with that of a comparable confocal system without an imaging bundle.
Both point-scanning and slit-scanning confocal microscopes were built, analyzed, and
evaluated. While the point-scanning system offers the highest axial resolution, the
slit-scanning system has ‘advantages in light collection and speed, which will be

important for in-vivo medical applications.

The dissertation is organized as follows. Confocal microscopy is described in

chapter 2. Optical fibers and fiber-optic imaging-bundles are described in chapters 3
and 4, respectively. The fiber-optic imaging-bundle confocal microscope is described
in chapter 5, and experimental results with two microscopes are presented. Chapter 6
contains conclusions and directions for future work. A new refractive index
measurement technique that is used in the analysis of several silica imaging bundles is

described in appendix A.



2. CONFOCAL MICROSCOPY

As described in the preceding chapter, confocal microscopy allows for visualization of
thin slices within a thick object. This so called optical-sectioning etfect comes about
due to the simultaneous (confocal) imaging of a point source and a point detector onto
a single point in the sample. These point images are scanned through the field-of-view

to build up a complete image of the sample.

2.1. Optical sectioning (axial resolution)

The optical-sectioning effect permits the formation of a three-dimensional image
without the need for the difficult process of mechanical sectioning of the object,
examination of each section, and then assembly of the resulting images to form a
composite image. In many cases, it is not possible to perform this mechanical
sectioning without altering the sample. For example, it is difficult to obtain a set of
thin histological sections from a thick sample without some variation in the
orientation, thickness, and shrinkage or stretching of the sections. Thus, confocal

microscopy makes examination of some thick objects easier and more accurate.

Optical sectioning was demonstrated in Figure 1.1, where out-of-focus portions of a
tilted sample are completely removed from the image. Moving (focusing) the sample
axially will bring other regions of the sample into focus. A composite image of the
sample can be formed by adding together a through-focus set of images. This would
not be possible in conventional forms of microscopy where both in-focus and blurred
out-of-focus portions of the image are visible, resulting in much more background

noise in the composite image.
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Figure 1.2 shows one possible optical layout of a confocal microscope. The point
source is focused onto a specitic point in the sample, illuminating this point and a
small region surrounding it. The point detector (implemented with a pinhole in front
of a detector) is simultaneously imaged onto the same spot in the sample. Portions of
the object that are not located in the image of the point source are not only minimally
illuminated, but are also out-of-focus at the detector pinhole, so that most of the signal
from them does not reach the detector. This can be described with a geometrical
model, as shown in Figure 2.1 for a defocused on-axis point object. Solid lines in this
figure show imaging of the source and detection pinholes into the sample region.
Dashed lines show coupling of the light from an out-of-focus point (on-axis) to the
detector. The illumination beam is out-of-focus at the object. In the geometrical
optics limit, the illumination intensity varies as 1/22, where z is the defocus distance.
The detection sensitivity is proportional to the ratio of the areas of the detector pinhole
and the defocused image of the point object at the detector pinhole. This also varies as

1/22, yielding a combined intensity point-response that varies as 1/z%.

The total signal collected from out-of-focus planes in a confocal microscope varies as
1/22 due to the range of lateral positions that contribute to the image. This is obtained
from the detected intensity per point that varies as 1/z4, in conjunction with the range

of lateral positions contributing to the image that varies as z2 (see Figure 2.1).

The optical-sectioning effect does not occur in the non-confocal scanning microscope
shown in Figure 2.2. Solid lines in this figure show imaging of the source pinhole into

the sample region. Dashed lines show coupling of the light from an out-of-focus point
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(on-axis) to the detector. The illumination intensity at any point varies as 1/z2 in this
system. The large-area detector, on the other hand, collects the same amount of light
trom all axial positions (an idealized condition that is accurate for moderate amounts
of defocus). The total signal collected from in-tfocus and out-of-focus planes is the
same due to the z2 dependence of the range of lateral positions contributing to the
image, combined with the 1/z2 intensity response. Thus, the detection sensitivity is
independent of defocus. Out-of-focus portions of a thick sample are coupled to the

detector in the form of a blurry background signal, resulting in a fuzzy image.

A complete description of the optical-sectioning performance of a confocal
microscope includes the effects of diffraction. The thickness of the optical section is
determined by the three-dimensional point-spread-functions of the illumination and
collection arms, in conjunction with the sizes of the source and detection pinholes.
The depth-of-focus of a slow optical beam is much larger than that of a fast optical
beam, resulting in a thicker optical section. The size of the source and detection
pinhole images at the sample are important because the light throughput can be
improved by increasing the pinhole sizes, albeit at the expense of reduced optical-
sectioning performance. For laser scanning systems, the source-pinhole image is
typically diffraction limited, while the detection-pinhole image size may be made

somewhat larger to collect adequate signal.
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Figure 2.1. Optical sectioning in the confocal microscope. Solid lines
in this figure show imaging of the source and detection pinholes into
the sample region. Dashed lines show coupling of the light from an
out-of-focus point (on-axis) to the detector.
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Figure 2.2. Scanning optical microscope (non-confocal). Solid lines in
this figure show imaging of the source pinhole into the sample region.
Dashed lines show coupling of the light from an out-of-focus point (on-

axis) to the detector.
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The on-axis intensity point response (including diffraction) of the non-confocal

scanning optical system of Figure 2.2 is®

NA?
1 o< sinc?| ——z 2.1
sinc ( 21 J 2.1)

where sinc(x) = sin(7x)/(nx), NA is the numerical aperture, A is the wavelength, and
z is the defocus of the object point. This is the on-axis intensity variation in the focal

region of a lens, as shown in Figure 1.3.

The on-axis intensity point response of an ideal confocal microscope (point source and

point detector) is10.11

NA?
I < sinc* z|. 2.2
sinc ( 27 j (2.2)

The point response of the source and detection arms have combined to yield this faster
decrease in sensitivity with axial displacement. The detector aperture diameter can be
increased to collect more signal. This results in an increase in the size of the axial

point response until it reaches the case of equation (2.1).

One common method of assessing the axial resolution of a confocal microscope is to
scan a plane-object axially through focus.2 With the non-confocal microscope of
Figure 2.2, this will result in no variation in signal intensity, as long as the detector is

big enough to capture all the reflected or fluorescent light (an idealized condition).
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The ideal confocal microscope will produce a response to a plane mirror scanned

through focus (in the paraxial approximation) of

I= sincz(i) 2.3)
27
where
u= i—ﬂsinz(%)z (2.4)

and « is the half-angle of the beam in the object space (NA = nsin(¢)).12 This
differs somewhat from the definition of Born and Wolf,? and is accurate for larger
numerical apertures.!3 The simulated response to a plane mirror scanned through
tocus is shown in Figure 2.3 for a variety of detector pinhole sizes. The pinhole radius

is often written in terms of the normalized parameter

vp = Zl—ﬂsin(a)rp (2.5)

where rp is the radius of the pinhole.!? The ideal confocal microscope has vp = 0 for
both the source and the detector. The axial response for vp =0 shows the expected
sinc? behavior.!2 Larger values of vp produce progressively worse optical-sectioning
performance. The condition vp = oo corresponds to the non-confocal case shown in
Figure 2.2 and results in a constant response to a plane mirror scanned through-focus.
The responses shown in Figure 2.2 have been normalized to the same peak value,

although the large detector pinholes actually collect more light than the small detector

pinholes.
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Figure 2.3. Simulated optical-sectioning performance in a confocal
microscope. The detected intensity for a plane mirror scanned through
focus is shown. The performances with normalized pinhole radii of
vp =0, 3, 6,9, and co are shown (see legend).

A planar fluorescent object scanned through focus produces a signal that does not go
to zero in the vp =0 case, and which is somewhat broader than the curves shown in
Figure 2.3.12 This is due to the incoherence of the fluorescence emission from the
sample. The response is further degraded by the wavelength shift between the

fluorescence-excitation and the fluorescence-emission.
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2.2, Lateral resolution

The lateral resolution of a confocal microscope is determined by the lateral dimensions
of the images of the "point" source and "point” detector. In general, these images are
non-ideal, having finite size in order to pass light. The geometrical images of these
points in conjunction with the point-spread-functions of their respective imaging
systems determine their images in the sample plane. The complete point-spread-
function is obtained by multiplying together the source and detection point-spread-

functions.

In the ideal case of infinitesimal point source and point detector, the combined
diffraction-limited images in the sample plane will yield a smaller point-spread-
function than that from a single diffraction-limited beam of the same numerical
aperture. For the case of identical source and detection point-spread-functions this
will yield an overall point-spread-function that is narrower in the ideal confocal
system by a factor of approximately 1.4 (assuming an Airy function diffraction
pattern).? This is the source of the idea that confocal microscopy yields higher lateral
resolution than forms of microscopy in which the resolution is determined by either
the illumination or collection arm, with the other arm having minimal effect.
Unfortunately, this effect is quickly lost due to the finite pinhole sizes often necessary

to obtain adequate signal, and thus may not represent a realizable gain.

2.3. Modes of operation
Confocal microscopes have a number of operating modes, including trans-illumination

and epi-illumination, brightfield and fluorescence.
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Trans-illumination

In the trans-illumination mode, the sample is illuminated from one side and the
scattered or fluorescent light detected on the other side. If no sample is present, the
light passes through focus unperturbed and the maximum amount of light reaches the
detector for each scan position. Thus, it is the scattering or absorption of light that
denotes an effect due to the sample. This poses difficulties, as unscattered
illumination light will be detected as background noise, making the detection of faint
objects difficult. When operated in the fluorescence mode, filtering out the excitation

wavelengths reduces this problem.

The advantages of confocal microscopy come from the combined imaging properties
of the illumination and collection arms. Unfortunately, this makes the aberrations
present in both arms important. Thus, in trans-illumination operation, two sets of
high-quality optics (illumination and collection) are necessary to obtain good imaging

performance.

Epi-illumination

In epi-illumination, a single objective acts as the final imaging optic in both the
illumination and collection arms, eliminating the need for two high-quality objectives.
Implementations of the fiber-optic imaging-bundle confocal microscope are likely to
operate in epi-illumination due to the difficulty of positioning fiber bundles on
opposite sides of the sample. This will be the case with most in-vivo medical

applications as well as industrial applications such as semiconductor metrology.
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Brightfield
In the brightfield mode, images are formed with the light scattered from the sample.

In an epi-illumination system, this is the light back-scattered from the object through

the detection pinhole.

Since the confocal microscope operates ideally with a point source, the brightfield
mode is inherently coherent. This is the case even for a non-monochromatic source
because light emitted by a point source will always be able to interfere with itself for
zero optical-path-length difference. In a real system, where a finite-sized detector
pinhole is necessary to collect adequate signal, the imaging becomes partially

coherent.

Fluorescence

The fluorescence mode is implemented by exciting a fluorescent sample at one
wavelength range and collecting the fluorescent light over some range of longer
wavelengths. The excitation wavelengths are typically eliminated from the detected
signal by a dichroic beam-splitter and/or a long-wave pass filter. In contrast to the
brightfield mode, the fluorescence mode is inherently incoherent, as the detected

signal is proportional to the signal intensity at the sample, rather than the signal

amplitude.

2.4. Detectors
The ideal confocal microscope uses a point detector. In real systems, however, this

detector must have finite size to collect light, with there being an inverse relationship
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between signal and resolution (larger pinholes yield poorer resolution). Additionally,
alternative pinhole geometries such as slits may be implemented to modify the system
performance as desired. Array detectors can also be used to simplify postprocessing

of the data, as discussed below.

Pinhole detector apertures

Point (pinhole) detectors are often implemented by a small circular aperture in front of
an optical detector, typically a photo-multiplier tube. The pinhole is positioned so that
its image is coincident in the sample with the source pinhole image. As discussed
above, the system resolution (axial and lateral) is a function of the size of the pinhole

images, and, therefore, the physical size and magnification of the detector pinhole.

In order to take full advantage of the optical-sectioning effect, the detection pinhole
must eliminate much of the light collected from the sample, which generally resulits in
low signal levels. This can be remedied by increasing the diameter of the detection
pinhole, whereby more light is collected at the expense of resolution. However,
background noise will also increase, resulting in the need for a careful choice of

pinhole size to optimize image quality for a particular application. 14

The signal-to-noise ratio (SNR) of the microscope can be improved by averaging
multiple frames or reducing the scan rate. For random noise, increasing the signal
collection time by either of these techniques will be advantageous because the signal
adds constructively while random noise does not. The SNR increases by the square
root of the sampling time, so if the scanning is slowed by a factor of tour, or if four

frames are averaged, the SNR will improve by a factor of two. It may not be possible
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to implement either of these techniques due to sample motion, fluorescence saturation,
or fluorescence bleaching. Fluorescence saturation and bleaching are temporary or
permanent reductions in the fluorescence efficiency of a material due to excessive

illumination intensity.

Slit detector apertures

Slit detectors can be used in confocal microscopy as a compromise between signal
strength, imaging time, and resolution. Confocal images often have low signal levels,
such as might be the case in observing a weakly tluorescent object. Increasing the
diameter of a pinhole detector sufficiently to obtain adequate signal may yield
unacceptably poor optical sectioning. The slit detector maintains the confocal
behavior of the system only in the direction perpendicular to the slit.13 This results in
a different optical-sectioning performance between the pinhole and the slit, and can
yield a stronger signal without a significant loss in axial resolution (but not necessarily

increased SNR).16

The etfect of pinhole versus slit detectors can be explained qualitatively with a
geometrical optics description. The slit detection aperture produces a 1/z reduction in
detection sensitivity to an out-of-focus point object, as shown in Figure 2.4.
Combined with the 1/z2 reduction in illumination intensity, as described above for
Figures 2.1 and 2.2, this produces an overall 1/z3 intensity point-response on-axis.
This falls between the 1/z4 point-response of the confocal system of Figure 2.1 and the
1/z2 point-response of the non-confocal system of Figure 2.2. The intensity signal

from a plane mirror scanned through focus will vary as 1/z, rather than the 1/z2
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variation described above for the ideal confocal system with a point source and a point

detector.
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Figure 2.4. Optical sectioning in a confocal microscope with a slit
detector. Solid lines in this figure show imaging of the source and
detection apertures into the sample region. Dashed lines show the
coupling of light from an out-of-focus point (on-axis) to the detector.
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The simulated response (including diffraction) to a plane mirror scanned through focus
is shown in Figure 2.5 for a variety of slit widths. The slit half-width has been used in
place of the pinhole radius, rp, in equation (2.5) to calculate the value of the
normalized aperture parameter, Vp. The responses have been normalized to the same
peak value, although the wide slits (such as vj, = 5) actually collect more light than the

thin slits (such as vp =1).
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Figure 2.5. Simulated optical-sectioning performance in a confocal
microscope with a slit detector. The detected intensity for a plane
mirror scanned through focus is shown. The performances with
normalized slit widths of vp=1, 2, 3, 4, and 5 are shown (see legend).
The small jumps visible in the v, = 3, 4, and 5 curves are due to the an
inadequate number of points in the sampling array, and are not an
attribute of the slit detector.
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The simulated optical-sectioning performance (response to a plane mirror scanned
through focus) for pinhole and slit detectors is compared in Figure 2.6 for the cases of
vp = 1. The vp = 1 slit detector case does not have the sinc? behavior seen with the
vp = 1 pinhole detector (the responses with vp = 1 and v, = 0 pinhole detectors are
almost identical). As expected, the pinhole detector provides somewhat better axial
resolution. However, the peak signal with the slit detector is approximately twice as

strong as the peak signal with the pinhole detector.
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Figure 2.6. Comparison of simulated optical-sectioning performance in
a confocal microscope with pinhole and slit detectors. The detected
intensity for a plane mirror scanned through focus is shown. v, =11in
both cases, where rp is the pinhole radius or slit half-width.
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Array detectors

Image acquisition in confocal microscopes is typically done sequentially as the

pinhole images are scanned across the object, with the final image being reconstructed
with a computer. A slit-scanning system (described below) with a linear array detector
performs in much the same fashion with the exception that data are collected a row at

a time.

Alternatively, the image can be acquired with an area detector such as a CCD camera.
This is done by scanning the light passing the detection aperture (pinhole or slit)
across the CCD camera simultaneously with the scanning of the detection aperture
image across the sample. The CCD camera is allowed to integrate during the entire
scan time, eliminating the need to reconstruct the image. This technique is used in the

real-time slit-scanning system described in chapter 5.

Array detectors have also been proposed in order to take advantage of the light
normally eliminated by the pinhole, under the assumption that the light falling outside
the pinhole aperture contains additional information about the object under

examination.1?

2.5. Scanning techniques

Since the confocal microscope detects only a single point (or line) within the sample at
a time, scanning is necessary to form an image. This can be accomplished by
scanning either the sample through the beam or the beam through the sample. The

scanning is not limited to transverse planes within the sample, but rather can be
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performed in any desired orientation in two or three dimensions. Thus, it is possible to
obtain with confocal microscopy a two-dimensional view with arbitrary orientation, or

even a three-dimensional view of the sample.

Object (stage) scanning

The simplest means of scanning in confocal microscopy is to leave the optical system
fixed and scan the sample in the x, y, and z directions through the region of interest.
The main advantage of object scanning is that imaging is performed at a single, on-
axis, field point. This yields space-invariant imaging in each transverse plane and
allows optimization of the optical system for a single field point, simplitying the
optical design. The tield-of-view in an object-scanning system is determined by the
physical scan mechanism and is independent of the magnification. The main
drawback of object scanning is the limitation to slow-scan systems (several seconds)

due to the mass of the specimen stage.

Objective scanning

Objective scanning systems are implemented by scanning the objective(s) in lateral
and axial directions to move the source and detection pinhole images through the
sample. Image formation in this system is nearly on-axis (scanning the objective
laterally is simply moving the axis), simplifying the optical design. The image-
acquisition speed is limited by how fast the objectives can be scanned through the
desired range. Many confocal microscopes are built by modifying standard laboratory
microscopes. Since such systems are not easily modified to allow scanning of the

objectives, objective scanning is rare in commercial systems.
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Beam scanning

Beam scanning is implemented with several techniques, including galvanometer
mirrors, Nipkow disks, acousto-optic cells, and rotating polygon mirrors. The source
and detection beams need to be scanned in unison, making this design generally more
applicable to epi-illumination systems than trans-illumination systems. It is necessary
to use a telecentric system in beam-scanning microscopes for proper examination of

specular objects, as shown in Figure 2.7.11

Since beam-scanning systems include off-axis imaging, aberration-correction of the
optical design is necessary for multiple field positions. The fiber-optic imaging-
bundle confocal microscope includes off-axis imaging, which will need to be
addressed in the design of the distal optics.

(a) (b)

Telecentric Non-Telecentric

X

Scan
Mirror

f

Specular Object Specular Object

Figure 2.7. Telecentric optics for proper inspection of specular objects
with a beam-scanning system.



Galvanometer mirrors
Galvanometer mirrors are often used for beam scanning in optical systems. Scan
ranges of a fraction of a degree to many degrees are available, and the mirrors can be

driven at rates up to thousands of cycles per second.!8

In order to avoid vignetting of the beam in a scanning system, it is necessary to image
the scanning mirror into the aperture of the objective (assuming the objective is not
underfilled). Thus, a relay system is necessary for each scan mirror. It is possible in
some cases to dispense with the relay system and accept degraded performance in

exchange for a simpler optical system.

The galvanometer has one or more reflecting surfaces, with each reflecting face
performing one or more scanning tasks within the system. For instance, in the slit-
scanning system described in chapter 5, it is necessary to scan the source-slit image
across the sample, the detection-slit image across the sample, and the detection-slit
image across the face of the detector array. These three scanning tasks can be
performed by one mirror face (see Fig. 5.22), two mirror faces,!® or three mirror
faces.20 The advantage of using a single scanner for multiple beams is that the beams
are scanned in a fixed relationship to each other, eliminating the need to synchronize

the timing of several scanners.

Nipkow disk
The Nipkow disk has an array of pinholes, which are imaged onto the sample. A beam
of light covering many pinholes illuminates the "source" disk, which, when spun,

results in a number of source points sweeping across the sample. A "detection” disk is
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simultaneously spun and collects light through an array of detection pinholes
conjugate to the source pinholes. The collected light is coupled to a detector array or
through an ocular to the eye of a human observer. Nipkow disk systems typically use
non-laser illumination such as an arc lamp and often operate in real-time. The
minimum spacing between the pinholes in the disk is limited by the requirement that
the response to illumination from a single source pinhole be detected through only a

single detection pinhole, thereby avoiding crosstalk.1>

Due to mechanical alignment difficulties, the Nipkow disk system is practical only if
the same disk is used for both source and detection pinholes. This may be
accomplished by using the same pinholes for illumination and detection, or by using

different regions of the disk for the source and detection pinholes.2!

Acousto-optic cells

Acousto-optic cells can be used to scan an optical beam by diffracting the beam as it
passes through the cell. The diffraction angle is a function of wavelength, making
these cells unsuitable for the collection arm of fluorescence systems, which have a
wavelength shift between excitation and emission, as well as a range of emission
wavelengths. Acousto-optic cells, however, are extremely fast (modulation

frequencies of many MHz), allowing them to be used in real-time systems.

Spinning polygon
Spinning polygon mirrors are used in a similar fashion as galvanometer mirrors. The
beam is scanned successively across the field by each facet of the polygon, with the

sweep angle being determined by twice the angle between the facets (e.g., for a 72
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facet polygon, the scan angle is 2 x [360 degrees/72] = 10 degrees). These scanners
are most suitable for the fast-scan direction in confocal microscopes using two-

dimensional scanners.??

2.6. Slit scanning

As an alternative to the source and detection pinhole in confocal microscopy, it is
possible to use a slit source and a slit detector. Images of a line source and detection
slit are scanned across the sample. The light passing the detection slit is collected by a
detector array, thereby collecting an entire row of pixels at one time. The detection
slit can also be scanned across a two-dimensional detector array, such as a CCD,
which integrates during the entire scan time to produce a two-dimensional image.

This alternative method eliminates the need to reconstruct the image, and is used in the

slit-scanning fiber-optic imaging-bundle confocal microscope of chapter 5.

The slit-scan confocal microscope represents a compromise between the optical-
sectioning performance of the confocal microscope and the fully parallel nature of
widefield microscopes, which image the entire field at one time. By using slits instead
of pinholes, scanning needs to be performed in only one direction, significantly
improving the rate at which images can be collected. The point-spread-function is
now asymmetric, with a faster reduction in sensitivity perpendicular to the slit than
parallel to the slit. In the fluorescent case, the image formed with this slit-scanning
system (one-dimensional scanning) is equivalent to the image formed with a point-

source and slit-detector (two-dimensional scanning).
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2.7. Aberrations

The scanning techniques used in confocal microscopy can logically be divided into
those that examine only a single position in the field (typically on-axis) versus those
that cover a finite field. Imaging only a single, on-axis, field point eliminates the need
to control éff-axis aberrations in the optical design, which is an enormous
simplification. This allows fewer components to be used in the objective and can

therefore yield higher transmission.

Confocal microscopes generally use fast optical beams to maximize the optical-
sectioning effect (for example, oil-immersion microscope objectives with numerical
apertures up to 1.4). This makes the imaging performance of the system very sensitive
to the thickness and refractive indices of the material between the final optics and the
sample. For example, a variation of only 20 um from the design thickness in
microscope cover slips can halve the axial resolution in a 1.2 NA system.23 This is an
important factor in sub-surface and three-dimensional imaging, where the material
above the sample effectively becomes part of the optical system and may significantly

alter the imaging performance.

Index of refraction mismatches between the expected and actual intervening materials
between the final lens and the focal plane can significantly reduce the imaging
performance. Not only will the resolution be degraded, but the depth of an object may
be misinterpreted. For example, it will be difficult to design a high-resolution system
for examining human dermis. This is due to substantial variations between people and
locations on the body of the properties, such as thickness and dryness, of the

intervening epidermis.24
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2.8. Sources

Both laser and non-laser sources are used in confocal microscopy. Lasers offer intense
sources of nearly monochromatic light, making them excellent sources for both
reflection and fluorescence applications. They are also easily manipulated to allow
efficient coupling of the beam through a pinhole and onto the sample. A variety of

continuous wave and pulsed lasers are used in confocal microscopy.23

Arc-lamp and other non-laser sources are used in Nipkow disk and some slit-scanning
systems. While the illumination efficiency of such a system is typically lower than in
a laser system, the incoherent nature of the light has advantages in cases such as real-
time viewing through an ocular in a Nipkow disk system, where laser speckle may be

distracting.26

2.9. Pupil filters

In order to obtain an infinitesimally small focal point, it is necessary to focus the light
from a full spherical shell surrounding the point, which is impossible in a real system.
The finite extent of the pupil leads to diffraction effects and the minimum attainable
spot size, as seen in Figure 1.3. It is possible with phase and/or amplitude filters in the
illumination and collection pupils to alter the point-spread-function of the system, and,
consequently, the overall performance of the system.27.23 Confocal systems are often
hampered by low light levels due to the rejection of much of the light by the detection

pinhole, making it undesirable to include amplitude filters in the collection arm.
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2.10. Applications

Confocal microscopy has gained popularity in scientific, medical, and industrial
environments, primarily due to the optical-sectioning effect. For example, confocal
microscopes are used to examine the three-dimensional structure of semi-transparent

objects such as fixed cells on microscope slides.

In semiconductor metrology, confocal microscopy is used to examine structures such
as embedded wires connecting components on a chip or module. These structures are
often located on multiple levels. A confocal microscope can be used to examine lower
levels by using the optical-sectioning effect to minimize the impact of the upper levels

on the image (the upper levels would normally obscure the lower levels).2?

Confocal microscopy is potentially useful in clinical medicine in a number of
disciplines. It is possible to study biopsy samples without any treatment of the sample
beyond mounting it on a stable base. This technique has been used by us to examine a

fresh skin biopsy sample in retlection down to a depth of approximately 150 pum.

Confocal microscopy is also promising for in-vivo examination of tissue specimens.
For example, an important clue in determining the progression of cancer is the
invasion of the cancer cells below the basement membrane, which can potentially be
done in-situ with a confocal microscope. Confocal microscopes have been used for in-
vivo studies of human skin2430 and eyes!® in non-invasive systems. Figure 2.8 shows
a reflection image of the epidermis on the author's hand (intact), approximately 110
1m below the surface. This image was collected with a Zeiss LSM10 confocal

microscope.
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Figure 2.8. Confocal microscopy retlection (brightfield) image of the
epidermis on the back of the author's hand (intact). Optical section
depth approximately 110 pum below the surface of the skin. Image
acquired with a Zeiss LSM 1) microscope, Argon laser illumination
(488 nm and 514 nm) and a 63x/1.4 NA oil immersion objective. Scan
time = 2 seconds (sample mechanically stabilized with the end of the
objective).
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3. OPTICAL FIBERS

Optical fibers are dielectric waveguides best known for their applications in
telecommunications, but also used for a variety of imaging and non-imaging
applications. Fibers can be round, elliptical, polygonal, and so forth, with each type of

fiber having somewhat different optical properties.

Most optical fibers are composed of a glass core surrounded by a cladding of lower
refractive index material. Early fibers were unclad, relying on the index difference
between the glass and surrounding air to contain the light. However, unclad fibers are
susceptible to losses due to dirt or impurities on the surface of the fiber, and are
seldom used in practice (with the exception of some specialty fibers that cannot be
clad due to material considerations). The index of refraction in an optical fiber may
vary within the core and/or clad to achieve specific operating characteristics, such as
low dispersion in a telecommunications fiber or minimal crosstalk in a fiber-optic

imaging bundle. Several core-clad refractive index profiles are shown in Figure 3.1.

The propagation of light in an optical fiber can be described in terms of rays
(geometrical optics description) or modes (physical optics description).3! The mode
description is more accurate, but is also more complex, and is unnecessary to explain

many of the phenomena characterizing optical fibers.

3.1. Ray description
The simplest way to view optical fibers is in terms of light rays that, once coupled into

the fiber core, propagate down the fiber as long as they reflect off the core-clad
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interface at angles larger than the critical angle. Bound rays in a round optical fiber
are either meridional or skew rays. Meridional rays pass through the fiber axis
between each reflection, and therefore always travel in one plane. Skew rays rotate
around the axis as they propagate down the fiber. Meridional and skew rays are

shown in Figures 3.2a and 3.2b, respectively.

Index of
Refraction
A
~ L
nCOl'e / \
nclad 1 |
Step Gradient Doubly
Index Index Clad
-

Figure 3.1. Several core-clad refractive index profiles of optical fibers.

Since bound rays in the core are totally internally reflected at the core-clad interface,
they correspond to imaginary incidence angles in the clad. Rays that exist in the clad
can never be refracted into a bound ray in the core. Therefore, light that is coupled
into the clad of an optical fiber is either lost through the outside wall of the fiber or
propagates as a cladding mode (occurs when the fiber has an outer coating with an
even lower index of refraction than the clad). An exception to this is scattering that

occurs at the core-clad interface or within the core, and results in a change in
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(a) (b)

Figure 3.2. Meridional (a) and skew (b) rays in an optical fiber.

propagation direction such that the light is now totally internally reflected within the
fiber core. Assuming scattering is low (which would be necessary in a low loss fiber),

this effect can be neglected.

Several rays are shown in Figure 3.3. A bound ray is depicted by short dashes, having
been coupled into the fiber core such that the reflections at the core-clad interface
occur at angles greater than the critical angle. The solid line shows a ray that is
coupled into the core at an angle too steep to be retained in the fiber. A "clad" ray is
depicted with long dashes and can be seen to pass through the core without becoming

bound.

A beam of light with finite numerical aperture can be described as the sum of many
rays with different propagation directions. These rays will undergo many retlections
off the core-clad interface in a typical fiber, with the result that the light exiting the
fiber will be uniformly distributed across the face of the fiber. Thus, in the ray model,
an optical fiber can be thought of as a device that integrates the light captured by it,

emitting a spatially uniform beam over the same range of angles as the input beam.
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Figure 3.3. Bound and unbound rays in an optical fiber. A bound ray
is depicted by short dashes. An unbound refracting ray that is not
totally internally reflected (TIR) at the core-clad interface is depicted
by a solid line. An unbound "clad" ray is depicted with long dashes.
Each ray transmitted through an interface is accompanied by a reflected
ray. These non-TIR reflected rays are not shown in this figure.

A diagram of this is shown in Figure 3.4a. If a fiber is not uniformly illuminated over
its full numerical aperture, then the corresponding output beam will comprise only the
range of angles that make up the input beam. The fiber will generally produce an
axially symmetric output beam even for an asymmetric input beam, as shown in

Figure 3.4b.

3.2. Mode description
The mode description of optical fibers recognizes that an optical fiber is really a
dielectric waveguide and can support only the electromagnetic field distributions of

specific modes. This complete orthogonal set of modes includes a discrete set of
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Figure 3.4. Integration of a beam by an optical fiber (assuming many
modes). (a) Light that is coupled into the core at any point is evenly
distributed across the core upon exiting the fiber. (b) Light passing
through the fiber maintains the same angle magnitude with respect to

the axis, but spreads azimuthally to become approximately symmetric
about the axis (after Hopkins32).

bound modes and a continuous set of unbound modes.33 The modes are a function of
the physical dimensions and material parameters of the fiber, as well as the
wavelength and the vectorial nature of the light. Light incident on the end of an
optical fiber excites a mode of the fiber according to the overlap between the modal

field and the electromagnetic field of the illuminating beam.
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The intensity pattern for a superposition of the bound modes of a single fiber in an
0.35 NA fiber-optic imaging bundle is shown in Figure 3.5. The lowest order mode
predominant in Figure 3.5 is likely to be rotationally symmetric and approximately
Gaussian, as it is in all weakly guiding circular fibers (this fiber is actually somewhat
hexagonal, as seen in Figure 4.4a). The higher order modes vary both radially and
azimuthally. The experimental conditions used to obtain this measurement are

described in chapter 4 (see Figure 4.7).

Unbound modes can be divided into refracting and tunneling modes. Refracting
modes correspond roughly to ray directions that are not totally internally reflected at

the core-clad interface. Energy in the refracting modes attenuates very quickly.

Tunneling modes can be thought of as a form of frustrated total internal reflection
arising due to the curvature of the core-clad interface.3* The modes of an optical fiber
are a function of both core and clad parameters, and some amount of the light
propagates in the clad. A tunneling mode occurs when the initially monotonically
decreasing electric field in the clad becomes oscillatory, resulting in some of the

energy propagating radially outward.

The degree to which the ray description adequately describes the performance of an
optical fiber increases with the number of modes. For a single-mode telecom-
munications fiber, the mode description will nearly always be necessary to describe
the fiber, while for a large core fiber with hundreds or thousands of bound modes, the

ray description will generally be sufficient. With only a few bound modes, the fiber of
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Figure 3.5 is not adequately represented by the ray model, and the mode description

must be employed to fully describe the optical characteristics of the bundle.

INntensity

Figure 3.5. Intensity pattern corresponding to the bound modes of a
slightly hexagonal optical fiber. Fiber NA = (.35; core diameter ~3.4
1m; white light illumination overfilling the fiber.

The tangential components of the electric and magnetic fields are continuous across
the core-clad interface of an optical fiber. Thus, the modes shown in Figure 3.5
actually extend into the fiber cladding. This also says that light incident on the clad
can be coupled into bound modes, albeit inefficiently. This is an example of where the

ray description is lacking.
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3.3. Weakly guiding fibers
Many optical fibers can be described as "weakly guiding," which is defined by A << 1,

where
A= [(ncore ~Nelad )/nclad] 3 (3- 1)

For the Sumitomo IGN-05/10 imaging bundle, n¢ore = 1.498 (peak at center) and ncore
= 1.454, yielding A = 0.03 << 1. Measurement of these refractive index values is

described in appendix A.

3.4. Numerical aperture

The numerical aperture of an optical fiber is a geometrical optics concept used to
describe the range of angles over which illuminating light will be coupled into the
bound modes of the fiber. It is determined by the indices of retraction of the core and

clad, where

2 2
NA = Reore Mclad - (3.2)

For the case of gradient-index core profiles, as shown in Figure 3.1, the numerical

aperture is a function of position in the core, yielding a local numerical aperture

NA(r) = [n(r)-n?,, . (3.3)

where the index profile is assumed to be axially symmetric.
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The numerical aperture of a fiber is defined by the steepest meridional ray that will be
totally internally reflected at the core-clad interface. Skew rays can be bound by a
fiber at angles steeper than indicated by the numerical aperture. This leads to an
effective NA for a perfect circular fiber that is somewhat greater than the nominal NA
defined in equation (3.2).36 In practice, the nominal NA provides a reasonable
estimate for real, imperfect fibers, and is the value specified by manutacturers, albeit

usually for the preform, rather than the actual fiber.37

For single-mode fibers, such as those used in telecommunications, the mode field
radius (beam waist radius) of the approximately Gaussian lowest order mode is a more

useful parameter than numerical aperture.

3.5. Number of bound modes
The number of bound modes in a fiber is a function of the core diameter, wavelength,

numerical aperture, and core index profile. For step-index fibers, the number of bound

modes is approximately

V2
Ny, = [TJ (3.4
where
7D
V= (T )NA (3.5)

and D is the core diameter, A is the wavelength, and NA is the numerical aperture.3!

Equation (3.4) is valid for V >> 1. Itis interesting that this definition of the fiber "V"



60

parameter is equivalent to the definition of the normalized pinhole radius parameter,
Vp, given in equation (2.5), where the pinhole radius and beam NA have been replaced

by fiber core radius and fiber NA, respectively.

3.6. Dispersion

There is significant motivation for controlling the number of bound modes in a fiber.
Each mode has a distinct group velocity, which is the rate at which energy in the mode
propagates through the fiber. If a pulse of light is coupled into multiple bound modes,
the resulting pulse exiting the fiber will be spread out in time according to the product
of the fiber length and the range of group velocities of the excited modes. This
phenomenon is called inter-modal dispersion, and is the reason most telecommunica-

tions fibers are designed to support only a single mode.

The light exiting from a fiber is the sum of the light contained in each bound mode
(neglecting any remaining light in unbound modes). Since each mode has a different
group velocity, the field distribution exiting a multi-mode fiber will vary with fiber

length.

There are two other types of dispersion in optical fibers, which together are referred to
as chromatic dispersion.3® Material dispersion is due to the change in refractive index
with wavelength. Waveguide dispersion is due to the change in the relative
dimensions of the waveguide and the light wavelength. Chromatic dispersion results

in pulse spreading, and, therefore, limits the bandwidth of single-mode fibers.
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3.7. Materials

Optical fibers are manufactured from a variety of materials including silica and doped
silica, conventional optical glasses (primarily borosilicates, also referred to as soft
glass39), plastics, and specialty materials for purposes such as infrared transmission or

radiation resistance.

Silica is the most common material used in the manufacture of optical fibers. Dopants
such as germanium or fluorine are used to raise or lower the refractive index in order
to obtain a waveguide structure. Losses in silica fibers are very low, particularly in the
near infrared, and can be minimized over broad wavelength regions by controlling the
hydroxyl (OH) ion content. Silica multi-mode fibers are available with losses of 0.1 -
3 dB/m over the wavelength range of approximately 200 nm to 2500 nm, and are
capable of carrying power levels in excess of 1 GW/cm?2.4041 Silica imaging bundles
transmit extremely well in the visible region, with losses of 0.1 - 0.2 dB/m,4243 and
are commonly used in medical and industrial endoscopes. While these losses would
be unacceptable in telecommunications fibers, they are reasonable for short fiber

lengths such as might be used in medical or industrial systems.

Single-mode telecommunications fibers operating at 1300 or 1550 nm are
manufactured using silica. These two wavelengths are chosen due to minimum
chromatic dispersion at 1300 nm and minimum attenuation at 1550 nm (on the order
of 0.2 dB/km). The bandwidth of these fibers can be many GHz-km (given as the
product of frequency bandwidth and distance because the pulse-spreading is

proportional to both fiber length and signal bandwidth).
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Conventional optical glasses were the most common materials used in early optical
fibers, and are still common in imaging and non-imaging bundles.#4 These fibers
generally exhibit high numerical apertures, on the order of 0.6 in tlexible imaging
bundles and 1.0 in rigid bundles.*> Losses are fairly uniform throughout the visible
spectrum, making glass fibers and bundles suitable for illumination and endoscopy

applications.

Plastic is used in the manufacture of optical fibers that need to be either very flexible
or inexpensive. Such applications include illumination and imaging bundles as well as

rigid light conduits.46:47,48

In order to transmit light in the infrared at wavelengths longer than approximately 2.5
Km, it is necessary to use special materials. For example, silver halide fibers can

transmit wavelengths between 3 um and approximately 15 pm.4?

3.8. Losses
There are several loss mechanisms in optical fibers, including Fresnel reflections from
the end faces, coupling into unbound modes, finite cladding thickness, scattering,

absorption, and bending.

Fresnel reflections

Fresnel reflection losses occur at the entrance and exit faces of optical fibers due to the
change in refractive index between the fiber material and the surrounding medium.
For glass fibers immersed in air, these losses are approximately 4% at each face. Most

fibers have relatively small index variations between core and clad, so reflections from
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the two regions of the fiber will be approximately the same. These losses may be

reduced by putting anti-reflection coatings on the faces of the fiber.

Unbound modes
As discussed above, only light coupled into the bound modes of a fiber is transmitted

efficiently by the fiber. Light that is not coupled into the bound modes is typically

attenuated over a short length of the tiber.

Energy coupled into tunneling modes is lost more gradually than energy coupled into
refracting modes. For the fibers discussed in the following chapters (a few microns in
diameter), little energy in these modes will remain beyond the first few millimeters.
For example, the fiber in the Sumitomo bundle of Figure 3.5 has a constant cladding
refractive index and a cubic core index profile (core radius = 1.7 um). This results in
approximately 90% of the energy in the tunneling modes being lost within the first

millimeter.3!

Finite cladding thickness

In order to have lossless transmission, the clad must have infinite thickness due to the
infinite extent of the evanescent waves in the cladding. In practice, a clad thickness of
some number of wavelengths will be adequate to minimize losses. The necessary clad
thickness is a function of the wavelength, core diameter, numerical aperture, and
mode. If the clad is too thin, energy can be lost through the interface between the
cladding and surrounding jacket. This effect is employed in fiber couplers by bringing

multiple cores together with a cladding thickness too thin to prevent coupling between
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the modes of the fibers. This is also a source of reduced resolution in imaging bundles

due to crosstalk between the fibers of the bundle.

In single-mode telecommunications fibers, the index of refraction difference between
the core and clad of the fiber is small, requiring a thick clad, typically 125 yum in
diameter, while the core may be only 5 um in diameter. This is necessary due to the
large extension of the evanescent waves into the cladding. It is also possible to limit
losses and crosstalk without employing a thick cladding by increasing the core-clad
refractive index difference while maintaining a very small core (a few wavelengths in
diameter). This is the technique used in making high-resolution imaging bundles,
where a thick cladding on each fiber would result in inefficient light transfer through

the bundle.

Scattering

Scattering of light in an optical fiber occurs in the core, the clad, or at the core-clad
interface. Scattering redistributes energy from bound modes into other bound modes
and into unbound modes, resulting in losses. The effect of impurities at the core-clad
interface can be minimized by making the core viscosity higher than the clad viscosity.

This causes the impurities to be pushed into the clad during the manufacturing

process.>0

Absorption
The absorption of light in fibers varies widely with material and wavelength. The
losses acceptable for telecommunications fibers are generally much lower than for

other types of fibers. The wavelengths chosen for optical communications are heavily
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influenced by the absorption spectrum of silica. This is in distinction to general use
fibers, which are designed to give good transmission for short distances over a fairly
wide wavelength range. As discussed in chapter 4, absorption losses in short lengths
(e.g., < 3 meters) of silica imaging bundles are substantially less than the input
coupling losses, and are of minimal importance in the fiber-optic imaging-bundle

confocal microscope

Bending

Losses in fibers occur due to bending because the angles at which the rays intersect the
walls of the fiber change, resulting in some of the bound rays becoming unbound.
High-resolution silica imaging bundles are of moderate tlexibility, being constructed
of many fibers fused together into what is a reasonably thick bundle (e.g. 0.5 mm
diameter). Bending in this case is restricted by the mechanical limitations of the
bundle. For example, the Sumitomo IGN-05/10 bundle has fiber core diameters on
the order of 3.4 pm (see chapter 4) and a specified minimum bending radius of 30
mm.3! This results in a bending-radius to core-radius ratio that is greater than 104. In
conjunction with the bundle numerical aperture of 0.35, this results in negligible

bending losses.52

Exceeding the allowed bending radius is likely to result in a catastrophic failure of the
bundle (it breaks) before sizable bending losses occur. For this reason, bending losses
are not considered a significant issue in the fiber-optic imaging-bundle confocal

microscope.
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4. FIBER-OPTIC IMAGING BUNDLES

This chapter discusses general properties of fiber-optic imaging bundles, particularly

their suitability for inclusion in a fiber-optic imaging-bundle confocal microscope.

Fiber-optic imaging bundles are arrays of optical fibers assembled in a fixed spatial
orientation, allowing transmission of an image. The image is tocused onto one end of
the bundle. Each fiber collects an amount of light approximately proportional to the
irradiance in a small region of the image. The fibers transmit the light to the other end
of the bundle, and the light exiting from the bundle represents a sampled image of the
irradiance distribution at the entrance face of the bundle. The fidelity of this process is
determined by the properties of the fibers and the bundle. Important fiber parameters
are size, spacing, numerical aperture, losses, and the finite number of bound modes.
Important bundle parameters are size and flexibility, the number of fibers, crosstalk

between the fibers, and light coupled into the cladding.

Fiber-optic imaging bundles were first proposed in 1927,53:54 and successfully
assembled and tested in the early 1950's.55 Since that time, the techniques used to
manufacture imaging bundles have improved considerably, resulting in both flexible
and rigid bundles made of a variety of materials and used in numerous applications.
Flexible imaging bundles are typically used in medical and industrial endoscopy
applications, while rigid image bundles are used in image intensifiers, tapers, and
faceplates. Materials used in imaging bundles include pure-silica and doped-silica

glass, compound glasses, plastics, and a few specialty materials.
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Silica imaging bundles offer the highest resolution and lowest loss of commercially
available flexible bundles, making them the best choice for use in a confocal
microscope. Experimental results for three silica bundles are given in this chapter, and
one of them (Sumitomo Electric Corp. IGN-05/10) was used in the two fiber-optic

imaging-bundle confocal microscopes described in chapter 5.

Fiber bundles are typically assembled with round cores in a hexagonal pattern,
although the actual shapes and positions may be perturbed during manufacturing.

A hexagonal pattern yields the most efficient packing of round fibers in an array.
Alternative geometries are round or square cores in a square pattern and hexagonal
cores in a hexagonal pattern. Moiré fringes can result when a high spatial-frequency
pattern (e.g. a grating) is transmitted by a fiber bundle. The regularity of these fringes
is reduced by bundle irregularities, and may actually make the perfect hexagonal
bundle an undesirable idealization.56:57 Figure 4.1 shows an idealized hexagonal array
of round fibers; Figure 4.4a shows a section of a Sumitomo IGN-05/10 bundle. The
cores of the Sumitomo bundle have become somewhat hexagonal during the
manufacturing process. The fiber size, shape, and spacing varies considerably in this

bundle, although the arrangement is roughly hexagonal over short distances.

4.1. Imaging bundlie characteristics

The point-spread-function (PSF) of an imaging bundle depends on the position of the
image point with respect to the fibers. Light that falls directly on a fiber core will be
most efficiently transmitted by the bundle, while light that falls on the cladding region

between the cores will generally be distributed through the clad in some complex
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Cladding

d = Core Spacing
Cores

f D = Core Diameter

Figure 4.1. Idealized hexagonal arrangement of circular core fibers.

manner or lost through the sides of the bundle. Additionally, due to the finite number
of bound modes in an optical fiber, light that is incident on a fiber core must be
coupled into the bound modes of the fiber in order to be efficiently transmitted. Thus,
the point-spread-function of fiber bundles is space-variant, and no single point-spread-
function or modulation-transfer-function (MTF) can be assigned to a bundle. Most of
the literature concentrates on either specifying an average point-spread-function or
generating a space-invariant imaging system by rapid ("dynamic") lateral scanning of

the bundle to blur out the effect of individual fibers.

Fiber size, shape, and spacing

The size of the fibers in an imaging bundle influences the imaging performance due to
the integrating effect of the fibers. In a fiber with many bound modes, all the light
falling within the numerical aperture of the fiber will be captured by the fiber, and will
be approximately evenly distributed across the fiber at the other end. In this case,

detail finer than a single fiber will be lost by the bundle.
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In the case of only a few bound modes, coupling of light into the fiber will be
determined by the coupling between the field distributions of the illuminating beam
and the bound modes of the fiber. This can be calculated with overlap integrals, which
yield a coupling coefticient for each bound mode.3! Neglecting mixing of modes |
during transmission and mode-dependent loss and crosstalk, the fields exiting the fiber
will be determined by the set of coupling coefficients times the corresponding mode
distributions times a phase shift for each mode. In general, the field distribution
exiting the fiber will not be the same as the fields coupled into the fiber due to the
different phase velocity (and therefore different phase shift with fiber length) of each

mode.

The fibers in imaging bundles vary in size. In cases of interest for implementing
confocal microscopy through a bundle, the fiber cores are spaced between
approximately 1 pm and 10 um center-to-center. The smallest core spacings are found
in flexible single-mode silica bundles, which have been produced but are not
commercially available.’® Flexible multi-mode silica bundles typically have core
spacings in the 3 - 8 pm range,31-59:60,61 while flexible compound glass bundles have
larger core spacings in the 6 - 25 um range.*3-60.62.63.64.65.66 Pjastic bundles have been

produced with 9 im core spacing.48

Imaging bundles must have a finite amount of area devoted to cladding material in
order to guide the light and minimize crosstalk. The ratio of the core area to the total
picture area of the bundle is referred to as the "core packing fraction" or simply the

"packing fraction." 32,67
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During the manufacturing of imaging bundles, round fibers are typically fused
together in a hexagonal array. When round fibers are combined in such a pattern,
there are initially small voids between the fibers. In rigid image bundles, such as
fiber-optic faceplates, these voids are often tilled with Extra Mural Absorption (EMA)
to reduce crosstalk by absorbing stray light. In flexible image bundles, however, EMA
is typically not used, and the voids are filled by cladding material during the fusing of
the fibers. When possible, a higher viscosity material is used for the cores than for the
cladding.30 This causes the cladding to deform while maintaining the round structure
of the cores. This is preferable to lower viscosity core than cladding, in which case the
cladding thickness will remain constant and the cores will tend to deform, becoming
somewhat hexagonal. As seen in Figure 4.4, some amount of core deformation occurs

in silica bundles.

Numerical aperture

To maximize the packing fraction (for minimum coupling loss), it is desirable in
imaging bundles to have thin cladding layers surrounding the fiber cores. This is
accomplished by using large core-clad refractive index differences, which produces a
quick decay of the evanescent fields in the cladding for most modes. These large
refractive index differences result in fairly high numerical apertures of 0.2 - 0.66 in

flexible imaging bundles.

Modes
The modes of fibers in an imaging bundle are similar in nature to the modes of a single

optical fiber, with the exception that the modes of adjacent fibers may be coupled.
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The manufacturing process for silica bundles tends to yield fibers that are somewhat
hexagonal, and therefore have slightly different bound modes than round fibers. All
commercially available imaging bundles are multi-mode at visible wavelengths. The
bound modes of a fiber in a high-resolution silica imaging bundle are discussed and

shown below.

Crosstalk

Crosstalk between fibers comes about due to coupling between the modes of adjacent
fibers. Crosstalk is a function of the excited modes of the fibers, the degree of
coupling between the modes of adjacent fibers, and fiber length. These parameters

must be controlled to minimize crosstalk in imaging bundles.

Power exchange between a pair of nearly-identical single-mode fibers is given by

P(z)=1-F° sinz(% z); P(2)=F sinz(%z), (4.1)

where P(z) and P2(z) are the power in the two fibers and z is the length of the
coupling region.3! The parameter C describes the interaction between the modes of
the two fibers (C varies inversely with fiber separation) and influences the beat length
over which the light is exchanged from one fiber to the other and back again. The
parameter F describes the physical similarity between the fibers, and impacts both the

beat length and the maximum amount of power exchanged between the fibers.
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Crosstalk between multi-mode fibers has a significantly different appearance than that
of single-mode fibers. The beat length of the modes of adjacent fibers, and therefore
the rate at which energy is exchanged back and forth between the fibers, is a function
of mode. For multiple excited bound modes with a variety of beat lengths, the energy
will eventuélly reach an equilibrium (assuming many modes).58 Small differences in
the fiber core diameters result in a rapid decrease in crosstalk rate and magnitude.
Alternative derivations of crosstalk have been made by Hopkins and Kapany® and by
Kapany70.71 based on the area of adjacent fiber cores that are in close contact with

each other, and by Hosono?2 using the mode coupling between adjacent fibers.

During the manufacturing process, dissimilarities between adjacent fibers in imaging-
bundles arise, significantly reducing the crosstalk. Sumitomo Electric Corp. uses a
"disordered pack" scheme to control crosstalk by intentionally varying the core
diameters, both between fibers, and of each fiber along its length.”3 Experimental
measurements of crosstalk have been published by Sumitomo Electric Corp.,” Conde,

et al,’7 and Komiyama and Hashimoto.”s

Cladding modes

Light coupled into the cladding of fiber bundles can propagate in cladding modes. In
the case of multi-core fiber bundles (such as the Sumitomo IGN-05/10 and IGN-
10/13), the continuous cladding throughout the bundle results in the extension of these
modes over the entire bundle. The light in cladding modes in a multi-core fiber bundle
will generally exit from the bundle at a position related in some complex fashion to the
input position. This light will contribute background noise, reducing the contrast of

images transmitted by the bundle.
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Cladding modes are likely to be less of a problem in leached bundles, where the fibers
are adjacent only at the ends of the bundle, resulting in cladding modes that are limited
in extent to a single fiber. It is not clear how significant cladding modes are in the
case of wound bundles (described below), which may have a continuous cladding

region containing many fibers and extending over the entire length of the bundle.

Bundle sizes

Imaging bundles are available in a large range of sizes, from a few hundred fibers in
the smallest silica bundles to hundreds of thousands of fibers in large rigid bundles.
The number of fibers can be thought of as the space-bandwidth product of the bundle,
providing the upper limit on the number of pixels in an image. The Sumitomo IGN-
05/10 imaging bundle used in the systems of the following chapter have 10,000 fibers.

Therefore, these systems can collect an image with up to 10,000 pixels.

Losses

Packing fraction

As described above, the packing fraction is the ratio of the area of the cores to the total
picture area of the bundle. This is a geometrical optics estimate of the maximum
throughput of a fiber bundle (neglecting Fresnel reflections at the entrance and exit
faces, and absorption and scattering losses in the bundle). For round cores in a

hexagonal pattern, as shown in Figure 4.2, the packing fraction is:

D/\2
Packing Fraction (PF) = M__ 4.2)

(ﬁd%) ’
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where D and d are the average core diameter and core center-to-center spacing,

respectively.

Clad
Core
T Clad
d D

T O)
(&

Figure 4.2. Geometry of cores and cladding in a hexagonally-packed
imaging bundle. D = core diameter and d = center-to-center core
spacing.

The allowable packing fraction is proportional to the size of the cores and the
numerical aperture. This is because the clad thickness necessary to minimize crosstalk
decreases with both increasing core diameter and higher refractive index ditference
between core and clad. The cores can be reduced in size to yield a higher resolution

bundle, but the cladding cannot be reduced proportionally without increasing the

crosstalk.

Coupling losses
In an identical fashion to single fibers, light incident on the end of a fiber bundle must
be coupled into the bound modes of the fiber in order to effectively propagate to the

distal end of the bundle. Ilumination light that falls onto cladding regions of a multi-
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mode bundle will generally be lost. This was discussed in the previous chapter for

single fibers and applies equally to bundles.

Transmission losses
Transmission losses in multi-mode fiber bundles are largely a function of the material
with which the cores are constructed. The properties of materials used in fiber bundles

are discussed below.

Distortion

Maximum fiber misalignment is typically specified for imaging bundles in terms of
the deviation of a straight line when seen through the bundle. This is usually defined
by bundle manufacturers as distortion or coherency, and has no relationship to the

classical definitions of optical distortion or coherence.

The two manufacturers of the multi-core silica bundles used in this work do not
specify the distortion of their bundles. Current leached compound glass imaging
bundles have minimal distortion.”8 Wound fiber bundles tend to have misalignment ot
multi-fiber groups rather than single fibers,”” resulting in a line input producing a

substantially distorted line output.

4.2. Imaging properties

Fiber-optic imaging bundles are used in two distinct ways: static scanning or dynamic
scanning. In "static scanning”, a term proposed by Hopkins and Kapany, the fiber
bundle ends are held in fixed positions, resulting in the space-variant imaging

described above.?> "Dynamic scanning" of a fiber bundle was proposed somewhat
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later by Kapany,® and is accomplished by laterally scanning the ends of the fiber
bundle in unison. This blurs out the structure of the fibers in an image conveyed by
the bundle, and, thereby, yields a space-invariant (isoplanatic) imaging device.
Kapany and his colleagues found that scanning the bundle randomly over a distance of
approximately 4 - 5 fiber diameters at a rate of 80 cycles per exposure completely
eliminated the space-variance of the imaging, and approximately doubled the cutoff
frequency of the bundle modulation-transfer-function. Unfortunately, it is often not
noted in the literature whether static-scanning or dynamic-scanning has been used tor
a modulation-transter-function measurement, making it difficult to compare various

manufacturers' bundles with each other or with theoretical predictions.

Since the goal of this work is to inspect difficult to reach locations via an imaging
bundle, it can be assumed that the sample locations will not generally lend themselves
to the mechanism necessary for precise physical scanning of the fiber bundle.
Therefore, the static-scanning case will be more relevant for this application.
Furthermore, as discussed in the following chapter, the main advantage of the fiber-
optic imaging-bundle confocal microscope over the (single fiber) fiber-optic confocal
microscope is the elimination of the lateral scanning mechanism at the distal end of the

fiber.

Theoretical models of imaging performance in static and dynamic scanning have been
developed by a number of authors. These models assume that light coupled into a
fiber will be evenly distributed across the core upon exiting the fiber - a geometrical
optics approximation whose validity increases with the number of bound modes in the

fibers. The number of bound modes increases with the core diameter and the core-
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clad refractive index difference, and decreases with wavelength. High-resolution
silica imaging bundles are used in the fiber-optic imaging-bundle confocal microscope
described in chapter 5. As seen in Figure 4.7, the fibers of such a bundle have only a
few bound modes, making the assumption of many modes questionable for these

bundles.

Static scanning

In their early work, Hopkins and Kapany estimated the static-scanning resolution of a
bundle to be limited by the size of the tibers in the bundle. They obtained a resolution
of 4 lines/mm for a bundle composed of D = 60 um diameter fibers.>:67 This
theoretical result followed from the fact that a straight line imaged through the bundle
would appear "broken," with the maximum extent of the error in the image being two
fiber diameters (approximately 1/8 mm since they were using unclad fibers).
Therefore, the smallest resolvable detail is on the order of two fiber diameters, and the
maximum spatial frequency that can be transmitted is f = 1/(4D) = 4 lines/mm. They
found experimentally that their bundle could resolve this spatial frequency, and
furthermore, that it could resolve higher spatial frequencies when the test object
(grating) was rotated to coincide with one of the three orientations, ¢ = /6, n/2, and

5n/6, shown in Figure 4.3.

Hopkins later estimated the resolution of a fiber bundle based on the sampling
frequency.32 He predicted a maximum spatial frequency of f = 1/(2d) for a perfectly
aligned close-packed bundle (neglecting cladding thickness, as shown in Figure 4.3, to

obtain core spacing, d, equals core diameter, D). Considering the finite cladding
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thickness and fiber misalignments of a real bundle, he rewrites this in terms of core

diameter as f= 1/(2.5D).

Core Diameter

Figure 4.3. Hexagonal close-packed fiber model used to estimate
resolution (after Kapany’!). Orientations ¢ = #/6, 7/2, and 5m/6 yield
the fundamental sampling frequency of the bundle, while orientations
¢ =0, n/3, and 27/3 yield a higher sampling frequency.

Kapany also used the sampling frequency in later work to estimate the static-scanning
cutoff frequency to be f = 1/(2D) in one of the two directions of closest packing in a
square fiber array.’® He noted that a hexagonally close-packed bundle yields a smaller
sampling interval of 0.87D (see Figure 4.3) and, therefore, a higher cutoff frequency
of f = 1/(1.73D). He also pointed out intermediate orientations of the bundle at which
even higher spatial frequencies might be transmitted, albeit with reduced contrast.
These orientations correspond to @ = 0, /3, and 21/3 in Figure 4.3 and have a

sampling interval of 0.5D.7!
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Drougard showed that for a perfect hexagonally close-packed bundle, the optical-
transfer-function in the static-scanning case will vary between a maximum of
[2J,(nfD)/(nfD)] and a minimum of [2J,(%fD)/(nfD)]cos’ (nv/3 f D/2), depending on
the orientation and phase shift of the object with respect to the bundle.”” This
corresponds to spatial frequencies of f = 1.22/D and f = 1/(1.73D) at the tirst zeros of
the transfer function for the maximum and minimum cases, respectively. She also
showed that for randomly distributed fibers in the bundle, a space-invariant static-
scanning transfer function exists. As seen in Figure 4.4, and in a recent paper by
Conde, et. al.,>7 there is an ordering of the fibers in commercial imaging bundles, and

a model assuming random fiber positions will not be valid.

Drougard pointed out substantial difficulties in measuring imaging bundle modulation-
transfer-functions. She examined two cases: 1) a sine wave image scanned across the
entrance face of a fixed bundle with a fixed detection slit at the other end of the
bundle, and 2) a fixed sine wave imaged onto the bundle, with a detection slit scanned
across the other end of the bundle. The performance was significantly better in the
first case, although the reason for this is unclear. For a shift-invariant imaging system,

these two cases would yield identical results.

In commenting on the work of Kapany and Drougard, Siegmund noted the significant
uncertainties inherent in calculating and measuring the modulation-transfer-function of
the static-scanning fiber bundle. He suggests that a good rule of thumb for the

resolution limit of a fiber bundle is between f = 1/(3d) and f = 1/(2d).37:67.76
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Vanwormhoudt and DeKinder discuss the resolution of static-scanning fiber bundles
in terms of the space-variance and conclude that the usual concepts of transter
functions are not valid except at low spatial frequencies.” Thus, for example, the
various line-spread-functions possible with a fiber bundle cannot simply be Fourier

transformed to obtain the modulation-transfer-function of the bundle.

Marhic, et. al. proposed a statistical approach to explain the deviations of measured
static-scanning modulation-transfer-functions from theoretical predictions.8¢ They
showed that the effect of misaligned fibers is to generate a space-invariant line-spread-
function whose corresponding modulation-transfer-function is given by the product of
the average modulation-transfer-function for a perfectly aligned bundle with a

misalignment term having a normal statistical distribution:
H(f) = [2J,(n/D)/(~fD))* exp(-272 f262). 4.3)

However, the amount of misalignment required to match the theoretical and
experimental data was 0 =0.51D. Each core must have a substantial amount of area
through which it can wander in order to allow this amount of misalignment.

Assuming each (round) core in a hexagonal arrangement can move a maximum of 20
in any direction requires hexagonal cells of dimension d = 3D (see Figure 4.2). This
results in a core packing fraction of [%(D/2)?1/[N3(3D)?/2] = 10%, far below that
found in commercial imaging bundles. Thus, while this statistical model may be able
to account for the discrepancy between theoretical and experimental modulation-

transfer-functions, it does not do so in a manner consistent with actual bundles.
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Csorba described the point-spread-function of a fiber bundle in terms of equal "disks
of confusion" at the input and output end of the bundle, resulting in a cylindrical
intensity distribution of diameter equal to two fiber diameters, and a modulation-
transfer-function of [2|J1(2njD)/(2nfD)|].31 While the average extent of the intensity
distribution will be two fiber diameters, there is no apparent reason to expect the sh'ape
of the distribution to be cylindrical. In fact, the average point-spread-function in the
static-scanning case is equivalent to the actual point-spread-function in the dynamic-

scanning case, shown by Drougard to be the autocorrelation of a cylinder function.

Eberhardt pointed out substantial discrepancies between the experimental results of
Drougard’’ and Allen,32 and suggested two alternative modulation-transfer-function

approximations which are better suited to analytical calculations.33

Most recently, Player has analyzed the "long slit" line-spread-function (LSF) of a fiber
bundle.®4 Following Drougard and Eberhardt, he describes the input from a line
illumination into a fiber in terms of a chord function that depends on the relative
position of the line with respect to the fiber center. For a sufficiently long line of
illumination such that many fibers are illuminated, there will be an average line-
spread-function that is a function of the fiber core diameters only. He concludes that
for object spatial frequencies that are low with respect to the sampling frequency, the
average line-spread-function can be used to estimate the bundle modulation-transfer-
function (valid only at these low frequencies). However, at higher spatial frequencies,
the sampling nature of the bundle must be taken into account and the modulation-

transfer-function cannot be written explicitly.



Dynamic scanning

The dynamic-scanning optical-transter-function was initially derived and measured by
Kapany.”® He found that the object spectrum was multiplied by the frequency
response of a disk of fiber diameter, D, resulting in an optical-transfer-tunction of
[2]1(1rfD)/(7'th)]. This results in a cutoff frequency of f= 1.22/D, more than twice as
high as the static-scanning cutoff frequency of either hexagonal or square fiber arrays.
He confirmed this prediction experimentally below the cutoff frequency, but was not

able to show the phase reversal above f = 1.22/D predicted by this transfer function.

Kapany states in a later paper that the "dynamic point-spread function is a bell-shaped
function with 2-fiber diameter width."70 This is twice the width of the point-spread-
function derived by him previously. Roetling and Ganley pointed out this
contradiction, and suggested that with both ends of the fibers scanning with respect to
the point source and the image recording device (photographic plate), the resulting
image will be two fiber diameters wide.85 They noted that for a non-tapering bundle
with no crosstalk, the transfer function derived by Kapany in a third paper’! simplities
to [2]1(7th)/(1th)]2. This is consistent with the two fiber diameter width
demonstrated by Kapany, and is somewhat bell shaped. Drougard later derived the

same dynamic-scanning modulation-transfer-function.””

4.3. Imaging bundle types
Flexible imaging bundles

Flexible imaging bundles are usually constructed as wound, leached, or multi-core

fiber bundles. They are typically made of silica, compound glass, or plastic.
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Bundle construction

Wound_bundles

Early fiber bundles were made by continuously winding a single fiber onto a spool to
produce an aligned array of fibers of the desired cross-section.’® The fibers were then
clamped together according to the desired bundle length, removed from the spool, and

cut and polished. The length of wound bundles is limited by the size of the spool.

Current wound fiber bundles are typically constructed by assembling multi-fiber
elements of between 5x5 and 10x10 individual fibers, which are then fused together to
make a much larger bundle. A disadvantage to this technique is that entire multi-tiber
elements may break or be misaligned during the manufacturing process, leading to
potentially significant distortion or dark spots. Additionally, the underlying structure
of the multi-fiber elements may be visible in the bundle, diminishing the image
quality. Recently, the idea of using fractal multi-fiber shapes has been employed in
making rigid fiber faceplates without the visible underlying structure of the multi-

fibers.86 This may find use with flexible bundles in the future as well.

Leached bundles

Leached bundles are composed of fibers that are aligned at the ends but allowed to
float freely in the middle of the bundle, resulting in a highly flexible bundle. These
bundles are manufactured by drawing a rigid bundle of fibers from a pre-assembled
preform composed of fibers with an acid soluble cement between the fibers. The ends

of the bundle are then placed in a fixture, and the middle of the bundle soaked in acid
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to leach the cement from the center of the bundle. Through this technique, it is

possible to obtain a bundle with negligible distortion and somewhat arbitrary length.76

Multi-core fiber bundles

Multi-core fiber bundles are similar in manufacture to leached bundles, with the
exception that the leaching stage is omitted, resulting in a semi-flexible bundle. This
type of bundle is typically made with silica by Japanese manufacturers (Sumitomo,
Fujikura, Olympus, and Mitsubishi). Retlection images of three silica multi-core fiber
bundles are shown in Figures 4.4. The three bundles shown are the Sumitomo Electric
Corp. IGN-05/10 (Fig. 4.4a), the Fujikura Ltd. FIGH-03-300C (Fig. 4.4b), and the
Sumitomo Electric Corp. IGN-10/13 (Fig. 4.4c). The white bar in each image is 5 tm
long. Based on these images, it appears that the two Sumitomo bundles have nothing
separating the cladding regions of the individual fibers, and therefore are composed of
many cores in what is essentially a single continuous cladding. The Fujikura bundle
appears to have a separation between the cladding of individual fibers, but it is not
known whether this is a material which has been added, or is an artifact of the
manufacturing process. Thus, it is unclear whether the Fujikura fibers share a

common clad.

Due to errors in the manufacturing process, multi-core fiber bundles typically have
some degree of misalignment of the fiber elements.57 This misalignment can vary
from negligible to severe, and affects the imaging performance of the bundle (although
not necessarily adversely, as discussed above regarding Moiré fringes and as pointed

out by Drougard in terms of the space-variance of static-scanning imaging).



(a)

Figure 4.4. Rellection images of small sections of three silica multi-
core fiber-optic imaging bundles. a) Sumitomo Electric Corp. IGN-
05/10, b) Fujikura Ltd. FIGH-03-300C, and ¢) Sumitomo Electric
Corp. IGN-10/13. The white bar in cach image is 5 pm long.
(Continued on the following page).



Figure 4.4. (Continued)

(b)

86
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Materials

Silica image bundles

Silica bundles provide the highest resolution and lowest loss of the tlexible image
bundles. They are available in arbitrary lengths and a variety of thicknesses. Pixel
(fiber) counts in silica bundles vary from several hundred up to tens or even hundreds
of thousands. Attenuation in multi-mode silica bundles is less than 0.2 dB/m in the
visible spectrum.42:43 The stiffness of silica bundles increases rapidly with bundle

diameter. Silica bundles are available with center-to-center core spacings of 3 - 8

1m.51,59,60,61

Both the core and cladding are typically pure or doped silica. The core index can be
boosted with a dopant such as germanium, while the cladding index can be reduced

with a dopant such as fluorine, yielding numerical apertures in the range of 0.2 to

0.45.42.43,87,88

Silica bundles composed of single-mode fibers (at visible wavelengths) have been
produced, but are not commercially available.5® Fiber cores in these bundles are 1.0 to
1.4 pm in diameter and are spaced 1.7 to 2.9 um center-to-center. Due to their small
fibers, single-mode silica bundles are likely to allow bundles with tens of thousands of
elements while remaining reasonably flexible. A substantial disadvantage to these
bundles, however, is the inefficiency of coupling into their single bound mode, which

results in substantially higher losses than in multi-mode bundles.

An advantage of silica bundles is the possibility of using equipment designed for

telecommunications fibers. Recently, a 125 um diameter silica rod lens and 125 um
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diameter (700 fiber) silica imaging bundle were fused together using an arc fusion

splicer, rather than the more conventional technique of optical cement.%

Compound glass bundles

Compound glass (also referred to as soft glass) bundles are manutactured from
conventional crown and flint glasses. These bundles are manufactured using leached
and wound techniques with core spacings of 8 to 25 um (center-to-center).43:60.62 - 66
Compound glass bundles suffer from losses on the order of 3 dB/m in the visible

spectrum, which are significantly higher than silica bundles.

Plastic image bundles

High resolution plastic image bundles are relatively new, and are both highly flexible
and potentially cheaper than glass.46:48,:90 Absorption losses are on the order of 0.5 - 2
dB/m in the visible spectrum, with the highest losses below 500 nm. Bundles with 7

um cores spaced 9 um center-to-center have been built.

Specialty materials for infrared and ultraviolet transmission

Imaging bundles have been built with special materials for thermal imaging in the
infrared.®1.92  Silica bundles are likely candidates for use in the ultraviolet, although
none appear to have been designed specifically for this purpose. Silica imaging
bundles with germanium doped cores are suitable over a limited wavelength range due
to their tendency to color with exposure to ultraviolet light (primarily at 193 nm and
248 nm?3). However, radiation resistant bundles with pure silica cores have been built

and may be usable at these wavelengths.42
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Rigid image bundles

Rigid image bundles are typically composed of many short fibers, and are used in
applications such as microchannel plates, fiber-optic faceplates, and image reducers.
Large core-clad refractive index differences are used to obtain numerical apertures on
the order of 1.0.67 Extra Mural Absorption (EMA) is often added between the fibers
to reduce crosstalk in the bundle, whereas it is rarely used in flexible image bundles.
Due to the large size of many rigid fiber bundles, a multi-fiber arrangement is often

used, such as described above for wound bundles.

Rigid image bundles are of little use in confocal microscopy due to their inflexibility.
It is possible to heat and bend the bundles into a fixed shape (e.g. with a 90 degree
bend), which may be useful for applications with specimens in confined locations.
Such applications are likely to be few, however, as a free-space optical path may also

be used to reach the sample space.

4.4. Evaluation of three flexible silica multi-core imaging bundles

This section describes the experimental evaluation of three silica multi-core fiber
bundles. The bundles tested are the Sumitomo Electric Corp. IGN-05/10, the Fujikura
Ltd. FIGH-03-300C, and the Sumitomo Electric Corp. IGN-10/13. Included in this
section are specified and measured parameters of core size, core center-to-center
spacing, packing fraction, core and clad refractive indices, numerical aperture, bound

modes, and crosstalk.
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Sumitomo makes two series of imaging bundles. The smaller, high-resolution bundles
have between 2,000 and 10,000 elements (fiber cores) with ~4 um core center-to-
center spacing, while the larger bundles have 13,000 to 50,000 elements with 8§ - 9 um

core center-to-center spacing.!

The IGN-05/10 is the largest of the Sumitomo high-resolution bundles, with 10,000
elements in a ~0.45 mm picture diameter.”® The cores are silica doped with GeOz to
raise the refractive index, while the cladding is silica doped with Fluorine to lower the
index. The numerical aperture is 0.35. An image of a section of the Sumitomo IGN-

05/10 is shown in Figure 4.4a.

The IGN10/13 is one of the larger Sumitomo bundles with 13,000 elements in a ~0.9
mm picture diameter. The cores are doped with GeO2 and the cladding is pure silica,
yielding a numerical aperture of 0.3. An image of a section of the Sumitomo IGN-

10/13 is shown in Figure 4.4c¢.

Fujikura makes three series of image bundles: S, N, and C.5° The S series has the
highest resolution with 3.0 - 3.7 um core center-to-center spacing, as compared to 3.8
- 5.2 um and 3.9 - 6.0 um for the N and C series, respectively. All three bundle types
are available with 1,600 to 6,000 elements, and the N type is also available with
10,000 elements. It is not known if the material parameters differ between the bundle

types.
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The Fujikura FIGH-03-300C has 3,000 elements in a 270 pm picture diameter. The
numerical aperture is 0.4 nominal.®* An image of a section of the Fujikura FIGH-03-

300C is shown in Figure 4.4b.

The Sumitomo IGN-05/10 has been the primary imaging bundle used in this project,
due largely to availability (rather than technical superiority). Therefore, more data is
available on this bundie than any other. Two 10-foot lengths of the bundle were
purchased. No effort was made to track which test results (or images in the following
chapter) corresponded to which of these two bundles. A single 3-foot piece of each of

the other two bundle types was tested.

Table 4.1 summarizes the specified parameters of the three bundles used in this work.

Bundle Fibers | Bundle | Picture Core Cores |{Cladding] NA
Diameter|Diameter| Spacing
(center-
| to-center) _ _
Sumitomo 10,000 | 0.5mm| ~0.45 | ~4um | GeO; | Fdoped | 0.35
Electric Corp. mm doped | Silica
IGN-05/10 Silica
FujikuraLtd. | 3,000 { 0.3 mm | 270%15 not (doped?) | (doped?)| 0.4
GH-03-300C um |specified| Silica | Silica
Sumitomo 13,000 | 10mm [~09mm{8-9um | GeOj Pure 0.3
Electric Corp. doped | Silica
IGN-10/13 Silica

Table 4.1. Specified parameters of three silica imaging bundles
discussed in this section.
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Refractive indices and numerical aperture

A technique for measuring the retractive indices of optical fibers and imaging bundles
is described in the appendix and was used to examine these bundles. Figure 4.5 shows
the refractive indices of a few fibers in the Sumitomo IGN-05/10 (Figure 4.5a),
Fujikura FIGH-03-300C (Figure 4.5b), and Sumitomo IGN-10/13 (Figure 4.5¢)
imaging bundles. All three of these bundles have gradient-index cores (see Figure

3.1).

The clad and peak core refractive indices were estimated for each bundle, resulting in

the values shown in Table 4.2 (identical to Table A.1 in the Appendix).

Bundle Specified Measured Clad{Measured Peak| Measured
Numerical Index Core Index Numerical
Aperture Aperture
Sumitomo 0.35 1.454 1.498 0.36
Electric Corp.
IGN-05/10
Fujikura Ltd. 0.4 1.446 1.500 0.40
FIGH-03-300C
Sumitomo 0.3 1.454 1.496 0.35
Electric Corp.
IGN-10/13

Table 4.2. Expected and measured parameters of three silica fiber-
optic imaging bundles.
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e 4.5. Index of refraction of small regions of a) Sumitomo
Electric Corp. IGN-05/10, b) Fujikura Ltd. FIGH-03-300C, and ¢)
itomo Electric Corp. IGN-10/13 silica imaging bundles.
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(c)

Figure 4.5 (Continued).
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Profiles through one of the cores of each bundle are shown in Figure 4.6. Each profile
has been fit with a curve described by

3

n(r) =neype = (ncore ~Nelad )(r/R) ’ (4.4)

where nepre and nejgq are the values given in Table 4.2, R is the radius of the core
profile in Figure 4.6, and r is the radial coordinate (um). The oscillatory nature of the
data at high index values is due to an unknown idiosyncracy of the Zeiss LSM 10
confocal microscope used to collect these images (visible as faint vertical lines in the

fiber cores in Figures 4.4).

All three of the bundles can be described as having power law refractive index
profiles.31:95 This can also be predicted tor the Sumitomo IGN-05/10 based on a
Sumitomo publication.*> A power law fiber has a refractive index which is maximum

at the center of the core and decreases according to

n(r) =Jnle(1-24p%). @5)

where n¢pre is the peak index at the center of the core, 2A = NA2 / nfo,e ,p=(r/R)isa
normalized radial coordinate (unity at the core-clad interface), and g is the (positive)
power of the profile.3! The refractive index is constant in the clad. In the case of

weakly guiding fibers, this becomes

n(r) = Nagye (1~ 207), (4.6)



where A =(n,,,, = Njaq) Meore (essentially equivalent to Gloge's definition of

A =(Nepre = Netaq) [Meiaa )35)- For the three bundles evaluated here, g = 3.
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Figure 4.6. Refractive index profiles of a single core in each of three
silica fiber-optic imaging bundles. a) Sumitomo Electric Corp. IGN-
05/10, b) Fujikura FIGH-03-300C, and c) Sumitomo Electric Corp.
IGN-10/13. Each protfile has been fitted with a curve described by
equation (4.4). (Continued on the following page).
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Core spacing

The resolution of a fiber bundle is a function of several factors, including core size and
spacing, crosstalk, fiber misalignment, and cladding modes. For a high-quality bundle
with minimal crosstalk, misalignment, and cladding modes, the most important
parameter is the core spacing, which determines the sampling frequency of the bundle.
The core spacing can be estimated from the number of fibers and picture diameter, and

can also be readily measured.

Each of these three bundles is hexagonally packed. The average core center-to-center

spacing can be calculated from the manufacturers' specifications with

d =~/ n(picture diameter)? /24/3(# of pixels). @7

Experimental values can be calculated from images such as those shown in Figure 4.4

with a similar method. Results of these calculations are given in Table 4.3.

Bundle Specified Core Calculated Core Measured Core
Spacing (center-to- [Spacing from Bundle| Spacing (center-to-
center) Spec's (picture diam. center)
_ and # of fibers)
Sumitomo ~4 um ~4.3 um 4.4 yum
Electric Corp.
IGN-05/10
Fujikura Ltd. not specified 4.3 -5.0 um 4.7 um
FIGH-03-300C
Sumitomo 8-9pum ~7.5 um 7.8 um
Electric Corp.
IGN-10/13

Table 4.3. Average core spacing in three silica imaging bundles.
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Core size and packing fraction

Core size impacts bundle performance in several ways. In general, it is best to have
the largest core size possible for a given core spacing. This results in the most bound
modes and highest packing fraction, both of which impact the coupling of light into

the bundle.

The size of the cores is difticult to measure due to the continuous index of the graded
core fibers and noise in the index measurements. The core-clad interface is actually
located at the point where the index changes from a constant value in the clad to an
increasing value in the core. However, this point cannot readily be determined in the
refractive index plots of Figure 4.5. For this reason, an initial index value slightly
above that of the clad was chosen as the threshold between core and clad, and a biased
packing fraction determined. This biased packing fraction value was then corrected
for the error resulting from the initial refractive index threshold being somewhat
higher than the actual core-clad interface index, and the core diameter determined

using the corrected packing fraction.

The initial (biased) index value separating core and clad was set at approximately 11%
of the way from the constant clad refractive index to the maximum core refractive
index for each of the bundles (e.g. for the Sumitomo IGN-05/10, peak core index =
1.498, clad index = 1.454, threshold index = 1.4587). This value was chosen
empirically based on excluding the majority of the noise in the cladding regions. The
biased packing fraction is determined by counting the number of pixels inside the

cores (above the threshold value) and dividing by the total number of pixels in the
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image. Since each bundle has a known core index profile, the error due to the 11%

threshold level can be corrected using equation (4.4) to obtain
n(r) = Neore — (ncore ~Nelad )(r/R)3 = Heore — (ncore ~Nelad )(0.89), (4.8)

resulting in (r/R) =0.96. The actual packing fraction is then obtained by dividing the

measured packing fraction by (r/R)z.

The average core diameter is calculated from the packing fraction, picture diameter,
and number of pixels. Assuming round cores in a hexagonally packed bundle, this is

given by

D = 2R = (picture diameter)+/packing fraction/# of pixels. (4.9)

The results of these measurements and calculations are summarized in Table 4.4.

Bundle Packing Fraction| Core Diameter Vv Number of
(Measured, (A =500nm) | Bound Modes
Average) (A =500nm)
Sumitomo 52% 3.4 um 1.5 17
Electric Corp.
IGN-05/10
Fujikura Ltd. 60% 3.8 um 9.6 27
FIGH-03-300C
Sumitomo 47% 5.6 um 10.6 33
Electric Corp.
IGN-10/13

Table 4.4. Packing fraction, average core diameter, and bound modes
of three silica imaging bundles.
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Bound modes

For power law protfile fibers, the number of bound modes is approximately

_(V*Y 4
)

where V = (7D/A)NA, q is the power of the index profile (3 for the bundles discussed

here), D is the core diameter, A4 is the wavelength, and NA is the fiber numerical
aperture.3! This is a more general definition than the one given in chapter 3 for a step

index fiber, which is the g = oo case.

For the values tabulated above and a wavelength of 500 nm, the V parameters and
number of bound modes in the fibers of these bundles are given in Table 4.4. These
values are for circular fibers, and are likely to be slightly different for the somewhat
non-circular fibers in these bundles. However, the number of bound modes still serves

as a useful metric for comparison of coupling efficiency into these bundles.

For a weakly guiding circular fiber, the linearly polarized modes with the lowest
cutoffs were tabulated by Okoshi%* (following the work of Gloge33). The fibers in the
Sumitomo IGN-05/10 have approximately 17 bound modes. For a circular fiber this
would yield LPg;, LPy;, LP21, LPqz, and LP3; (lowest 16 modes, with degeneracies).
Due to the somewhat hexagonal shape of the fiber cores in the Sumitomo bundle, it is
likely that these modes are altered somewhat or perhaps excited with different

etficiency than they would be in a round fiber.
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The intensity patterns corresponding to the bound modes of the Sumitomo IGN-05/10
are shown in Figure 4.7. In Figure 4.7a, the LPy; mode is clearly visible, having been
excited by a 0.1 NA illumination beam. Figures 4.7b and 4.7c show higher order
modes being successively excited by 0.2 NA and 0.5 NA illumination beams,
respectively (Figure 4.7c is identical to Figure 3.5). The fiber NA is 0.35, so the 0.5
NA case is overfilling the fiber, and demonstrates the result for any illumination beam
> 0.35 NA. The higher order modes appear to have four and six maxima as a function
of azimuthal angle, and are perhaps LP;;, and LP3j, respectively. Alternatively, they
may be some combination of LP;; and LPy; (these figures were obtained using an
unpolarized, white-light source, and therefore all the modes are excited). The fiber
modes are wavelength dependent, and therefore these images really represent some

composite of the modes for visible wavelengths.

These images were obtained with a 60x/1.4NA Zeiss plan-apochromat microscope
objective and a white light source illuminating a 1.1 inch piece of tiber bundle. The
unbound modes should be negligible with this length of fiber (see chapter 3), leaving
only the bound modes. An approximate (ideal) point spread function for an 0.35 NA
beam was deconvolved from the data to obtain the images shown here. The 0.35 NA
beam was chosen to correspond to the NA of the fiber bundle, as no light will be
exiting the fiber at steeper angles (except some amount in skew rays, which is
neglected). The point-spread-function used for deconvolution is only approximate
because the beam numerical aperture varies from a minimum of 0.1 to 2 maximum of
0.35 in Figures 4.7a through 4.7c, respectively, and, therefore, the actual point-spread-
function varies between the images. Additionally, the point-spread-function used for

deconvolution assumes an evenly illuminated objective pupil, which is unlikely.
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Figure 4.7. Intensity patterns corresponding to the bound modes of a
fiber in a Sumitomo Electric Corp. IGN-05/10 0.35 NA fiber-optic
imaging bundle. a) 0.1 NA white-light illumination exciting primarily
the lowest order mode, b) 0.2 NA illumination exciting several modes,
and c) 0.5 NA illumination beam overfilling the fiber and probably
exciting all the bound modes.
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Intenslty

intenslty

Figure 4.7 (continued).
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Coupling

Coupling of light into the Sumitomo IGN-05/10 bundle is angle dependent due to the
local numerical aperture (discussed in chapter 3) and the limited number of bound
modes. The bound modes of a fiber can be related to the angle of the rays in the fiber,

with higher order modes corresponding to steeper ray angles.

This can be modeled for the case of many modes by calculating the core area into
which light will be bound as a function of incidence angle. The local numerical
aperture at a radius, r, in the core is related to the angle, 6, of the steepest bound ray

incident on the fiber by
NA(r) = sin(0), (4.11)

where the fiber is assumed to be immersed in air (n = 1). The local numerical aperture

can also be written in terms of the nominal fiber numerical aperture (at the center of

the fiber) and the normalized radius, p = (r/R), of the portion of the core into which

light of this angle, @, will be bound. This yields, using equations (3.2), (3.3), and
4.5),

NA(F) = n(r)? - nead?

= J’:core2 (l - Zqu) - ncladl . (4.12)

Equations (4.11) and (4.12) can be combined and rearranged to obtain
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NA? —sin%(6)

= ) A
p 0 (4.13)

The coupling efficiency as a function of angle, 8, is determined by the fraction of the

core within the normalized radial coordinate, p. This can be written
7[7'2 2
10)=PF|— = PFp?] (4.14)

where the bundle packing fraction PF has been included to account for light which is
coupled into the clad and thereby lost. The predicted coupling efficiency for the
Sumitomo IGN-05/10 imaging bundle (NA = 0.35, q =3, PF = 0.52) is shown in
Figure 4.8 (dashed line). The maximum angle of 20 degrees is approximately the
steepest angle at which light is coupled into the bundle, based on the specified
numerical aperture of 0.35. An experimental plot of the coupling efficiency of a
collimated 633 nm beam into this bundle is also plotted in Figure 4.8 (curve marked

with solid boxes).

The measured coupling efficiency into this bundle is somewhat higher on-axis than
predicted by equation (4.14), and falls off faster with angle than predicted. There are
several humps in the experimental result that probably correspond to coupling into
each of the bound modes. If the bundle had constant refractive index cores (step index
in Figure 3.1) and many modes, the coupling efficiency would be approximately

constant up to the angle corresponding to the numerical aperture, and then drop
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quickly to zero. The on-axis performance in Figure 4.8 may indicate that the ray

model is inadequate to describe this bundle.
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Figure 4.8. Predicted and measured coupling of collimated light into a
Sumitomo Electric Corp. IGN-05/10 0.35 NA silica imaging bundle.
Illumination angle varies from O degrees (on-axis) to 20 degrees,
corresponding approximately to the steepest meridional ray bound by
the fiber (sin(20°) = 0.34). The predicted coupling is shown with a
dashed line and is calculated assuming many modes. The experimental
result is marked with solid boxes. Humps in the experimental curve
probably correspond to coupling into the few bound modes of the fibers
in the bundle. The experimental result was obtained with a 633 nm He-
Ne laser.

Crosstalk
We have found experimentally that crosstalk between the elements of a Sumitomo
Electric Corp. IGN 05/10 silica imaging bundle is substantially less than predicted by

theoretical calculations for a bundle of identical fibers. Figure 4.9 shows the output
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intensity from a few fibers in a 2.5 meter long bundle for two different illumination
conditions. A 0.3 NA, 633 nm beam was focused onto a single fiber in the bundle to
obtain the image in Figure 4.9a. The same illumination beam was defocused slightly
to obtain the image of Figure 4.9b. Light in this case is exiting from several fibers.

Figures 4.9a and 4.9b are otherwise identical. This shows that negligible crosstalk is

occurring.

It is assumed that the lack of crosstalk is due to significant variations in the geometry
of the individual fibers in the Sumitomo bundle, as can be seen in Figure 4.4a. Itis

not known whether the Fujikura bundles will have comparable crosstalk performance.

(a) (b)

Figure 4.9. Absence of crosstalk in a 2.5m long Sumitomo IGN-05/10
imaging bundle. Figure 4.9a shows the output intensity for a 0.3NA,
633 nm beam focused into a single fiber in the bundle. Figure 4.9b

shows the output intensity from the same bundle for a defocused input
beam.
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Stray light and/or cladding modes

Light that is coupled into the cladding of the bundle may propagate as cladding modes.
Cladding modes occur due to a lower refractive index in the buffer surrounding the
bundle than in the clad. Light that is focused onto the end of the Sumitomo bﬁndle,
but is incompletely coupled into one of the cores, often exits the bundle in a zig-zag
like pattern through the cores. This is shown in Figure 4.10, where light is exiting
from cores that are not adjacent to the fiber that was primarily illuminated. It is not
known whether this is due to cladding modes or simply unbound light which has not
reached the buffer. This light exits the bundle at positions related in some complex,

unknown manner to the input positions, and, therefore, represents background noise.

Conclusion of bundles evaluation

Based on these results, it appears that the Sumitomo IGN-05/10 and Fujikura FIGH-
(03-300C bundles should give similar resolution, while the Sumitomo IGN-10/13 will
be significantly worse. If substantial crosstalk occurs in the FIGH-03-300C and other
Fujikura high-resolution bundles, then their resolution will be inferior to that of the
Sumitomo IGN-05/10. The efficiency of the Fujikura high-resolution bundles will be
better than that of the Sumitomo bundles due to the higher packing fraction and higher
numerical aperture. These two parameters work together to make more bound modes

available for light transmission for bundles of comparable diameter and pixel count.
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Figure 4.10. Stray light and/or cladding modes in a Sumitomo Electric
Corp. IGN-05/10 fiber-optic imaging bundle. Light is exiting from
fibers in the imaging bundle that are not adjacent to the fiber that was
primarily illuminated.



5. FIBER-OPTIC IMAGING-BUNDLE CONFOCAL MICROSCOPE

This chapter discusses the implementation of confocal microscopy through a fiber-
optic imaging bundle. The influence of the imaging bundle on the system
performance is described. Two systems have been built and their design and
performance are discussed. One system is a modified Zeiss LSM10 beam-scanning
confocal microscope. The Zeiss system scans images of the source and detector
pinholes across the sample in a two-dimensional raster scan. Because of the long
frame time (= 2 seconds), this is suitable primarily for examination of fixed samples.
The second system is a real-time (thirty frames per second) slit-scanning design. This
system scans a line of illumination across the sample and collects the resulting
reflected or fluorescent light with a row of detectors. The rapid image acquisition of

this system comes at the cost of reduced optical-sectioning performance.

The tiber-optic imaging-bundle confocal microscope was depicted in Figure 1.4. The
fiber bundle in this system relays the images of the confocal source and detection
pinholes from the original sample plane of an epi-illumination confocal microscope to
a new sample plane at the distal end of the fiber bundle. The goal of this design is to
gain the benefits of confocal microscopy without being restricted to samples that can
be placed on a microscope stage. This allows inspection of biological and industrial
samples in restricted environments. Possibilities include environmental chambers and
in-vivo medical imaging, potentially even in a body cavity. This holds promise
beyond that of conventional endoscopy due to the optical-sectioning effect. The

optical-sectioning effect allows in-vivo subsurface imaging to be performed by
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eliminating out-of-focus light from the intervening tissue, as shown in Figure 2.7.
Perhaps the most exciting possibility is the potential for performing in-vivo optical

biopsies, enhancing conventional pathology techniques.

Confocal microscopy is an atypical application for flexible imaging bundles, which are
usually used for endoscopy. Itis generally desirable in endoscopy to image a large
field-of-view at low magnification and with a large depth-of-field. This requires a
distal objective that magnifies the end of the fiber bundle several times.96:97 The
optical-sectioning effect is inversely proportional to depth-of-tield, being most
pronounced in high NA systems. To obtain adequate numerical aperture for good
optical sectioning, it will be necessary to demagnify the end of the fiber bundle several
times (e.g., approximately three times for an 0.35 NA imaging bundle and desired
object space NA of 1.0). Thus, while in endoscopy the field may be several times
larger than the bundle diameter, in confocal microscopy it will typically be several
times smaller than the bundle diameter. The design considerations for the distal

imaging lens in the two applications are therefore quite different.

As discussed in the previous chapter, fiber-optic image-bundles are space-variant
imaging devices. Therefore, the fiber-optic imaging-bundle confocal microscope will

also have space-variant imaging performance.

5.1. Fiber-optic confocal microscope (single fiber)
Fiber-optic confocal microscopes have been built using a single optical fiber.3456 In
this type of system, depicted in Figure 5.1, the optical fiber acts as both the source

pinhole and the detection pinhole. The modes and flexibility of the optical fiber yield
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some advantages over confocal microscopes that use physical apertures for the
pinholes. When combined with micro-optics for the final objective, the size and
flexibility of the fiber allows confocal microscopy to be implemented in a variety of

locations that would otherwise be inaccessible.

Beam
Splitter
Point
Sample
Source Optical i
Fiber &
> p<
Point
Detector

Figure 5.1. Fiber-optic confocal microscope (single fiber).

A second, more subtle, effect with optical fibers is the effective geometry of the
pinholes obtained due to the bound modes of the fiber. The field distribution of the
source and detection "pinholes" is a function of these modes, as well as their coupling
to the physical source and detector at the other end of the fibers. The lowest bound
mode in round optical fibers is approximately Gaussian.3! Thus, the use of single-
mode optical fibers as source and detection pinholes yields approximately Gaussian
pinhole images at the sample. More sophisticated effects such as differential phase or
differential amplitude measurements can be obtained by using the higher order modes

of the fiber.98%9
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The fiber-optic confocal microscope (single fiber) has one major disadvantage
compared to the fiber-optic imaging-bundle confocal microscope. In order to collect
an image, it is necessary to scan the fiber, imaging lens, or sample at the distal end of
the fiber. Thus, the mechanism in the region of the sample must be more complicated
than in the ﬁbef—optic imaging-bundle design. It is necessary in both designs to
incorporate a focusing mechanism at the distal end of the fiber or fiber-bundle to

image a specific plane within the sample.

5.2. Fiber-optic imaging-bundle confocal microscope

As described in chapter 2, the unique optical-sectioning capability of confocal
microscopy relies on the combined effect of source and detection apertures (pinholes
and/or slits) imaged onto the same location in the test sample. The fiber-optic
imaging-bundle confocal microscope accomplishes the same thing, but in locations

restricted only by the ability to position the distal fiber end and imaging lens.

We have implemented the fiber-optic imaging-bundle confocal microscope by
modifying a Zeiss LSM10 confocal microscope as shown in Figure 5.2.100,101,102 A
Sumitomo Electric Corp. IGN-05/10 imaging bundle (10,000 fibers, 0.35 NA, =34
um core diameter, = 4.4 um core spacing center-to-center) was used in this system.
Figure 5.3 shows a set of images obtained through the imaging bundle. The
microscope was operated in fluorescence mode, where a dichroic beamsplitter and/or a
long-wave pass filter is used to screen out reflected illumination light and detect only
fluorescent light. Low resolution images of a business card coated with fluorescent
ink were obtained in both confocal and conventional (non-confocal) modes. The distal

lens, L2, was implemented with a back-to-back pair of microscope objectives. Lens
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L2 had a magnification of approximately 0.3x, a final NA at the sample of 0.07
(limited by one of the objectives), and a field-of-view 1.5 mm in diameter. This is a
very low numerical aperture for a confocal microscope, but still demonstrates the
optical-sectioning effect. Argon laser illumination at 488 nm and 514 nm was used for

this experiment.

Beam Lens L1 l
Point Splitter
Source

Fiber-Optic
Imaging Bundle

Lens L2

Figure 5.2. Modification of a commercial epi-illumination confocal
microscope to include a fiber-optic imaging-bundle. The components
inside the dashed box represent a simplified diagram of a Zeiss LSM10
confocal microscope.
Figures 5.3a and 5.3b show images of the business card collected in the confocal
scanning mode of the Zeiss LSM10. Figure 5.3a is an in-focus image, while Figure
5.3b is an out-of-focus image. The amount of light present in Fig. 5.3b has fallen off
significantly with defocus, demonstrating the optical-sectioning effect. Figures 5.3c
and 5.3d show the corresponding images collected in the non-confocal scanning mode.

The non-confocal scanning mode is obtained by increasing the detection pinhole

diameter as much as possible, approximating the system shown in Figure 2.2. Figure
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5.3¢ is the in-focus image and resembles the in-focus confocal image of Fig. 5.3a. Fig.
5.3d is the out-of-focus image, and shows a loss of high spatial-frequency information
(blurring of fine detail), but roughly the same amount of light as the in-focus image.

Fig. 5.3¢. Figures 5.3b and 5.3d are defocused by the same amount relative to Figures

5.3a and 5.3¢, respectively.

(a) (b)

(<) (d)

Figure 5.3. Comparison of confocal and non-confocal microscope
images collected through a fiber-optic imaging bundle (system
description is in the text). Sample is a business card coated with
fluorcscent ink. Figure 5.3a is the in-focus confocal image and Figure
5.3b is the out-of-focus confocal image. Figure 5.3¢ is the in-focus
non-confocal image and Figure 5.3d is the out-of-focus non-confocal
image. Figures 5.3b and 5.3d are defocused by the same amount
relative to Figures 5.3a and 5.3c. respectively.
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The imaging performance of the fiber-optic imaging-bundle confocal microscope is
determined primarily by how well the imaging bundle relays the images of the source
and detection apertures (pinholes and/or slits) from the nominal sample plane at the
proximal end of the bundle to the new sample plane at the distal end of the bundle.
The ideal bundle would have a large number of fiber elements of very small size and
spacing (e.g. less than a wavelength), high packing fraction, high coupling efficiency,
and negligible transmission losses. Such a bundle would allow the source and detector
aperture images to be well sampled and therefore accurately relayed to the new sample
plane. It is the deviation of fiber-optic imaging bundles from this ideal condition that

limits the imaging performance of this system.

As discussed in the previous chapter, a fiber-optic imaging bundle is an array of fibers
in fixed relative positions. It is tempting to assume that the analysis of the fiber-optic
confocal microscope can be extended to an array of such devices to describe the
imaging-bundle system. In order for this to be the case, it would be necessary to
couple identically (or at least with known efficiency) to the bound modes of each fiber
within the bundle. This could be accomplished with a system that scans carefully
across the bundle, precisely imaging the source and detector pinholes onto each fiber.
Although such a system could be implemented, it is unlikely that scanning can be
performed rapidly enough for an in-vivo system. An industrial inspection tool or
biological research instrument might benefit from such a scan system if the speed

requirements for image acquisition are modest.

There are four disadvantages of the fiber-optic imaging-bundle confocal microscope as

compared to a conventional confocal microscope. They are the optical-sectioning
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performance limitation due to the fiber size and spacing in the bundle, the lateral-
resolution limitation due to the fiber spacing in the bundle, field-of-view limitations

due to the limited number of fibers in the bundle, and radiometric losses.

Modification of a confocal microscope for fiber-optic imaging bundle operation
The implementation of confocal microscopy through a fiber-optic imaging bundle can
be accomplished by a relatively simple modification to an epi-illumination confocal
microscope. Since the imaging bundle relays the nominal sample plane of the
microscope to some other location, the proximal end of the bundle is mounted in the
microscope in place of the sample holder. The distal end of the bundle and the final
lens can now be placed as desired, independent of the location of the microscope
(within the limits of length and flexibility of the bundle and size of the distal lens).
This is shown in Figure 5.2, where the components within the dashed box are those of
a Zeiss LSM10 beam-scanning confocal microscope (simplified diagram). The Zeiss'
sample stage has been replaced with a stage in which one end of the imaging bundle is
mounted. The other end of the bundle is then imaged onto the new sample plane with

a pair of infinity-corrected microscope objectives placed back-to-back.

A 10x / 0.3NA Zeiss Plan-Neofluor objective (lens L1) was used to couple light to the
imaging bundle. The source pinhole in the Zeiss confocal microscope is implemented
with a collimated laser beam, yielding a diffraction limited illumination spot on the
face of the imaging bundle. The detection pinhole is significantly larger, such that its
projected image is determined by geometrical demagnification, rather than being
diffraction limited. A second 10x / 0.3NA infinity corrected Zeiss Plan-Neotluor

objective was used to collimate the light leaving the bundle at the sample end, and the
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final (infinity corrected) objective adjacent to the sample was chosen to yield the

desired magnification.

When adapting a microscope for imaging-bundle operation, the numerical aperture of
the illumination beam on the proximal end of the bundle should be less than, or equal
to, the NA of the fibers. Overfilling the fibers will result in lost light due to the
inability of the fibers to guide the steepest rays. There may be an advantage in
illumination efficiency when the bundle is underfilled. Figure 4.8 shows that the
coupling efficiency into the Sumitomo IGN-05/10 imaging bundle falls off quickly
with incidence angle. Therefore, reducing the numerical aperture of t.e illumination

beam may reduce the coupling losses.

The numerical aperture of the detection beam should generally match or exceed the
NA of the bundle. This maximizes the coupling efficiency from the bundle to the
detector. Light loss in the illumination arm can be accommodated by using a brighter
source. However, because there is usually a limit to the irradiance that a sample can

tolerate, the efficiency of the detection path is very important.

The field-of-view of the microscope being modified for image-bundle operation needs
to be at least the size of the fiber bundle. In a beam-scanning system, this may be
smaller than what is normally obtained with a given objective. The Sumitomo IGN-
05/10 imaging bundle used in modifying the Zeiss microscope has a numerical
aperture of 0.35 and a diameter of 0.5 mm. The field-of-view of the Zeiss microscope
with a 10x / 0.3NA objective is approximately 2 mm in diameter. The scan range can

be cut down by a factor of four from the design conditions for this objective.
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Therefore, the objective needs to be well corrected for aberrations over a smaller field

than is normally required.

Bundle characteristics

Fiber size and spacing

As indicated above, the imaging performance of the fiber-optic imaging-bundle
confocal microscope is determined by how well the imaging bundle relays the images
of the source and detection pinholes. This depends on the relative sizes of the fibers
and the pinhole images. There are three possible conditions: 1) the fibers are smaller
than the pinhole images; 2) the fibers are larger than the pinhole images; 3) the fibers

and the pinhole images are approximately the same size.

In order to accurately transmit the images of the source and detector apertures, the
individual fiber elements in the bundle should be several times smaller than the source
and detector aperture images (condition 1). There are two disadvantages to this
condition. First, fibers that are sufficiently small to meet this criteria are likely to be
single-mode, and will sufter from high input coupling losses.>® Second, it
significantly increases the number of fibers necessary to collect an image due to the

use of several fibers per pixel.

Fiber core diameters can be decreased without reducing the number of modes by
increasing the index difference between the core and cladding. This also results in an
increased fiber NA. The maximum lossless magnification at the distal end of the
bundle is now limited by the higher NA (unless the bundle is underfilled, which results

again in fewer modes). Fiber core diameters can also be decreased without a reduction



in the number of bound modes by using a shorter wavelength. However, many
applications of confocal microscopy rely on fluorescent dyes that require specific
illumination wavelengths. Furthermore, losses in imaging bundles appear to increase

rapidly in the ultraviolet, limiting the potential usefulness of shorter wavelengths.42:45

High-resolution flexible silica bundles such as those made by Sumitomo and Fujikura
have at most 10,000 elements, and therefore can transmit an image of up to 10,000
pixels (e.g. 100 x 100). The Zeiss LSM 10 confocal microscope, by comparison,
readily collects 512 x 512 images for a total of 262,144 pixels. The number of pixels
available in the fiber-optic imaging-bundle confocal microscope will be even more
severely limited if multiple fibers are used to sample the pinhole images at each scan

position.

It is also possible to use a bundle with fiber elements that are larger than the pinhole
images (condition 2). This reduces both the resolution and radiometric pertormance of
the system. The resolution is reduced due to the increase in size of the pinhole images
when they are relayed by the bundle. A pinhole image that is smaller than a single
fiber will be relayed to the other end of the bundle with an effective size
approximately equal to that of the fiber. This results in an increase in the normalized
radial parameter, vp, and the resulting loss in axial resolution discussed in chapter 2.
The radiometric degradation arises because the detector pinhole will be imaged onto a
small portion of a single fiber element, while the collected light will be emitted from
the entire element. Thus, much of the light will be rejected by the detector pinhole and

the signal will be reduced.
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Based on the above discussion, we have concluded that the optimum condition for this
system is pinhole image sizes that are approximately equal to the size of the tibers
(condition 3). This maximizes the available number of pixels and, apart from field-of-

view, does not significantly degrade the resolution of the system.

Numerical aperture
The numerical aperture of the light in the fiber bundle will impact the optical-
sectioning and radiometric performance of the system. It is possible to undertill the
fibers, and, therefore, the beam NA is more relevant than the bundle (fiber) NA. The
optical-sectioning performance is determined by the beam NA in conjunction with the
size of the source and detection pinhole images at the sample. As shown in chapter 2,
the optical-sectioning performance of a confocal microscope is determined by the
normalized radial parameter, vp , and the normalized axial parameter,

8

u= Tsinz(‘—;—)z, where NA = nsin(«) (see Figure 2.3). In order to obtain the

thinnest optical section possible, we would like to minimize v, while maximizing the
numerical aperture at the sample (to obtain a large variation in « for a small variation
in axial position, z). With minimum pinhole images equal to the size of a fiber in the
bundle, this can be accomplished by underfilling the fiber and maximizing the distal
lens magnification. The lateral resolution (sampling interval of the fibers) also

increases with the distal magnification, albeit at the expense of field-of-view.

The coupling efficiency into a Sumitomo IGN-05/10 imaging bundle is shown as a
function of incidence angle in Figure 4.8. Based on these results, it appears that the
system efficiency may be increased by underfilling the bundle. This increased

coupling efficiency is due to the local numerical aperture of the gradient-index core
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fibers in the bundle. Light that is incident at shallow angles effectively "sees" a larger

diameter core into which it can be bound than light that is incident at steep angles.

Bundle size

The number of fibers in the imaging bundle provides an upper limit to the number of
pixels in an image collected through the bundle. The Sumitomo IGN-05/10 imaging
bundle has 10,000 fibers, which is a small fraction of the number of pixels in typical
confocal systems. It is desirable to obtain a bundle with the largest possible number of
fibers. The upper limit on the desired number of fibers in the bundle will be
determined primarily by mechanical constraints. Thick bundles will be able to reach
tewer locations than thin bundles. This is particularly important in applications where
space is limited, such as catheter-based medical devices. Additionally, the stiffness of
silica bundles increases quickly with bundle diameter, making all but the thinnest
bundles impractical for some applications. Silica imaging bundles with at least
250,000 fibers have been built and were used in an industrial application where size
and flexibility were not crucial.*3 Leached image bundles are highly flexible, and may

be suitable in applications where a large number of fibers is necessary.

Bundle materials

It is important in the fiber-optic imaging-bundle confocal microscope to use the
highest resolution bundles available. This provides the best optical-sectioning
performance for a given distal lens magnification. Of the bundle types discussed in
chapter 4, silica imaging bundles have a higher resolution than the soft glass or plastic
bundles. Soft glass bundles have core center-to-center spacings as small as 6 pum,

which is somewhat inferior to the 4.4 um spacing measured for the Sumitomo IGN-
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05/10 silica bundle. Plastic imaging bundles have a minimum fiber spacing of 9 um.
The low cost and high flexibility of plastic imaging bundles may make them a logical
choice if higher resolution bundles become available. If the distal magnification could
be set arbitrarily, then the bundle resolution would be less important, and the fiber
material could be chosen based on flexibility, losses, and cost (although bundle size

may still be 2 limitation in some applications).
y Y

Scanning

As discussed in chapter 2, it is necessary to scan the source and detection pinhole
images across the sample in order to form an image in the confocal microscope. Since
the proximal end of the bundle is located in the nominal sample plane, any of the

schemes used for scanning in confocal microscopy may be used.

It should be noted that scanning the bundle ends to operate in the dynamic-scanning
mode (described in chapter 4) is not as difficult as scanning a single optical fiber far
enough to implement confocal microscopy. In order to effectively implement dynamic
scanning, it is necessary to laterally scan the bundle ends through a distance of
approximately four fibers.”8 For a high-resolution silica imaging bundle with center-
to-center fiber spacing of 4 - 5 pm, this requires a scan range of approximately 16 - 20
um. In a fiber-optic confocal microscope (single optical-fiber), the required scan
range is the product of the diameter of the field and the magnification of the optics at
the distal end of the fiber. For reasonable values of field and distal magnification, say
100 um and 10x, respectively, this requires a scan range of 1 mm. This is two orders
of magnitude greater than necessary for dynamic scanning of an imaging bundle. A

magnification of 10x is typical of what would be required to obtain a numerical



126

aperture at the sample on the order of 1.0 when using a single-mode fiber with NA =

0.1.

Even so, dynamic scanning is not likely to be a useful technique in the fiber-optic
imaging-bundle confocal microscope, because it is necessary to scan the fwo ends of
the bundle rapidly, and in unison, during the collection of each pixel. This will add a
great deal of mechanical complexity to the system, and will be unrealistic in most

designs.

Optical sectioning (axial resolution)

The axial resolution of a confocal microscope depends on the size of the source and
pinhole images at the sample. As discussed above and in chapter 2, the optimum
optical-sectioning performance comes about with small pinhole images and high
numerical apertures. In this section, we compare the optical-sectioning pertormance
of the Zeiss LSM10 modified to include an imaging bundle (Figure 5.2) with the

performance of the unmodified Zeiss.

The axial resolution of a confocal microscope varies inversely with the normalized
pinhole radius parameter, vp, as discussed above and in chapter 2. We would like to
minimize this parameter as much as possible without negatively impacting other
important parameters such as field-of-view and radiometric performance. The

parameter vp (repeated here for convenience) is given by

vy =-22'—nsin(a)rp =i—7:(NA)rP, (5.1)
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where NA =n sin(«) and rp = pinhole radius. The NA in this equation is the

numerical aperture of the beam, which is not necessarily equal to the NA of the fiber

bundie.

Several silica imaging bundles were evaluated in the previous chapter. Two of these
bundles are among the highest resolution bundles that are commercially available.
The Sumitomo Electric Corp. IGN-05/10 was found to have an average core diameter
of 3.4 um, core spacing (center-to-center) of 4.4 um, numerical aperture of 0.35
(specified), and approximately 17 bound modes (A = 500 nm). The Fujikura Ltd.
FIGH-03-300C has an average core diameter of 3.8 pum, core spacing of 4.7 um,
numerical aperture of 0.4 (specified) and 27 bound modes (A = 500 nm). The
Sumitomo bundle has 10,000 fibers, while the Fujikura bundle has 3,000 tibers.
Similar Fujikura bundles with up to 10,000 fibers in an approximately 0.5 mm
diameter bundle are available.5® We discuss below the relaying of the pinhole images

in terms of these bundles.

The minimum vp in the fiber-optic imaging-bundle confocal microscope is limited by
the fiber core diameter. The vp parameter can be calculated from the average core
radii and bundle NA (assuming the fibers are not underfilled, which is discussed
below). The minimum value at A =500 nm is vp = 8 for the Sumitomo bundle and

vp = 10 for the Fujikura bundle. These values of normalized pinhole radii are
somewhat larger than optimum for good optical sectioning in a confocal microscope.12
For example, the refractive index measurements described in appendix A were
performed with a diffraction-limited (vp = 0) source pinhole image and a vp=4

detection pinhole image.
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The normalized pinhole radius can be reduced by using an imaging bundle with
smaller fiber cores. Silica image bundles with core diameters as small as 1 micron and
core spacings (center-to-center) as small as 1.7 micron have been produced. These
core sizes yield single-mode operation at visible wavelengths.5® The minimum
normalized vp parameter at A = 500 nm for a pinhole size of one tiber (rp = 0.5
microns) is vp = 2.5. These values are significantly better than what we obtained with
the multi-mode bundles and good resolution (both axial and lateral) can be expected
with these single-mode imaging bundles. One disadvantage of single-mode bundles is
high input coupling losses which may result in alow SNR. Losses of these single-
mode bundles are discussed in the paper by Kiat, et. al.58 These bundles are not

commercially available, and an attempt to obtain one for this project was unsuccesstul.

Reflection-mode axial resolution

To evaluate the optical-sectioning performance of the imaging bundle system of
Figure 5.2, the Zeiss LSM10 was operated in the x-z mode with a front-surface mirror
in the sample plane. In the x-z mode, the microscope scans a single line (x) in the
image while axially scanning the mirror through focus (z). Figure 5.4a shows the
result of this experiment with the unmodified microscope and Figure 5.4b shows the
result when the imaging bundle is included in the system. In both cases, a bright line
can be seen in the center of the image when the mirror passes through focus (at a slight
angle because the mirror is tilted). However, there is significant spatial variation in
the image obtained with the bundle. The vertical lines through the image correspond
to individual fibers within the bundle, and the variations between them depend on the

coupling etficiency into the fibers.
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Figure 5.5 shows the sectioning performance of the two systems at a single point in the
center of the field. The data plotted in this figure come from the vertical lines
delineated by arrows in Figures 5.4a and 5.4b. The curve marked with triangles is the
performance of the unmodified LSM10 and the curve marked with circles is the
performance of the LSM 10 equipped with the fiber-optic imaging bundle. Helium-
neon laser illumination at 543 nm was used in this experiment. For the microscope
alone (without the fiber bundle), a 20x / 0.5NA objective was used. In this case, the
diffraction-limited (vp = 0) source pinhole image is approximately 1.3 im in diameter
and the vp = 4 detector pinhole image is approximately 2.5 - 3 um in diameter. When
the imaging bundle is included in the system, a 10x / 0.3NA objective on the Zeiss
LSMI10 projects onto the bundle face source and detection pinhole images
approximately 2.2 um and 4 ym in diameter, respectively. Both pinhole images will
be approximately 3.4 um in diameter at the distal end of the bundle (the size of a
single fiber core). A 10x/0.3NA and 20x/ 0.5NA pair of objectives was used to
image the distal end of the bundle onto the sample, demagnifying these projected
pinholes to slightly over 1.7 um in diameter (due to the finite point-spread-function of

the 10x / 20x lens pair). This resuits in normalized source and detection pinhole image

radii of vp = 5.

As seen in Figure 5.5, the optical-sectioning performance is almost identical at these
points in the two images, showing that good sectioning can be obtained through the
imaging bundle. The sectioning performance shown in Figure 5.5 is worse than the

ideal performance obtainable in confocal microscopy due to the relatively large
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pinhole images used. However, the comparison is valid because approximately the

same pinhole image sizes were used with and without the bundle.

(a)

Figure 5.4. Optical-sectioning performance of the Zeiss LSM10
confocal microscope with and without a fiber-optic imaging bundle.
Figure 5.4a shows the performance of the commercial microscope.
Figure 5.4b shows the performance of the system when modified to
include a fiber-optic imaging bundle. (xz scans). (Continued on next
page).
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(b)
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Figure 5.4 (continued).
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Figure 5.5. Optical-sectioning performance at the center of the field in
the Zeiss LSM 10 confocal microscope. Comparison of system with
(circles) and without (triangles) a fiber-optic imaging bundle.

This experiment was repeated with the system shown in Figure 5.6. This system
allows precise positioning of the pinhole images onto a single fiber in the fiber bundle,
and greater control over the optical elements of the system than in the modified Zeiss
LSM10. The only difference between the systems of Figure 5.6a and 5.6b is the
inclusion of the imaging bundle; all other components are identical. The optical-

sectioning performance for a front-surface mirror scanned through focus is shown in
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Figure 5.7b shows the response of the system with the fiber bundle. The scale in
Figures 5.7a and 5.7b is 1.2 pm of axial mirror scan per division of the oscilloscope

trace.

The optical-sectioning performance in Figure 5.7 is significantly better than in Figure
5.5. In the case of Figure 5.7b, the source and detector pinhole images were carefully
imaged onto a single fiber at the proximal end of the bundle. This differs from the
case of Figure 5.4b, where the Zeiss LSM10 pinhole images are scanned across the
proximal face of the bundle without regard for their exact position with respect to the
fibers. Objectives #2 and #3 in Figure 5.6 are 10x / 0.25NA and 40x / 0.66NA,
respectively, producing a demagnification of four times. Both objectives are infinity
corrected. The geometrical images of both pinholes in this case are approximately
0.85 um in diameter (3.4 um core diameter fibers demagnified four times). This
yields normalized pinhole radii (both source and detector) of v, = 3.4 at 514 nm,
which is somewhat better than the case of Figure 5.4b. The smaller normalized
pinhole radii used in the system of Figure 5.6 more closely approximate the ideal case
of v, =0, and the response to a plane mirror scanned through focus deviates less from
the sinc? response described in chapter 2. The asymmetry of the curves in Figure 5.7
is typical of spherical aberration. This is due to the omission of microscope cover
slips which are required for the 10x and 40x objectives. The oscillations present in
Figure 5.7b are due to noise. This noise is visible in Figure 5.7b, but not in Figure

5.7a, because of the signal reduction resulting from inclusion of the imaging-bundle.
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Figure 5.6. Experimental setup for comparison of the optical-
sectioning performance of a confocal microscope (Fig. 5.6a) and a
fiber-optic imaging-bundle confocal microscope (Fig. 5.6b). This setup
allows precise alignment of the pinhole images onto the bundle fibers.



(a)

Figure 5.7. Comparison of the optical-sectioning performance of a
confocal mxunswm with (Fig. 5.7b) and without (Fig. 5 7d) a fiber-
optic imaging bundle. The upulmpnlal sctup for this test is shown in
Figure 5.6. The scale in Figures 5.7a and 5.7b is 1.2 pm of axial
mirror scan per division of the oscilloscope trace.
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Fluorescence-mode axial resolution

The axial resolution of the modified Zeiss system was also measured in fluorescence
mode. It is difficult to implement a "planar" fluorescent object of negligible thickness.
We have instead measured the step response of the system to a semi-infinite
fluorescent object scanned through focus, and differentiated the result to obtain the
fluorescence-mode optical-sectioning performance. The semi-infinite test object is

shown in Figure 5.8.

Semi-infinite
Fluorescent object
below this surface

Microscope Cover Slip
. N— S

~0.5 mm

Well with

? Fluorescent Dye Side
View
Microscope Slide

Fluorescent Dye Top
View
Microscope
Cover Slip

Microscope Slide

Figure 5.8. Semi-infinite fluorescent sample for evaluation of the
fluorescence-mode optical-sectioning performance of a confocal
microscope.
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The step response of the Zeiss LSM10 to the test object of Figure 5.8 is shown in
Figure 5.9 (xz scans). The response of the Zeiss LSM10 alone is shown in Figure
5.9a, while the response of the system with the imaging bundle is shown in Figure
5.9b. Argon laser illumination at 514 nm and a 63x / 1.4 NA oil immersion objective
were used to obtain the response of the Zeiss microscope. In the modified system, 10x
/ 0.3 NA objectives were used to couple light into and out of the bundle. A 63x/1.4
NA objective was used as the final objective to maintain the same magnification as

without the bundle.

The images of Figure 5.9 are noisy. It is necessary to average over a range of lateral
and axial positions in order to get reasonable results from the differentiation of these
images. This was implemented with a smoothing filter that is 80 um in the lateral (x)
direction by 2 um in the axial (z) direction. Axial averaging with a 2 um window
increases the width of the measured optical-sectioning curve, but does not prevent
comparison of the system response with and without the bundle. Lateral averaging
results in an average sectioning performance over the bundle that includes both core
and cladding regions. The 80 im window averages over approximately 12% of the
lateral field visible in Figure 5.9a and over approximately 20% of the bundle diameter
in Figure 5.9b. The resulting averaged step responses were then differentiated to

obtain the optical-sectioning performance.



(a)

= X

Figure 5.9. Fluorescence-mode axial step response of the Zeiss LSM10
confocal microscope. The semi-infinite object of tigure 5.8 is scanned
through focus.. Figure 5.9a shows the performance of the commercial
microscope. Figure 5.9b shows the performance of the system when
modified to include a fiber-optic imaging bundle. (xz scans). The
bright line on the right side of Figure 5.9b is specular reflection from
the proximal end of the fiber bundle, outside the image region.
(Continued on following page).
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(b)

Figure 5.9. (continued).

Figure 5.10 shows the fluorescence-mode optical-sectioning performance of the Zeiss
LSM10 with (dashed line) and without (solid line) the imaging bundle. The full width
at half maximum (FWHM) of these curves is approximately 6 pm and 4 um with and

without the bundle, respectively. It is not known why the signal in the imaging-bundle
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system (dashed curve) does not return to its original level on the right side of the trace.

The sample plane in this case is below the surface of the fluorescent object, implying

inadequate rejection of out-of-focus light from the upper portions of the fluorescent

object.
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Figure 5.10. Average fluorescence-mode optical-sectioning
performance over a region of the step response of Figure 5.9. The step
response is averaged for a lateral (x) range of approximately 12% of
the field visible in Figure 5.9a and 20% of the bundle diameter in
Figure 5.9b. This step response is then differentiated to obtain the
sectioning performance shown here. Comparison of system with
(dashed line) and without (solid line) the fiber-optic imaging bundle.

Two sets of through-focus images of insulinoma cells (cancerous insulin cells) are

shown in Figures 5.11 (Zeiss LSM10) and 5.12 (LSM10 equipped with imaging

bundle) to further demonstrate the fluorescence-mode performance of the fiber-optic

imaging-bundle confocal microscope. Figures 5.11 and 5.12 are images of different
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cells in a single sample. The insulin granules in these cells have been tagged with
fluorescent dye, while the nuclei they surround are untagged. These cells are fixed,
stained, and mounted on microscope slides. The horizontal scale shown in the lower
right corner of each set of images applies to all the images within the figure. The
images are axially separated by 1.0 um, yielding a scan range of .8 Lm between images
(a) and (i) in each case. To obtain clear images through the bundle, it was necessary to
average eight times for Figure 5.12. The Zeiss LSM10 scans the field-of-view in a
raster pattern, and can scan each line several times before moving on to the next line.
No averaging was necessary in the unmodified system (Figure 5.11). The restricted

field-of-view due to the imaging bundle is seen in Figure 5.12.

The optical-sectioning ability of the confocal microscope can be seen in both cases,
where the sample passes through focus in an axial scan range of approximately 6 um.
The tluorescent tagged insulin granules are easily distinguishable trom the nuclei.
Additionally, it is possible to distinguish some granules as being above or below other
granules based on when they come into focus. This is seen by comparing images (c)
and (f) in both Figures 5.11 and 5.12. There are granules in Figure 5.11c that have
disappeared by Figure 5.11f, indicating that they are located in the lower portion of the
sample (scanning in these figures is from the bottom of the sample to the top).
Equivalently, there are granules appearing in Figure 5.12f that have not yet appeared
in Figure 5.12c, again demonstrating the quality of the optical-sectioning available

through the imaging bundle.



Figure 5.11. Set of through-focus images of insulinoma cells collected
with the Zeiss LSM 10 confocal microscope. The insulin granules have
been tagged with fluorescent dye while the nuclei they surround are
untagged. The axial spacing between images is | um. The horizontal
scale in image (i) applies to all the images in the series.
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Figure 5.12. Set of through-focus images of insulinoma cells collected
with the fiber-optic imaging-bundle confocal microscope. The insulin
granules have been tagged with fluorescent dye while the nuclei they
surround are untagged. The axial spacing batween images is 1 pm.
The horizontal scale in image (i) applies to all the images in the series.
and is the same as the scale of the images in Figure 5.12.
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Lateral resolution

There are a number of theories describing the lateral resolution of imaging bundles.
These were discussed in some detail in chapter 4. The theories can be divided roughly
into those that calculate a bundle modulation-transfer-function based on an average
line-spread-function and those that describe the lateral resolution in terms of the

sampling frequency of the fibers.

The line-spread-function is equal to a projection of the point-spread-function. In
rotationally symmetric systems, a single line-spread-function fully describes the
system. Fiber-optic imaging bundles are highly space-variant imaging devices, and it
is not clear how accurately the average line-spread-function will predict the imaging of
a pinhole by the bundle. For this reason, we use the more straightforward technique of
describing the bundle lateral resolution in terms of the fiber spacing. Siegmund
suggested a maximum resolvable spatial frequency of 1/34 to 1/2d, where d is the fiber

spacing in the bundle. 37:67.76

Space variance

The fiber-optic imaging-bundle confocal microscope is a space-variant imaging
system. Some points on the object will be essentially undetectable if they are imaged
onto a cladding region of the bundle between the cores. This is seen in Figure 5.13,
which shows an image of a 15 micron diameter fluorescent sphere. Figure 5.13a
shows the sphere as imaged with the Zeiss LSM10 confocal microscope. Figure 5.13b

shows a similar sphere imaged through the imaging bundle with the modified Zeiss
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microscope. The object is readily seen in both cases. However, several deficiencies

appear due to inclusion of the imaging bundle.

Figure 5.13. Images of a 15 um diameter fluorescent microsphere
obtained with the Zeiss LSM 10 confocal microscope with (b) and
without (a) the fiber-optic imaging bundle.

The visibility of the fiber elements in Fig. 5.13b indicates that the imaging properties
of the system are space-variant. The system will be relatively insensitive to object
points that fall in the bundle cladding. The spatial variation due to the pattern of fiber
elements is distracting and is a disadvantage of the fiber-bundle system. This problem
can be minimized by enlarging the pinhole images projected onto the bundle, but
results in a loss of optical-sectioning performance and lateral resolution, as described

above.
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Three-dimensional plots of the microsphere images (Figure 5.14) show significant
fiber-to-fiber variation in sensitivity in the imaging-bundle system. In the image
obtained with the unmodified microscope (Figure 5.14a), the fluorescent sphere
appears to have approximately uniform intensity in the centér. In the image obtained
through the imaging bundle (Figure 5.14b), there are significant variations at the

center of the sphere.

The fibers all have comparable radiometric efficiency. Figure 5.15 shows a
transmission image of several fibers in the same type of bundle (Sumitomo IGN-
05/10). The fibers were evenly illuminated and overtilled with a white light source
and 0.5 NA condenser. The transmitted intensity is reasonably uniform across the

fibers in this figure.

The intensity variations observed in Figures 5.13b and 5.14b are due to variations in
the coupling efficiency of the pinhole images to the fibers as the pinhole images are
scanned across the face of the bundle. The images in Figure 5.13 were collected with
a 10x / 0.3 NA objective coupling light into the bundle. The diameter of the source
pinhole image on the proximal bundle face is on the order of 2.2 microns,
approximately two-thirds the diameter of the fiber cores. As this focused beam is
scanned across the proximal face of the bundle, the output from the distal end of the
bundle varies significantly. This indicates that the coupling of the source to the fibers
varies considerably. This is less of a problem with coupling of the collected light
through the detector aperture, as the image of the detector pinhole is slightly larger

than a single fiber.
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Figure 5.14. Intensity plots of the fluorescent microsphere images of
Figure 5.13. Figure 5.14a is obtained with the unmodified Zeiss
LSM10 confocal microscope. Figure 5.14b is obtained with the
modified system of Figure 5.2.
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Radiomerry

Inclusion of an imaging bundle in the confocal microscope significantly impacts the
radiometric performance of the system. This includes coupling losses into and out of
- the bundle, as well as transmission losses. Reflections from the additional surfaces,
particularly the bundle faces, increase the background noise level above that of the

conventional confocal microscope.

Figure 5.16a shows the effect of the reduced radiometric performance on the signal-to-
noise ratio (SNR) in images obtained with the imaging-bundle system. The image
shows insulinoma cells again, where the insulin granules have been tagged with
fluorescent dye. This image was collected using the same conditions as Figure 5.11,
except for inclusion of the imaging bundle and distal lens. No signal averaging was
performed during the collection of the images in Figures 5.11 or 5.16a. The poor
signal-to-noise ratio seen in Figure 5.16a makes it difficult to see the nuclei or the
fluorescent granules. Figure 5.16b shows an image obtained by line averaging during
the collection of images. In this case, each line is averaged eight times. As expected,
the resulting image has an improved signal-to-noise ratio. An additional advantage of
averaging is that the fiber structure seen in Figure 5.13b is smeared out by of the slight
mechanical jitter between successive line scans, making the imaging more space-

invariant. Figures 5.16a and 5.16b show different cells within a single sample.
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Figure 5.16. Low signal-to-noise ratio image collected with the fiber-
optic imaging-bundle confocal microscope (a) and improved signal-to-
noise ratio image obtained through line averaging (b). Figures 5.16a
and 5.16b show different cells within a single sample.
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Losses
The major loss mechanism in the fiber-optic imaging-bundle contocal microscope is
coupling of light into the imaging-bundle. Losses in coupling light out of the bundle

are minimal (Fresnel reflections from the end face).

At a wavelength of 488 nm, transmission of the scanned source pinhole image through
the Sumitomo IGN-05/10 bundle was found to be approximately 20% (including
coupling and transmission losses). This measurement was made by scanning the
focused illumination beam across a region in the center of the bundle face containing
several thousand fibers. The scan pattern is unrelated to the fiber positions, and the
focused spot is imaged onto many positions in the cores and cladding during its scan
range. This measurement, therefore, reflects the average coupling and transmission

losses for a 0.3 NA input beam.

Transmission losses are minimal (< (0.2 dB/m) in the visible spectrum for silica
imaging bundles (see chapter 4), and will generally be much less significant than
coupling losses. Soft glass and plastic bundles exhibit somewhat higher transmission
losses, but are not good candidates for use in the fiber-optic imaging-bundle confocal
microscope due primarily to inadequate resolution. Bending losses are of minimal
importance in silica bundles due to the relative stiffness of these bundles (they break

before substantial loss occurs).

Losses in the distal imaging lens (L2 in Figure 5.2) have also been significant when

implemented with a pair of microscope objectives. This can be improved with a lens
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designed specifically for this system. The transmission of the microscope objectives
used to implement lens L2 was measured. The 10x / 0.3 NA objective facing the
bundle has a transmission of approximately 70%. The 63x /1.4 NA objective facing
the sample has a transmission in the illumination path of approximately 30%, which
includes loss due to vignetting. The 63x objective is designed to collect light from its
front focal plane, not focus a beam entering the objective through the rear. When used
to focus light collimated by the 10x objective, the entrance pupil of the 63x objective

is too small to capture the entire beam. An estimate of the effect of this vignetting is

2
NA
( final ) : NAﬁnal < (Mdistal )(NAbeam)

Tvignening = (Mdistal )(NAbeam) (53)

1 s NAgingr > (M50 ) (NApeam)

where My;sq1 is the magnification of the distal lens, NA g;g4/ 1S the numerical aperture
of the final objective, and NApeqnm is the numerical aperture of the light exiting the
bundle or the numerical aperture of the 10x objective facing the bundle, whichever is
smaller. The vignetting loss for the 10x / 63x combination is on the order of 50%.
Therefore, the transmission of this objective when collecting light should be on the

order of 60% (with no vignetting).

This calculation will overestimate the vignetting loss. As seen in Figure 5.8, the
coupling efficiency into the fibers of the bundle decreases with incidence angle. The
beam exiting the fiber has the greatest intensity at shallow angles, and the lowest

intensity at steep angles. The outer portion of the collimated beam is truncated by the
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63x objective. The actual loss is, therefore, somewhat overestimated by equation

(5.3), which assumes a uniform beam.

The total loss due to the imaging bundle and lens L2 in the current implementation of
this system can be calculated by corhbining the two losses. The transmission of the

bundle and distal lens in illumination is

Tillum = (Tbundle )( Tle )(T63x )(Tvignerting )
(0.2)(0.7)(0.6)(0.5) : (5.4)
0.04

The transmission of the distal lens and bundle in detection is

Tir = (Toundte)(Tr0x)(Tosx)
(0.2(0.7)0.6) . (5.5)
0.08

This results in approximately 96% and 92% loss in the ilumination and collection
directions, respectively. The combined loss due to inclusion of the imaging bundle

and distal lens is on the order of 99.5%.

Background noise

Background noise in the fiber-optic imaging-bundle confocal microscope is greater
than in the conventional confocal microscope due to the inclusion of additional
elements that increase the amount of scattered and reflected light. This is less of a
problem in the fluorescence mode, where a dichroic beamsplitter and/or a long-wave

pass filter are used to eliminate the illumination wavelengths from the detected signal.
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Fresnel reflections at the entrance and exit faces of the fiber bundle are a significant
issue in the fiber-optic imaging-bundle confocal microscope. The faces of the bundle
are at intermediate image planes in the system, so reflections trom these surtaces are
in-focus at the detector aperture. In the brightfield mode, a 4% retlection from the
proximal bundle face can be an order of magnitude stronger than the signal from even

the brightest objects (whose signal is diminished significantly by losses in the system).

There are several ways to reduce reflections from the bundle faces. A microscope
cover slip can be cemented onto the ends of the fiber bundle. This moves the Fresnel
reflections to another plane (approximately 0.17 mm away from the bundle face for a
#1.5 cover slip). While the total reflection is unchanged, it is no longer in focus at the
detector aperture and therefore contributes less background signal. Itis also possible
to cement lenses (e.g. gradient index lenses) to the face of the fiber bundle to reduce

the Fresnel reflections.

The cover slip or lens must be glued carefully to the fiber bundle to avoid the effect
shown in Figure 5.17. This is an image of cancer cells (round objects) and fibroblasts
(elongated objects). The cancer cells have been labeled with the fluorescent dye
FITC, while both the cancer cells and the fibroblasts are labeled with the fluorescent
dye Texas Red. Figures 5.17a and 5.17¢ were obtained with argon laser illumination
at 514 nm; Figures 5.17b and 5.17d were obtained with argon laser illumination at 488
nm. The sample was imaged with the Zeiss LSM 10 confocal microscope with (Figs.

5.17c and 5.17d) and without (Figs. 5.17a and 5.17b) the fiber-optic imaging-bundle.



155

The right side of the image in Figure 5.17c (514 nm illumination) has a bright
crescent. The crescent is much less apparent in Figure 5.17d (488 nm illumination). It
is likely that a small gap remains in this region between the face of the fiber bundle
and the cover slip. The reflections due to this error are highly wavelength sensitive,
and are probably due to multible reflections (a Fizeau fringe). The microscope was
operated in the fluorescence mode to collect these images, and the reflection from the
bundle face is so strong that the spectral filter in the detection arm is inadequate to

eliminate this signal.

The bundle faces can be anti-reflection coated to reduce reflections. This has not been
attempted, although it is a viable solution. It is also possible to use oil immersion

lenses to couple the light into and out-of the bundle with lower Fresnel reflections.

Distal objective lens

The distal objective lens is an important issue in the fiber-optic imaging-bundle
confocal microscope. The most difficult system to build will be for applications where
the lens diameter is restricted to the diameter of the fiber bundle. This is achievable in
conventional endcscopy with gradient-index lenses, and is desirable to give access to
the maximum number of sample locations (e.g. via a catheter in in-vivo medical

applications).



Figure 5.17. Confocal images of cancer cells (round objects) and
fibroblasts (elongated objects). 5.17a and 5.17b are fluorescent images
acquired with the Zeiss LSM 10 with 514 and 488 nm illumination,
respectively. Figs. 5.17¢ and 5.17d are the corresponding images
collected through the fiber-optic imaging-bundle confocal microscope.
The bright crescent on the right side of Fig. 5.17¢ is due to a poorly
glued microscope cover slip.
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In this section, we briefly describe some of the issues that need be addressed in the
design of the distal objective lens for this system. All the experimental results
presented in this dissertation were obtained with a pair of back-to-back microscope
objectives serving as the distal imaging lens (L2 in Figure 5.2). This has allowed us to
implement confocal microscopy through a fiber bundle, and obtain data on system
performance. The next major step in this project is the miniaturization of the distal
imaging lens to begin meeting realistic size constraints. A gradient-index lens design

is described.

Magnification

In endoscopy, the distal objective typically images a large field onto the end of the
bundle, and, therefore, the final numerical aperture of the beam (at the sample) will be
smaller than at the bundle. This is accompanied by a depth-of-focus of several
millimeters to tens of millimeters.%¢ In the fiber-optic imaging-bundle confocal
microscope, however, a high final numerical aperture (at the sample) is necessary to
obtain good optical sectioning (small depth-of-focus). This will generally require a
magnifying, rather than demagnifying, objective at the end of the bundle. The
numerical aperture of the beam at the sample will be higher than the numerical
aperture in the bundle. For example, a 4x objective will image the Sumitomo IGN-
05/10 bundle onto the sample with 0.85 pm diameter images of the cores and a final
NA of 1.4 (assuming the bundle is not underfilled). The minimum spot size at the
sample will be approximately 1 im in diameter, whereas it would be on the order of
one-third this diameter in a high-quality 1.4 NA microscope objective.2 The

sampling interval (core spacing) in the image will be on the order of 1.1 um.
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The magnification of the distal objective will generally be limited by the beam NA in
the bundle (may be less than the bundle NA due to underfilling) and the immersion
medium refractive index. The maximum NA at the sample is restricted to be
somewhat less than the refractive index of the immersion medium (the 63x/ 1.4 NA
oil-immersion objective is designed for use with oil having n =1.518). The situation is
even more restrictive in the case of water immersion (n = 1.33) or air immersion (n =
1.0). In-vivo medical applications may include air, water, or oil immersion. For
example, a body cavity might be filled with air or saline during an examination.
Alternatively, the refractive index of human skin is closely approximated by the index

of oil, making this a possible design condition for dermatology systems.?4

It is possible to further increase the resolution of the system in exchange for reduced
radiometric performance. The sampling interval at the sample is the core spacing of
the bundle divided by the magnification of the distal lens. The 10x / 63x objective

pair discussed above has a magnification of 6.3x, and will produce a sample spacing of
0.7 um. This is somewhat finer than obtained with a 4x lens. The illumination beam
will be vignetted in this "over-magnification” case according to equation (5.3). The
fiber bundle will also be underfilled by the light collected from the sample, but this
will not cause light loss. Resolution cannot be increased arbitrarily with this

technique. The images of the fiber cores will eventually overlap (due to the point-

spread-function of the lens) to the extent that adjacent samples are not independent.

The design of lenses with high numerical apertures generally requires multiple
elements, some with diameters larger than the actual field.193 While this poses little

difficulty in microscope objectives, it may be impractical for fiber bundle systems
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with tight size requirements. The magnification of the distal lens in the imaging-

bundle confocal microscope may therefore be limited by the size constraints.

Telecentricity

The distal objective lens for the fiber-optic imaging-bundle confocal microscope
should ideally be telecentric in both object and image space (doubly telecentric).
Telecentricity is necessary on the side of the objective facing the image bundle to
ensure proper coupling to the fibers, as shown in Figure 5.18.32 If the objective is not
telecentric on this side, then the coupling efficiency will vary across the bundle. The
maximum incidence angle of the beam illuminating the fibers will increase with field
angle. If the beam NA is equal to, or greater than, the fiber NA, then the coupling will
decrease off-axis due to some of the beam being incident on the bundle face at angles
too steep to be bound by the fibers. Furthermore, once the incident cone of light has
only off-axis components, as shown in Figure 5.18b, the output from the fiber will

gain a donut-like appearance.

A similar situation occurs on the proximal end of the imaging bundle, where a
telecentric lens produces constant coupling across the fibers of the bundle. This is a
less significant issue than the telecentricity of the distal objective due to the field
angles involved. When implementing the fiber-optic imaging-bundle confocal
microscope, we have used a 10x microscope objective at the proximal end of an 0.5
mm diameter imaging bundle. The focal length of this objective is approximately 16
mm, resulting in a half-angle at the edge of the field of 0.25mm/16mm = 0.016, which

is a small fraction of the steepest angle bound in the fibers of the 0.35 NA bundle.
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Thus, there will be minimal coupling variation across the bundle due to the use of a

non-telecentric lens on the proximal end of the bundle.

The requirement for telecentricity on the object side was described in chapter 2 for
specular objects (see Figure 2.7). The majority of applications of the fiber-optic
imaging-bundle confocal microscope are likely to be in fluorescence, and the

telecentricity requirement on the object side may be relaxed in these cases.

(@
Telecentric
. Fiber .
Objective Output from
Lens Bundle a fiber
Sample
®
Non-Telecentric
.. Fiber
Ol}igctwe Bundle Output from
Sample e a fiber
(donut beam)

Figure 5.18. Telecentric (Fig 5.18a) and non-telecentric (Fig. 5.18b)
distal imaging lenses.
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Aberrations

It will be necessary to control chromatic aberration in fluorescence systems. In the
presence of longitudinal chromatic aberration, the images of the source and detection
pinholes (relayed by the bundle) will be in different axial positions in the sample. This
will reduce both the optical-sectioning performance and the sensitivity of the system.
Lateral chromatic aberration will cause misregistration of the source and detection

pinhole images for off-axis object points.23

As seen in Figure 5.17, one of the applications of confocal microscopy is the analysis
of samples which have been labeled with two or more fluorescent dyes. Multiple
images of the sample are collected using different illumination wavelengths.
Chromatic aberration will cause misregistration of these images, reducing the accuracy

of composite images.

Monochromatic aberrations in the distal lens of the fiber-optic imaging-bundle
confocal microscope are likely to be of less concern than mechanical and radiometric
issues. The 4x magnification distal objective-lens discussed above produces an image
of the Sumitomo bundle with 0.85 pm diameter cores and 1.1 pm core spacing. There
is little motivation in such a situation to design an objective whose point-spread-
function is significantly smaller than the image of the core diameters. In fact, a
fluorescent system might benefit from a larger point-spread-function that blurs the
images of the fiber cores across a larger region of the sample. This would be useful in
the study of weakly fluorescent or fragile samples where the undetected portions of the

sample conjugate to the fiber clad represent lost light (see Figure 5.13b). Therefore,
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the aberration correction in the distal lens of this system may be reduced in order to

satisfy other requirements.

Potential designs
There are a number of possibilities for the distal imaging lens. This includes
modification of conventional microscope and endoscope objective designs. Other

possibilities include gradient-index, diffractive, and catadioptric lenses.

Microscope objectives may serve as logical starting points for the design of the distal
imaging lens. The microscope objectives used to obtain the results in this dissertation
have produced excellent images, but often with significant light loss. It may be
possible to simplify these designs, potentially sacrificing field-of-view and aberration
correction in order to satisfy size constraints and improve the radiometric

performance.

As described above, endoscope objectives are typically designed to image a large
field-of-view at low magnification. For an image bundle NA of 0.35, this might result
in a sample space NA of less than 0.1. These low NA's make it unlikely that such a

design can simply be "flipped around," exchanging object and image positions.

Gradient-index (GRIN) lenses are available in very small sizes. The most common
type of index gradient is radial, but axial and spherical gradients are available as
well.104,105 A preliminary examination of radial GRIN lenses available from Nippon

Sheet Glass (NSG) has shown poor performance with a single, unmodified lens.



163

However, two modified NSG lenses working together appear to give adequate imaging

performance.

A lens design employing two modified NSG lenses is shown in Figure 5.19. The lens
has a magnification of 2x, object (bundle) diameter of 0.5 mm, and object space NA of
0.3. The specifications for the NSG lenses are for a wavelength of 550 nm (we were
unable to obtain dispersion information for these lenses from the manufacturer at the
time this lens was designed).196 This lens was mistakenly designed for a wavelength
of 500 nm, rather than 550 nm. With no dispersion specified for the GRIN lenses,
they will perform identically at all wavelengths. The other components of the system
(a microscope cover slip and an immersion medium simulating the sample) will
perform somewhat differently at the two wavelengths, and the predicted performance

of this design will be slightly in error.

The imaging bundle is in contact with the first surface of the lens (presumably
cemented to reduce Fresnel reflections). An 0.17 mm thick microscope cover slip was
included in the design to simulate a protective window at the end of the lens (facing
the sample). Schott Glass type K5 was used to simulate a microscope cover slip with
n =1.53 at 500 nm.107 The sample is 1.5 um beyond the end face of the window
(although it should really be somewhat further into the sample to simulate subsurface
imaging - the main advantage of the confocal microscope). The sample material is

Schott Glass type K5, chosen to approximate the refractive index of oil.

The two lenses used in this design are an NSG ILW-1.0 and an NSG ILH-1.0. The
ILW-1.0 has a diameter of 1.0 mm, length of 2.95 £ 0.30 mm and a maximum NA of
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0.46. The ILH-1.0 has a diameter of 1.0 mm, length of 2.19 + 0.30 mm and a
maximum NA of 0.6.106 The end surfaces of both lenses are flat. These lenses are
designed to image an object several millimeters beyond one end of the lens onto the
opposite lens surface. In this design, the lenses were allowed to vary from the
manufacturer's specifications according to two criteria. First, the lens can be
shortened, but not lengthened. Second, a curvature can be ground on one end of each

GRIN lens, with the remaining flat surface facing the bundle or sample.

In the design of Figure 5.19, the ILW-1.0 is in contact with the bundle, while the ILH-
1.0 is adjacent to the sample. The ILW-1.0 has been shortened to 1.60 mm and a
curvature of R=-2.49 mm placed on the inside surface (away from the bundle). The
ILH-1.0 has been shortened to 1.68 mm and a curvature of R = 2.03 mm placed on the
inside surface (away from the sample). The spacing between the GRIN lenses is 1.92

mm, and the total length of the lens is 5.40 mm.

The performance of this design is shown in figure 5.20. A modulation-transter-
function plot of this lens is given in Figure 5.20a, a spot diagram in Figure 5.20b, and
distortion and field-curvature plots in Figure 5.20c. The modulation-transfer-function
at the three field points of 0.0 mm (on-axis), 0.15 mm, and 0.25 mm (edge of bundle)
stays above 0.65 for spatial frequencies below 115 lines/mm. This spatial frequency
corresponds to 1/(2d) where d is the 4.4 um fiber spacing of the Sumitomo IGN-05/10
imaging bundle. This spatial frequency was suggested by Siegmund as discussed
above and in chapter 4 as a reasonable guideline for the maximum spatial frequency

that can be transmitted by an imaging bundle.
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Figure 5.19. Gradient index (GRIN) lens design for the distal imaging

lens of a fiber-optic imaging-bundle confocal microscope.
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Figure 5.20. Performance of the GRIN lens design of Figure 5.19.
Figure 5.20a is a modulation-transfer-function plot, Figure 5.20b is a
through-focus spot diagram, and Figure 5.20c shows distortion and
field curvature. (Continued on the following pages).
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This lens has been designed for a single wavelength. This is appropriate for reflection
(brightfield) confocal microscopy. The design may need to be revised for use in
fluorescence systems. For example, FITC and Texas Red fluorescent dyes were used
to label the sample of Figure 5.17. The absorption and emission peaks of FITC are
492 nm and 520 nm, respectively. The absorption and emission peaks of Texas Red
are 596 nm and 620 nm, respectively.!08 The requirements for color correction will
vary with application. For an application using a single fluorescent dye, color
correction over a range less than 50 nm may be adequate (the absorption and emission

spectra of the dyes cover finite wavelength ranges).

Stabilizing and focusing mechanism

A significant challenge in the implementation of confocal microscopy through an
imaging bundle is the mechanism for stabilizing and focusing the distal end of the
bundle onto the desired sample plane. Confocal microscopy achieves the maximum
optical-sectioning effect with high NA beams. In general, this requires a magnifying
objective at the distal bundle end with a power on the order of 2x - 4x. Image blurring

due to sample motion will be exacerbated by this magnification.

A preliminary focusing-mechanism design is shown in Figure 5.21. The bundle and
distal lens system is held in place by simply pressing it against the sample. A fine
thread (e.g. 100 threads per inch) is used for coarse focusing of the bundle. A thread
of 100 treads per inch yields approximately 1 tm of axial motion per 1.4 degrees of
turn. A tube piezoelectric device is used to precisely focus the object plane within the
sample. The mechanism shown here may not be adequate for all applications;

however, it is a reasonable initial step in miniaturization of the distal objective.
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Fiber-Optic Piezoelectric Grin Lens or
Image Bundle Catheter  Tube Alctuator Conventionail Lens
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(Rotated for Coarse Focus) Outer Sleeve

Figure 5.21. Preliminary design of a stabilizing and focusing
mechanism for the fiber-optic imaging-bundle confocal microscope.

5.3. Slit-scanning fiber-optic imaging-bundle confocal microscope

One of the reasons for developing a fiber-optic imaging-bundle confocal microscope is
for in-vivo medical examinations (optical biopsies). The pinhole-scanning Zeiss
LSMI10 microscope requires 2 seconds to collect a 512 x 512 pixel image (two-
dimensional raster scan). This is not fast enough for many medical applications. We
have developed a slit-scanning system to take advantage of the speed gains described
in chapter 2. By scanning in only one-dimension and collecting an entire line of data

simultaneously, we can operate the system in real-time (30 frames per second).

System design

The slit-scanning fiber-optic imaging-bundle confocal microscope is shown in Figure
5.22. Unfolded diagrams of the illumination and detection paths are shown in figures

5.23 and 5.24, respectively.



171

An argon laser beam (514 nm) is spatially filtered and collimated by the beam
expander. This collimated beam (diameter 212.5 mm) is then focused by cylindrical
lens, L3 (f3 = 500 mm), to a vertical line focus at the 100 micron wide illumination
slit. The illumination slit is used to clean up the beam and may not be necessary if a
high quality cylindrical lens, L3, is available. The light passing the slit is imaged by
lenses L4 (f4 = 400 mm) and L5 (f5 = 16 mm) onto the proximal face of the fiber
bundle. The light passing the illumination slit is demagnified 25 times by the afocal
L4/ L5 lens pair, yielding a vertical line illumination at the bundle that is
approximately 4 microns wide and at least 0.5 mm long (the diameter of the Sumitomo
IGN-05/10 bundle). The line illumination is relayed to the distal end of the bundle,

where it is imaged by lens L9 onto the sample.

The line illumination is scanned across the proximal face of the bundle, and therefore
across the sample, by a one-dimensional galvanometer scan mirror. The required

mirror scan angle is

Bundle radius
9,,,,-,_,0, = i—T(f-—)—' (56)
5

A mirror scan angle of + 0.45 degrees is required for a 0.5 mm diameter bundle and
Lens LS focal length of f5 = 16 mm. The galvanometer mirror should, ideally, be
located in the entrance pupil of lens LS5, or in an image of this entrance pupil, in order
to avoid vignetting. Lens L5 has been implemented with a microscope objective, and
it is impossible to place the scan mirror in the entrance pupil of this lens. Rather than

including a relay lens system to image the scan mirror into the entrance pupil of L5,
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we have chosen to place the scan mirror as close as possible to L5 and accept a small

amount of vignetting.

The detection slit is located in a conjugate position to the source slit and imaged onto
the same point on the pfoximal bundle face by the afocal lens pair L5/L6. The
detection slit image is scanned by the galvanometer mirror across the proximal end of
the fiber bundle, matching precisely the path of the source slit image. Lens L6 (fg =
400 mm) is identical to lens L4, and the demagnification of the detection slit is also
twenty-five times. The width of the detection slit image impacts the degree of optical
sectioning, as explained in chapter 2. The 3.4 um average diameter of the cores in the
Sumitomo bundle makes reduction of the detection slit image below this point of
marginal use. A narrower slit does not produce an improvement in the axial or lateral
resolution, and comes at the expense of increased light rejection, and, therefore,
reduced signal. This is due to the fact that the optical-sectioning performance is
determined by the size of the source and detection slit image at the sample, which can
never be smaller than the images of the fiber cores. Therefore, the minimum practical

detection-slit width in this system is on the order of 75 - 100 pm.

Light that is collected from the sample and passes the detection slit is imaged by
lenses L7 (f 7= 400 mm) and L8 (f = 254 mm) onto the CCD array. The light reflects
off the scan mirror between lenses L7 and L8. This causes the light collected from the
sample and passed by the detection slit to be scanned across the CCD. The CCD is
allowed to integrate during the entire scan time and (ideally) is read out during the

scan return.
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The magnification of the proximal end of the imaging bundle onto the CCD array is a

tunction of lenses L5, L6, L7, and L8. The vertical magnification is given by

fo || f3
My = =11 55 | 5.7
(fsj(fv) G7

where the two lens pairs L6 /L5, and L8/ L7 are both atocal. The horizontal
magnification is determined by the scan angles in conjunction with the focal lengths of
lenses LS and L8. The two beam paths (detection slit imaged onto bundle and
detection slit imaged onto CCD) use the same scan mirror, so the horizontal
magnification of the bundle image on the CCD array is

Mhon'z = f8(9:can) — &’ (5.8)

f 5 (escan) f 5
where
escan = 26mirror- (5.9)

The condition fg = f7 is necessary to maintain the correct ratio in the image (Myer =
Mporiz). The image of the bundle on the CCD is magnified by the ratio (fg/fs) =
15.9. The sizes of the fiber cores in this image are approximately (15.9)(3.4 um) = 54
pum. This is several times the size of the CCD pixels; thus, the CCD will not

significantly degrade the resolution.
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The beamsplitter used to combine the illumination and detection paths should be as
thin as possible. As seen in Figure 5.23, the vertical illumination slit is at the front
focal point of lens L4. The beam leaving lens L4 is therefore converging to a
horizontal line focus at the back focal plane of L4. Inclusion of a tilted plane-parallel
plate in this non-collimated beam aberrates the beam, with the amount of aberration
proportional to the thickness and tilt angle of the plate We have used a pellicle
beamsplitter to minimize aberration. However, preliminary examination of a 3 mm
thick window in place of the pellicle beamsplitter indicates that the line illumination is
not significantly degraded. It is not known to what extent a dichroic beamsplitter will
degrade the imaging of the CCD detector array onto the fiber bundle. Some dichroics
are built with the dielectric layers placed between two thin glass plates. The detection

beam in this case will be aberrated by these plates.

The ideal scan pattern for the mirror is a sawtooth wave with the image readout
occurring while the mirror returns during the fast-scan portion of the waveform. In
this case, scanning is always performed in the same direction, and each portion of the

object is sampled at the same interval.

The sawtooth wave puts the maximum demand on the scan mechanism due to the need
to quickly return to the start of the scan range. Alternate patterns are triangle and sine
waves, where the camera is read out twice per cycle during periods of overscan (when
the illumination and detection slit images are scanned beyond the edge of the bundle).
These patterns have the advantage that real-time (30 frames per second) operation can

be achieved with a fundamental frequency of 15 Hz, rather than the 30 Hz required
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with the sawtooth waveform. The higher frequency content is also less with a triangle

wave than a sawtooth, and there are no harmonics with a sine-wave.

The maximum scan frequency of a galvanometer scanner is limited by the inertia of
the scan mirror and galvanometer armature. The inertia of a uniform thickness round

mirror can be calculated by

4 23
Mirror Inertia = 7D Tp + D Tp , (5.10)
64 48

where D, T, and p are the mirror diameter, thickness, and density, respectively.!0?
We have used a 5 cm diameter, 3.2 mm thick, fused-silica scan mirror (density = 2.2
grams/cc) in the system of Figure 5.22. The inertia of this mirror is 21.7 grams-cmz,
which limits the maximum sinusoidal scan frequency of the General Scanning G302
galvanometer to approximately 180 Hz (85% of the resonant frequency).!® The G302
can scan this mirror with sawtooth or triangle waves up to approximately 10 Hz (5%
of the resonant frequency). We have found experimentally that a 15 Hz triangle wave
produces noticeable scan rate non-linearities across the field. A smaller or lighter

mirror would allow this scanner to be operated in real-time with a sawtooth or triangle

scan pattern.

The scanner appears to accurately scan a 15 Hz sine wave, which is the condition we
have used to collect the images of Figures 5.25 and 5.26. The angular velocity of the
mirror, and, therefore, the scan rate of the slit images, varies across the field with a

sine-wave scanning pattern. This results in slower scanning at the edges of the field,
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which produces an intensity variation but no distortion in the image. While this is not
a problem with the samples we have examined, it should be considered in future

designs.

Performance

We have collected several images to demonstrate the imaging performance of the slit-
scanning fiber-optic imaging-bundle confocal microscope. Figure 5.25a is a confocal
image of a portion of a business card coated with fluorescent ink. Figure 5.25b is a
non-confocal image of the same portion of the business card, where the detection slit
has been opened to at least 10 times the width used for the confocal case. This
demonstrates the optical-sectioning capability of the slit-scanning confocal system.
The blurry image in Figure 5.25b is due to the thickness of the sample. Light from
multiple axial locations is being coupled to the detector, resulting in a blurry image.
The detection slit is effectively "sectioning” away light from out-of-focus planes in
Figure 5.25a, leaving an image of a single axial plane in the sample. The horizontal
lines in Figure 5.25 are generated during the processing of the images. The pixels in
the CCD camera have an aspect ratio of 1.67:1, and the images were resized to recover

the original image proportions. These lines were not present in the original image.

Figure 5.26 is a reflection image of a U.S. Air Force bar target. Spatial frequencies of
the bars in the image vary from 128 lines/mm to 228 lines/mm. 10 The magnification
of the distal lens was approximately 2x. This results in a range of spatial frequencies
at the bundle of 64 lines/mm tc 114 lines/mm. 115 lines/mm is the predicted upper
limit for the lateral resolution of the bundle based on sampling. The highest spatial

frequency bars (at the bottom of the image) is visible, but it appears unlikely that
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significantly higher spatial frequencies can be imaged with the system. This reflection
image is fairly noisy, demonstrating again the difficulty of reflection-mode operation

of the imaging-bundle confocal microscope.

Figure 5.25. Fluorescence images obtained with the slit-scanning fiber-
optic imaging-bundle confocal microscope. Figure 5.25a is an image
of a portion of a business card coated with fluorescent ink. Figure
5.25b 1s a non-confocal image of the same portion of the business card,
where the detection slit has been opened to at least 10 times the width
used in the confocal case of Figure 5.25a.

5.4. Applications

There are a number of potential applications of the fiber-optic imaging-bundle
confocal microscope. The optical-sectioning effect can be used to acquire three-
dimensional images and to perform sub-surface imaging. One possible application of
this system is determination of the invasiveness of cancer. The degree to which cancer

cells have invaded below the surface of the basement membrane is an important metric
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in the staging of some cancers. It is possible with a contocal microscope to look
below the surface of an accessible biological object such as the skin or cornea. The
fiber-optic imaging-bundle confocal microscope has the potential to extend this

capability to many other areas of the body.

Several possibilities exist for the application of this system in biological research and
industrial inspection. This includes environmental chambers used in research or
product development, as well as a number of other difficult to reach locations (e.g.
inside airplane wings). In general, the range of applications will be limited by the size
and performance of the imaging bundle, the distal imaging lens, and the positioning

mechanism.

Figure 5.26. Reflection image of a U.S. Air Force bar target obtained
with the slit-scanning fiber-optic imaging-bundle confocal microscope.
Spatial frequencies of the bars in the image vary from 128 lines/mm to
228 lines/mm.



6. CONCLUSION

This dissertation has described the implementation of confocal microscopy through a
fiber-optic imaging bundle. A review of the basic principles of both confocal
microscopy and optical fibers has been included. The characteristics of imaging
bundles have been discussed, and three silica imaging bundles analyzed and
compared. Finally, the fiber-optic imaging-bundle confocal microscope has been
described and the design and performance of two systems discussed. This new type of
microscope holds promise in the study of thick objects in difficult-to-reach locations.

This is relevant in in-vivo medical applications as well as industrial inspection tasks.

There are several tasks remaining in the design of a useful system. The distal imaging
lens (at the sample end of the bundle) needs to be miniaturized. This lens has been
implemented with a pair of back-to-back microscope objectives. This is adequate for
evaluation of system performance, but needs to be modified for real applications. A
preliminary, monochromatic, gradient-index lens design was given in chapter 5. This
lens has a diameter of 1 mm and a length of 5.4 mm. The design needs to be revised
to accommodate dispersion for polychromatic (e.g. fluorescence) applications.
Alternate designs including micro-lenses should also be considered. The back-to-back
pair of microscope objectives may be a good starting point for this endeavor. A
Lister-type low-power objective was used to couple light into and out-of the bundle,
while a high-power oil-immersion objective was used adjacent to the sample. These
objectives are corrected for larger fields and wider wavelength ranges than are likely
to be necessary in the fiber-optic imaging-bundle confocal microscope. This may

allow simplified versions of these designs to be used in this system.
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It is also necessary to design a positioning and focusing mechanism for the distal
imaging lens. This has been accomplished previously with conventional optical
positioning equipment. The number of potential in-vivo medical applications falls
quickly with the size of the distal lens and positioning mechanism. Thus, it is
desirable to minimize the size of this device. A possible design for the focusing

mechanism was shown in Figure 5.21.

The two confocal systems that were built as part of this work employ a Sumitomo
Electric Corp. IGN-05/10 (0.5 mm diameter, 10,000 fibers) silica imaging bundle. As
described in the previous chapters, the important bundle parameters are resolution
number of fibers, losses, and flexibility. Silica imaging bundles offer the best
combination of these properties for the fiber-optic imaging-bundle confocal
microscope. Based on the analysis of chapter 4, it appears that the slightly lower
resolution of the Fujikura bundle (with respect to the Sumitomo bundle) may be
acceptable in exchange tor higher coupling efficiency. The Fujikura bundle evaluated
above is a member of their "C" series. It is expected that the performance of the "N"
and "S" series Fujikura bundles will be progressively better than that of the "C" series,

and their use should be considered.11!

Finally, it is necessary to apply this system to relevant problems. Images have been
collected of fixed samples on microscope slides, as well as objects such as business
cards and resolution targets. The next logical step in terms of medical applications is
to look at a living system such as a cell culture. This can be accomplished using the

current distal lens implementation (microscope objectives and conventional optical
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positioning equipment). This will allow demonstration of imaging of live samples. It
may also be possible to examine skin in-vivo with the current implementation, such as
demonstrated in Figure 2.8 with a conventional confocal microscope. The ultimate

goal of this work is to design and demonstrate a full in-vivo system with miniaturized

distal optics.
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APPENDIX A. CONFOCAL MICROSCOPY REFLECTION TECHNIQUE
FOR MEASURING THE INDEX OF REFRACTION OF OPTICAL FIBERS
AND FIBER-OPTIC IMAGING BUNDLES

An important part of this work is evaluation of fiber-optic imaging bundies. A new,
non-destructive, technique for measuring the refractive index of optical fibers and
fiber-optic imaging bundles was developed, and is described in this chapter. This
technique was used to evaluate three silica imaging bundles. The results of this

evaluation are described in this chapter and used in chapter 4.

A.1. Introduction

The reflection of light from an interface between materials of differing refractive
indices can be calculated using the Fresnel reflection coefficients. These coefficients
are a function of the two indices of refraction (incident medium and transmitted

medium), the angle of incidence, and the state of polarization.

The Fresnel reflection coefficients are defined for plane waves incident on a planar
boundary between lossless, isotropic, homogenous media. By measuring the amount
of light reflected from a boundary between a known index material and an unknown

index material, it is possible to calculate the unknown refractive index.

In order to guide light, an optical fiber must necessarily contain lateral variations in
the index of refraction. In high-resolution fiber-optic imaging bundles and single-
mode telecommunications fibers, these index variations occur over distances
comparable to a wavelength.31:42 To make high spatial-resolution measurements of

the light reflected from an optical fiber or some other material with a spatially-varying
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refractive index, it is necessary to focus the light onto a small point on the face of the
fiber. Light converging to the focal point of a lens can be described as a superposition

of plane waves.!12:113 This results in a range of incidence angles and polarizations.

By measuring the reflection from a set of reference materials of known refractive
indices, it is possible to determine the relationship between reflected intensity and
refractive index for a specific experimental configuration. An object with unknown
index of refraction can then be examined and its index of refraction determined. We
have used this technique to determine the index of refraction of several silica fiber-
optic imaging bundles. The reference materials are optical windows with constant
index of refraction. We assume that the index variation of the fibers is gradual relative
to the size of the focal spot, so that the reflected intensity is a function of the refractive
indices at the focal point. This is equivalent to a geometrical optics assumption of

zero wavelength.

We used an epi-illumination confocal scanning microscope for the experiments
described. With high numerical-aperture oil-immersion objectives, the lateral
resolution (FWHM) of this confocal microscope is approximately one-third of a
wavelength, making possible detailed analysis of fibers with dimensions as small as a

few microns. 16

Our interest was in the measurement of fiber-optic imaging bundles. These bundles
are composed of hundreds or thousands of fibers in a fixed spatial arrangement. The
highest resolution bundles are made with doped silica cores and clads, where the clads

have been fused together. During the fusing process used prior to drawing the bundle



187

down to its final size, stresses are placed upon the fibers such that they often deform,
resulting in oddly shaped fibers. This can be seen in Figure 4.4, which shows images
of small portions of three silica imaging bundles. Thus, no assumptions can be made
about the symmetry of the fiber to simplify the measurement, and it is necessary to

measure the full two-dimensional profile of the index of refraction.

Reflection methods have been used to measure the refractive index profiles of optical
fibers. These techniques are similar to the technique used in this paper, but offer
somewhat lower resolution. Ikeda, Tateda, and Yoshikiyo!!4 and Eickoff and
Weidell!l5 assume that the reflection can be approximated by the Fresnel coefficients
at normal incidence, and show there is an approximately linear relationship between
index variation and reflected intensity for small index changes. Ikeda, et. al. estimated
a resolution of 1 um (based on the 0.5 1m spot size) and an error of less than 4.3% in
the refractive index measurement. Eickoff and Weidell report a resolution of
approximately 1 um and an error in refractive index of less than 1%. Costa and Sordo
point out that the sensitivity of the retlection technique can be improved by using an
incident medium of nearly the same refractive index as the fiber, although as we shall

see below this increases the error of the assumed linear relationship.116

Tateda improved the resolution of the reflection method to approximately 0.3 um by
including the effect of the spatial distribution of the focused laser beam on the
reflected signal.!17 He applied this only to axially symmetric fibers, however, and it is

unclear whether it can be readily modified to evaluate arbitrary index profiles.
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Zhu and Iga devised a technique for determining the refractive index by measuring the
critical angle when a material of higher refractive index is optically coupled to the test
sample.!18 This eliminates the linear relationship assumption described above. The
technique yielded a lateral resolution of 1 - 2 um due to the low numerical aperture of
the test beam. The low numerical aperture appears to have been necessary to
accommodate the 5.5 mm diameter sphere used for the coupling medium, but could be

increased to obtain submicron resolution.

Ruschin, et. al. have implemented a filtered Fourier transform technique to determine
the refractive index profile of optical waveguides. This requires certain assumptions
to be made about the structure of the waveguide, such as the functional form of the

index profile, and may therefore be unsuitable for arbitrary profiles. 119

A number of other techniques exist for determining the refractive index profile of an
optical fiber. These include scanning electron microscopy, local numerical aperture
(near-field pattern), interferometry, optical tomography, and calculations of index
distribution from bound modes. None of these techniques offer high-resolution non-
destructive measurements of arbitrary index profiles. Summaries of these techniques
are given by Okoshi#4 and Ghatak and Thyagarajan.!120 More recently, an atomic
force microscope method has been reported by Zhong and Inniss.12!  Some of the
techniques are suitable only for axially symmetric fibers, and therefore cannot be

applied to the evaluation of imaging bundles.

A.2. Theory of the reflection method

The reflected intensity of a plane wave at normal incidence is given by
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2
Rz("_ziﬂj ’ (A.1)

where n; and n; are the refractive indices of the incident and transmitted media;
respectively. This is the form assumed by Ikeda, et. al., Eickoff and Weidell, Costa

and Sordo, and Tateda to be valid for the case of a focused beam.

The retlected intensity, R, predicted by equation (A.1) is plotted in Figure A.1 as a
function of n for fixed n;. The range of transmitted indices, ny = 1.45 - 1.50 is chosen
to correspond to the range expected for silica image bundles.3 Figure A.la shows
that for air as the incident medium (n; = 1.0), the reflected intensity as a function of
ny is approximately linear. Figure A.1b shows the reflected intensity for immersion

oil as the incident medium (n; = 1.518). The improvement in sensitivity due to the
immersion oil is accompanied by an increase in the error of assuming a linear
relationship between reflected intensity and index variation, as well as a reduction in

signal.

Errors due to the assumed linear relationship generally increase with the numerical
aperture of the beam. Therefore, the resolution and accuracy of the reflection
technique employing equation (A.1) cannot be increased simultaneously. In order to
evaluate the impact of numerical aperture on the accuracy of the technique, we have
developed a simple theoretical model to calculate the total reflected intensity for a

converging beam.
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Figure A.1. Reflected intensity versus refractive index of the
transmitted medium, nj, for normal incidence. Figure A.la is for an
incident medium of air (index, ny =1.0) and Figure A.1b is for an
incident medium of immersion oil (index, n; =1.518).

The model assumes an aberration-free lens focusing a linearly polarized, collimated
beam onto a plane interface between dielectrics of different refractive index. A
converging beam can be viewed as a combination of plane waves, each having a
propagation direction determined by the position in the exit pupil through which it
passes. For small angles of incidence with respect to each lens surface, the orientation
of the electric field with respect to the meridional plane will be unchanged by
refraction.!22 Thus, the polarization with respect to the final meridional planes is
unchanged from that with respect to the initial meridional planes (each "ray" in the
beam has a meridional plane at each refracting surface, determined by the local surface

normal and the ray propagation direction).
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The reflection of each plane wave from the interface at the focal point of the lens can
be described by the two polarization components (parallel and perpendicular to the
meridional plane) multiplied by the appropriate Fresnel reflection coetficients for that
plane wave's angle of incidence. The resulting electric field tor each point in the pupil
of the collection lens can then be calculated from the vector sum of the two
polarization components of the reflected plane waves. The total reflected intensity is
calculated by integrating the magnitude squared of the electric tield across the pupil.

We assume that all reflected light is detected. A diagram of this model is shown in

Figure A.2
y
Ly
z ©=%
4

Figure A.2. Diagram of theoretical model for calculating reflected
intensity as a function of refractive indices, n; and n,, and numerical

aperture, n,sin(6;).

Rays of light in the illumination beam will be mapped by an aberration-free lens into

converging rays according to the sine condition

h= fsin(8.), (A.2)
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where h is the radial position of a ray in the illumination beam and fis the focal length

of the lens.

For an incident beam with unit amplitude and linearly polarized in the x direction, the

polarization components with respect to the meridional plane are

(A.3)

in the collimated illumination beam, at each lens surface, and at the tocal point. The

angle g is defined in Figure A.2.

The Fresnel reflection coefficients are

.= tan(6, — 6,)

" tan(6,+86,)
, (A4)

sin(6, - 6,)

r, ="

sin(6; +6,)

where

n sin(9,-) =Ny sin(9, ) . (A.S)

The electric field strength for each position in the pupil of the collection lens can then

be calculated with
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e(h, )=+ (eny)” +(evr,)? (A.6)

where ryand r, are, in this case, written as functions of # using equations (A.2), (A4)

and (A.5).

Finally, the total reflected intensity is found by integrating the reflected intensity

across the collection lens pupil

R=|[[[e(h.¢)] hdndo. (A7)

pupil

The model can be applied to elliptically and circularly polarized light by describing
them as a combination of linearly polarized components. Since the total reflected
intensity includes angles, ¢, varying from O through 27w, a combination of linear
polarizations will have the same total reflected intensity as a single linear polarization

of the same total incident intensity.

Applying this model to the test conditions of Eickoff and Weidell (0.85 NA, n; = 1.0,
ny = 1.5), we obtain the reflected intensity in the exit pupil of the collection lens
shown in Figure A.3. The effect of polarization on reflection is clearly seen, with
portions of the pupil yielding an intensity reflection of almost 16% (perpendicular
polarization) and other portions yielding almost no reflection (parallel polarization
near Brewster's angle). The average reflection (intensity) over the pupil is 4.9%, as

opposed to the 4% predicted by the on-axis Fresnel coefficient given in equation

(A.1).
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Figure A.3. Reflected intensity in the exit pupil of the collection lens
for an 0.85 NA aberration-free lens with n; = 1.0 and n, = 1.5. The
incident light is a linearly polarized plane wave which is mapped by the
objective lens into a range of incidence angles and polarizauons. The
high reflected intensity regions in this figure correspond to light that is
primarily perpendicularly polarized at the nj - n, interface. The low
reflected intensity regions at the edge of the pupil are for parallel
polarized light near Brewster's angle. The on-axis reflected intensity at

the center of the pupil (position 0,0) is approximately 4%. Average
reflected intensity across the pupil =4.9%.
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The error in using equation (A.1) increases with numerical aperture. Figure A.4a
shows the predicted total reflected intensity for air immersion (77 = 1.0 and n; = 1.5),
while Figure A.4b shows the result for oil immersion (ny = 1.518 and ny = 1.46). In
each case, the total reflected intensity in the collection pupil remains within 5% of the
result from equation (A.1) for numerical apertures whose steepest angles are no more
than 75% of Brewster's angle. This corresponds to numerical apertures of 0.67 and

0.82 for the air-immersion and oil-immersion cases described here, respectively.
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Figure A.4. Total reflected intensity as a function of numerical
aperture for cases of air immersion (Fig. A.4a, n; = 1.0 and ny = 1.5)
and oil immersion (Fig. A.4b, n; = 1.518 and n; = 1.46).

It is possible with this model to estimate the effect of a tilted surface, which decreases
the collected signal due to vignetting of the reflected beam by the objective lens. This
effect is shown in Figure A.5, where the reflected beam is deviated by twice the angle
of the sample surface. This is potentially an important source of error in high

numerical-aperture systems since the lost light is at the edges of the pupil. The
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reflectivity increases monotonically with incidence angle for perpendicularly (s)
polarized light. It decreases to zero at Brewster's angle and increases rapidly beyond
for parallel (p) polarized light. Thus, the error due to surface tilt varies with tilt

orientation for a linearly polarized source.

Surface tilt about the axis in the direction of polarization of the incident collimated
beam will result in the maximum effect due to vignetting of portions of the beam that
are polarized perpendicular to the plane of incidence. This effect is shown in Figure
A.7 for n; = 1.518, np = 1.46, and NA = 1.2. In this figure, the tilt angle, o, varies
from O to 10 degrees, while the tilt orientation angle, ¢, varies from 0 to 90 degrees in
22.5 degree increments. The greatest effect is seen for ¢, = 90, where the vignetted
light is primarily polarized perpendicular to the meridional plane (see equation (A.3)).
The least effect occurs at ¢, = 0 degrees. For a circularly polarized source, tilts with
any orientation will have the same effect as a tilt at ¢, =45 degrees with a linearly

polarized source.

The effect of vignetting due to a tilted surface can be reduced by using a smaller
numerical aperture beam. This, however, comes at the expense of reduced resolution.
Vignetting due to surface tilt can be avoided by slightly underfilling the entrance pupil
of the objective with the illumination beam, thereby ensuring that all the reflected light

will be detected.

It is possible with the optical-sectioning effect of a confocal microscope to evaluate
the magnitude and orientation of surface tilt, and, in principle, to correct for the

vignetting. With a tilted sample, the optical-sectioning effect results in only a small
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Figure A.S5. Vignetting of the reflected beam by the collection lens due

to a tilted surface. Orientation of the surface tilt, ¢,, is important for a

linearly polarized source due to the difference in reflectance for parallel

and perpendicular polarizations.
region being visible in an image. Figure 1.1 shows a tilted fiber bundle imaged with a
confocal microscope, where only a band in the center of the image is in-focus.
Measuring the amount of axial motion necessary to scan the focal plane across the
sample allows determination of the tilt magnitude and orientation, assuming the image
size is known. Data collected for the sample can then be corrected by scaling by the
appropriate factor, as indicated by the curves of Figure A.6. For reference samples of
constant index, a single scaling factor is necessary to account for tilt. For test samples,
the relationship between n; and R will be modified by a scaling function, R(n3; o.,02) =

R(n3) x F(o,02). The scaling function, F(o.,0;), may be obtained either theoretically or

experimentally. Alternatively, the optical-sectioning effect of the confocal microscope
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can be used in conjunction with a tip-tilt stage to ensure horizontal surfaces, thereby

eliminating the effects of tilt and the need for correction of the data.
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Figure A.6. Effect of surface tilt magnitude, ., and tilt orientation, ¢,
on the total reflected intensity. This figure shows the case of a 1.2 NA
lens with tilt orientations of 0 - 90 degrees, where n; = 1.518 and

ny = 1.46.

We summarize the results of the model as follows. The assumption of a linear
relationship between refractive index and reflected intensity is a reasonable
approximation for air-immersion systems over index ranges of a few percent. The
linear approximation is poorer for oil-immersion systems, and is unsuitable for
examining silica imaging bundles with index variations of 2 - 4% (index range of
approximately 1.45 to 1.50). Significant errors due to this approximation occur with
high NA lenses. Errors due to a tilted surfaces can be significant, but can be avoided

or corrected with the technique. This ability to eliminate or correct for tilt is an
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advantage of the contocal microscope over a non-contfocal microscope in this

technique.

We describe below the experimental setup used to measure the reflected intensity from
a set of reference materials (optical windows). Figure A.7 shows a comparison of
experimental measurements obtained with a 1.4 NA oil-immersion objective (filled in
squares) and the model prediction (solid line) for this numerical aperture. The model
data were scaled and shifted to match the endpoints of the experimental results. The
experimental setup in this case ditfers slightly from that shown in Figure A.8. The
microscope was operated in a non-confocal mode (no detection pinhole) to collect as

much light as possible and to best approximate the conditions of the theoretical model.
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Figure A.7. Comparison of theoretical and experimental resuits for a
1.4 NA oil-immersion (n; = 1.518) lens. The experimental results
follow a somewhat flatter curve than the theoretical prediction. The
detection pinhole aperture was not included in the system in order to
approximate the conditions of the theoretical model. For this
experiment, a 488 nm argon laser was used rather than the 543 nm
helium-neon laser indicated in Figure A.8.
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Figure A.7 shows that the experimental results follow a somewhat flatter curve than
predicted by the model. Rather than modifying the model in an attempt to match the
actual performance of the system (e.g., the microscope objective is known to have
some spherical aberration), we chose instead to fit a curve to the experimental data to
obtain the relationship between the index of refraction, n;, and the reflected intensity.

This technique is outlined in the following section.

A.3. Experimental method

A set of optical windows of known refractive index was used to determine the
relationship between reflected intensity and refractive index for a specific
configuration of an epi-illumination confocal scanning microscope. The reflected
intensities from the surfaces of test samples (fiber-optic imaging bundles) were
measured, and the relationship between reflected intensity and refractive index was
used to convert the reflected intensity measurements into maps of the refractive
indices of the surface of the test samples. The experimental setup used for this

technique is shown in Figure A.8.

To obtain the calibration data relating reflected intensity to refractive index, a set of
optical-quality windows having known refractive indices are scanned axially through
focus. The values of peak reflected intensity are then plotted versus refractive index.
A smooth curve representing the relationship between intensity and refractive index is
obtained by a second-order polynomial fit. The equation describing the fit is then
rearranged to yield the index of refraction as a function of the reflected intensity. Any
material whose index is within the range of indices of the reference samples can be

examined. In order to assure the same imaging properties for the reference samples
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and test samples, each test sample is also scanned through focus, and a maximum
intensity projection of the reflected intensity used to determine the refractive index
profile. A maximum intensity projection is a two-dimensional image in which each
pixel value corresponds to the peak value along an axial line through a three-
dimensional image. In this case, the projection is performed in the scan direction

(parallel to the optical axis).

Objective
Point Beam Lens  Test Surtace
Source Splitter
Laser | Fiber
543 nm
HeNe Beam
Scanner
Detection —> Immersion Oil
Pinhole (to reduce
Aperture Detector retlections from end)

Figure A.8. Experimental setup for measuring the reflection of light
from an interface in the focal plane of the objective lens. The pinhole
aperture in front of the detector is inserted to make this a confocal
microscope. The system used in this work is a Zeiss LSM10
microscope.

The maximum intensity projection is not useful in a non-confocal implementation
(detection pinhole-aperture removed) of the system shown in Figure A.8. The image
blur with defocus could cause the measured intensity of local regions with low
reflection intensity to be greater out-of-focus than in-focus. This is due to the

detection of light reflected from surrounding, higher reflection regions of the
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defocused sample. This does not occur in the confocal case due to rejection of out-of-

focus light by the detection aperture.

The system we have used is a beam-scanning microscope. A slight variation in index
measurement results from the variation in imaging across the field of the microscope.
This can be minimized by limiting the field-of-view over which measurements are
made (we used less than 10% of the system's field-of-view for the experimental results
shown below). A better solution is to use a microscope with only on-axis imaging,
such as a stage-scanning microscope. This allows spatially-invariant imaging and can

accommodate samples whose size is limited only by stage motion.

The reflecied intensities from the reference materials were measured with one surface
of the optical windows in the sample plane of the microscope and the other surface in
air. Reflections from the second face of the window have negligible etfect due to the
spread of the beam beyond focus. The reference windows used were at least 2 mm
thick, but windows as thin as a microscope cover glass (approximately 0.17 mm thick)
can be used as well due to the rapid divergence beyond focus of high numerical

aperture beams.

For refractive index measurements of an optical fiber, the far end of the fiber was
immersed in a medium with a refractive index similar to that of the fiber to minimize
back reflections.!14:115 The near end (examination end) of the fiber was immersed in
oil for the 1.4 NA oil-immersion objective, although dry or water-immersion
objectives can also be used. With both ends immersed in the same medium, the

strength of reflections from the two ends will be comparable for ray angles within the
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numerical aperture of the fiber. Thus, the reflected signal within the fiber NA will be
approximately equal parts signal (examination-end reflections) and background noise
(far-end reflections). The reflected signal from angles beyond the fiber NA will be
free of far-end reflections. Thus, use of a high-NA objective lens reduces the
importance of reflections from the far end of the fiber, thereby increasing the accuracy

of the measurement.

For example, a 1.4 NA beam illuminating an 0.35 NA fiber will be coupled into the
fiber with an efficiency of approximately (0.35/1.4)2 = 6%, while 94% of the
illumination light cannot be coupled into the fiber. Combining this with the generally
higher reflection at steeper angles yields a far-end reflection thatis 1 - 1.5% of the
near-end reflection (assuming n; = 1.518 and ny = 1.45 - 1.50). The amount of
background noise from far-end retlections increases with decreasing numerical
aperture, yielding values of 8%, 18%, and 30% for numerical apertures of 1.2, 1.0, and
0.8, respectively. Thus, in the configuration of Figure A.8, measurement accuracy
increases with numerical aperture. Alternatively, an objective lens with a central
obscuration could be used to eliminate coupling of light into the fiber, or a different
immersion medium could be used to increase the examination-end reflections with

respect to the far-end reflections.

Reference and test samples must have cleaved or polished surfaces to obtain specular
reflections. For this purpose, optical windows make excellent reference samples due
to their surface finish. The fiber to be tested can either be cleaved, or ground and
polished if the fiber is adequately cleaned after polishing to avoid the effects of

residual materials on the fiber surface. It is also necessary to use immersion oil or
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another immersion medium that is compatible with both the reference and test

samples.

Surface tilt was avoided by mounting the parallel reference windows on a horizontal
surface. A iip-tilt stage was used to mount the fiber face in a horizontal position. The
fiber was adjusted by viewing the confocal images of the surface. Surface tilt is
measured by dividing the amount of focus shift required to bring different parts of the
field into focus by the distance between these parts of the field. All measurements
were made with a surface tilt of less than 0.5 degrees, and no compensation for tilt

effects was included.

Since the reflections from the fiber increase as the fiber index deviates from the
immersion medium index, it is not possible with this technique to measure a sample
whose range of refractive indices covers both sides of the immersion medium. Thus,
while an oil-immersion objective with immersion medium index, np, of 1.518 is
suitable for examining silica fiber bundles with refractive indices in the range of 1.45 -
1.50, it will not work for examining a compound glass bundle with refractive indices

in the range of 1.4 t0 1.6.45

Finally, it is important to ensure the stability of the system to guarantee reliable
measurements. The reference samples were measured before, between, and after the
test samples to monitor this stability. We determined that it was necessary to leave the
Zeiss LSM10 microscope on for approximately four hours before making

measurements to reach stable operation.
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A.4. Results

As discussed above, we have chosen to employ a high numerical-aperture (1.4 NA) oil
immersion lens in order to optimize the accuracy, sensitivity, and resolution ot our
measurements. Using this lens in the experimental configuration of Figure A.8
(confocal detection-pinhole in place), we measured the reflected intensity of a set of
known reference samples with indices of refraction of 1.518 (immersion oil), 1.4934
(KCD), 1.4760 (BaF;), 1.4602 (fused silica), and 1.4350 (CaF,). Refractive index
values are at 543 nm and were obtained from The Infrared Handbook,!23 with the
exception of the immersion oil whose index is specified as 1.518 at 546 nm by the

manufacturer.

In order to obtain the most accurate data about the index of refraction of the fiber, it is
desirable to use the full dynamic range of the detector. For the experiments shown
here, we were limited to a photomultiplier tube with an 8 bit digitizer. It is preferable
to use a detector with a larger dynamic range for greater precision. The set of
reference materials was chosen to cover a refractive index range slightly larger than
the expected range of the test sample (approximately 1.45 - 1.50). A larger range of
reference refractive indices yields greater confidence in the fitted curve, but severely
restricts the precision of the measurement possible with our limited dynamic range

detector.

Figure A.9 shows the results of the reflected intensity measurements of the reference
samples when the microscope is operated in the confocal mode. The results have been

fitted to a second-order polynomial. The fitted curve is given by
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R=31125(n, )" —94493(n,)+ 71729, (A.8)

where R is the reflected intensity and n; is the index of refraction of the test medium.
R is a numerical value between 0 and 255, rather than the actual reflected intensity.
Equation (A.8) can be solved for index of refraction, ns, as a function of reflected

intensity

n, =1.5180 —4/3.2129 x 1075 (R) - 3.4411x 10™*. (A9)
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Figure A.9. Experimental results of a set of reference samples and a
second-order polynomial curve fit to the data.

High-resolution flexible imaging bundles are typically made of silica doped to
increase the core index and/or decrease the clad index. We present here measurements
of three bundles of this type. Bundle 1 (Sumitomo Electric Corp. IGN-05/10) has

germanium-doped silica cores and fluorine-doped silica clad, yielding an NA of
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0.35.°! Bundle 2 (Fujikura Ltd. FIGH-03-300C) is a silica bundle with a nominal NA
of 0.4; none of its material parameters are known.’4 Bundle 3 (Sumitomo Electric

Corp. IGN-10/13) has germanium-doped silica cores and pure silica clad, yielding an
NA of 0.3.51

Figures A.10 - A.12 show the results of this experiment for bundles 1 - 3, respectively.
Figure A.13 shows index profiles through the centers of several cores in each bundle.
The solid line in Figure A.13 is for bundle 1, the dotted line is for bundle 2, and the

dashed line is for bundle 3.

The clad and peak core refractive indices were estimated for each bundle, resulting in

the values shown in Table A.1.

Bundle Specified |Measured Clad| Measured Measured
Numerical Index Peak Core Numerical
Aperture Index Aperture
1) Sumitomo 0.35 1.454 1.498 0.36
Electric Corp.
IGN-05/10
2) Fujikura Ltd. 04 1.446 1.500 0.40
FIGH-03-300C
3) Sumitomo 0.30 1.454 1.496 0.35
Electric Corp.
IGN-10/13

Table A.1. Expected and measured parameters of three fiber-optic
imaging bundles (identical to Table 4.2).
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Figure A.13. Profiles through the cores of several silica fiber-optic
imaging bundles: Sumitomo Electric Corp. IGN-05/10 (solid line),
Fujikura Ltd. FIGH-03-300C (dotted line), and Sumitomo Electric

Corp. IGN10/13 (dashed line).
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Bundle 1 has a measured clad index of 1.454 and a peak core index of 1.498, resulting
in a numerical aperture of 0.36, corresponding well to the manufacturer's
specifications. Bundle 2 has a measured clad index of 1.446 and peak core index of
1.500, resulting in a numerical aperture of 0.40, identical to the manufacturer's
specificafions. From Figures A.10 (bundle 1) and A.11 (bundle 2), as well as Figure
A.13 (both bundles), the expected performance of these two bundles can be compared.
The resolution is quite close, with core center-to-center spacings of approximately 4.4
um and 4.7 um in bundles 1 and 2, respectively. Bundle 2, however, has a higher
numerical aperture and, therefore, will be able to accept light over a greater range of
incidence angles. Additionally, bundle 2 has a higher packing fraction. Packing
fraction is the core area divided by the total (core plus clad) area of an imaging bundle,

and is a geometrical optics parameter used to describe input coupling efficiency.

Bundle 3 is from a family of Sumitomo Electric Corp. bundles with lower resolution
but more fibers (13,000 - 50,000) than bundle 1 (10,000 fibers). As can be seen in
Figures A.12 and A.13, these additional fibers come at the expense of substantially
lower resolution and packing fraction. The measured clad and peak core indices of
bundle 3 are 1.454 and 1.496, respectively, resulting in a numerical aperture of 0.35.
This is somewhat greater than the specified NA of 0.3. We do not know why this

bundle is yielding a greater than expected range of refractive indices.

As discussed in chapter 3, the numerical aperture of an optical fiber is given by
NA = \/nfo,e - nf,ad , which specifies the steepest meridional ray that is bound by the

fiber (skew rays can be bound at steeper angles). The fibers in these bundles have

graded-index cores and, therefore, local numerical apertures. The numerical apertures



213

specified here are the local numerical apertures at the center of the fiber, where the

core refractive index is the highest.

Due to the noise in the images, particularly for high index values, there is some error
in determining the index values. Images of the three bundles were evaluated
simultaneously, resulting in errors that should be consistent and, therefore, allow

reasonable comparison of the three bundles.

The noise for the high indices can be understood from Figure A.9, where the fitted
curve flattens out in this region. This is due to the small index difference between n)
and n; in this region. Small errors in measured reflection will correspond to
significant errors in index. This source of error can be reduced by using a detector
with a larger dynamic range or by changing to an immersion medium whose index, n1,
is further from the region of interest. For example, a water immersion lens (n; = 1.33)
would provide a compromise between sensitivity to index change and insensitivity to
noise and measurement error. Attention needs to be paid to the retference and test
materials to ensure compatibility with the immersion medium. KCl is water soluble,
for example, and would not make a good reference material in a water immersion

system.124

There is an additional noise source that produces a periodicity in low intensity regions
of an image collected with the Zeiss LSM10 microscope. This is visible in the high
index regions of Figure A.13, particularly for the Fujikura bundle (high index regions
of the bundles correspond to low reflected intensity due to index of the immersion oil).

The source of this noise is unknown.



A.S. Conclusion
We have described a new, non-destructive reflection technique for determining the
index of refraction of an optical fiber or other optical material, and have used this

technique to evaluate three silica fiber-optic imaging bundles.
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