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Abstract

Ultrathin fiberscopes typically have an imaging channel and an illumination

channel and are available in diameters ranging from 0.5 mm to 2.5 mm. The

minimum diameter can be reduced by combining the illumination and imaging

paths into a single fiberoptic channel. Constructing a single channel fiberscope

requires a technique of illuminating the tissue, while minimizing the Fresnel

reflections and scatter within the common illumination and detection channel.

A single channel fiberscope should image diffusely reflected light from tis-

sue illuminated with light filtered for the visible wavelength range (450 - 650

nm). Simply combining the illumination and collection paths via a beamsplit-

ter results in a low object to background signal ratio. The low contrast image

is due to a low collection efficiency of light from the object as well as a high

background signal from the Fresnel reflection at the proximal surface of the

fiber bundle, where the illumination enters the fiber bundle. The focus of the

dissertation is the investigation of methods to reduce the background signal

from the proximal surface of the fiber bundle. Three systems were tested. The

first system uses a coherent fiber bundle with an ar-coating on the proximal

face. The second system incorporates crossed polarizers into the light path. In

addition, a technique was developed, whereby a portion of the image numerical

aperture is devoted to illumination and a portion to image signal detection.

This technique is called numerical aperture sharing (NA sharing).

This dissertation presents the design, construction, testing, and compari-

son of the three single channel fiberscopes. In addition, preliminary results of

a study aimed at the usefulness of broadband diffuse reflectance imaging for

the identification and tracking of disease progression in mouse esophagus are

presented.
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Chapter 1

Introduction

This dissertation investigates ultrathin fiberscope technology. In particular, we have

strived to incorporate the illumination and imaging paths into a single fiberoptic

channel in an effort to reduce the overall diameter of ultrathin fiberscopes. This

chapter reviews the field of endoscopy and introduces the components in ultrathin

fiberscopes.

1.1 Endoscopy

The term endoscopy encompasses a broad range of applications, e.g. medical and

metrology. Our focus is on clinical endoscopic systems, which includes a myriad of

domains such as colonoscopy, gastroscopy, and bronchoscopy in both humans and

animals. Endoscopes are used to inspect or treat tissues/organs that are located in

deep regions of the body. To accomplish this, an endoscope must deliver light to the

tissue, collect the diffusely reflected light, and often provide a method of removing or

treating the tissue distally. Thus, modern clinical endoscopes consist of more than
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just an imaging channel. Typically, an endoscope will have an imaging channel, two

illumination channels, a therapeutic channel, and an air/water delivery channel that

is used to clean debris off the catheter tip or to rinse the tissue for better observation.

The therapeutic, or instrument, channel allow insertion of surgical instruments like

biopsy forceps to extract tissue samples or snares to remove polyps. The instrument

channel can also be used with suction to remove fluids or debris from the field of view.

The illumination channels are optical fibers or fiber bundles coupled to a bright ex-

ternal light source (quartz halogen or xenon arc lamp). The standard in endoscopy is

white-light illumination and either direct visualization or image capture using a color

camera. Thus image contrast is based on fluctuations in reflected (or backscattered)

light and the spectral variations therein. Color is an important visual cue for diagno-

sis. Pathology often has modified biochemistry resulting in alterations to molecular

distributions and associated tissue optical properties. Light sources of commercial

endoscopes often have the capability for inserting filters to alter the spectral distribu-

tion of the illumination and enhance contrast to some extent in the image. Selection

of filters depends on the preference and subjective assessment of the clinician.

Endoscopes fall into three primary categories based on their optical design: 1)

rigidscopes, 2) videoscopes, and 3) fiberscopes. Rigidscopes or boroscopes use a series

of lenses to relay the light diffusely reflected from the tissue surface onto a camera

or retina of the user. Due to their rigidity, boroscopes are only useful over short

distances in the human body. To transmit images over longer distances within the

human body, such as the colon or vasculature, the clinician must use a videoscope

or fiberscope. In a videoscope, a lens collects the diffusely reflected light from the

tissue and focuses it onto a video detector located within the tip of the videoscope.

The videoscope then transmits the image electronically to a monitor for viewing.
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Videoscopes are flexible except for the tip containing the detector. For applications

requiring a tight bending radius and/or insertion in a small lumen, fiberscopes are

available. Fiberscopes use a coherent bundle of optical fibers to relay an image. A

lens at the distal end of the fiberscope is required to image the tissue surface onto the

input face of the fiber bundle. On the proximal end, optics are required to image the

fiber face onto a camera or the retina of the user. Fiberscopes can be very flexible and

can achieve long lengths. However, the number of resolvable picture elements in a

fiberscope image is limited by the number of fibers in the bundle and, therefore, there

is a tradeoff between the diameter of the scope and the number of picture elements

in the image.

The trend in modern clinical endoscopes has been toward videoscope technol-

ogy because these scopes are more robust and in many cases produce images with

more picture elements across a given field of view (i.e. they yield higher resolution

images)[24]. However, in this case, there is also a tradeoff between the limiting size of

the videoscope and the number of picture elements/size of the detector. Videoscopes

generally use CCD or CMOS detectors. The minimum detector size is determined

by the number and size of the detector elements. The smallest pixel size is approx-

imately 5 µm, and the smallest detectors are larger than 1 mm. Also, videoscopes

requires separate illumination channels. Both of these factors limit how small video-

scopes can be made. An example of a commonly used miniature endoscope is the

pediatric cystoscope from Karl Storz, which has an outer diameter (OD) of 2.5 mm.

This instrument is available as a videoscope with dual illumination channels and a

1.2 mm therapeutic channel. Imaging lumens with diameters smaller than 2.5 mm

typically requires an ultrathin fiberscope.
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# of Elements Fiber Bundle OD

10,000 0.59 mm

6000 0.35 mm

3000 0.25 mm

Figure 1. Insertion tube of clinically available ultrathin fiberscope (US Patent No. 4,805,596).

2. SINGLE CHANNEL FIBERSCOPE

Shown in Figure ?? is the single channel fiberscope which consists of a catheter as well as illumination and
detection optics.

A coherent fiber bundle (Sumitomo Electric) cemented with index-matching adhesive to a gradient-index
(GRIN) lens (GRINTech GmbH) forms the catheter, or insertion tube of the fiberscope. The catheter has an
overall diameter of 0.59 mm. The fiber bundle contains 10,000 2 micron fibers, each having a NA of 0.35, packed
into an active area of 0.45 mm. The anti-reflection coated GRIN lens is 0.5 mm in diameter with an NA of 0.5
and a working distance of 1.5 mm.

A technique we refer to as numerical aperture sharing is used to couple illumination into the proximal (to
user) end of the fiber bundle. Light from a ringlight source (NA 0.5) is ba!ed to pass only those rays whose
angle corresponds to a NA of 0.33. This lies just inside the cuto" NA of the coherent fiber bundle used in the
catheter. The apertured illumination reflects o" a mirror with a central hole (allows for passage of object signal)
and is coupled into the coherent fiber bundle. As the fibers within the bundle are not quite single mode, the
illumination at the tissue is uniformly distributed over the NA of the GRIN lens. The di"usely reflected signal
is collected by the GRIN lens and relayed by the fiber bundle to the proximal end of the fiberscope, where it
passes through the central hole in the mirror and collected by a 20x objective (Mitutoyo). A camera lens focuses
the image onto a Princeton Instruments 512EFT camera.

The advantage to this arrangement is rays which are specularly reflected from the surface of the polished
fiber bundle will not be collected by the objective as they will instead be reflected again o" the mirror. However,
there is some amount of scatter o" of the polished surface that will pass through the hole in the mirror and reach
the detector.

Other key sources of background include the interface between the GRIN lens and fiber bundle, residual
reflections from the AR coated surface of the GRIN lens, backscatter within the fiber bundle, and backscatter
from the ba!e and fiber mounting equipment. Backscatter within the fiber bundle could occur due to ine#cient
coupling as we are coupling in illumination just inside the cuto" angle for the fiber bundle. However our
experiments indicate that this e"ect is only contributing ????? to the background signal. The interface between FiXme: how

much?the GRIN lens (n = 1.626) and fiber bundle (n = 1.49) is fairly well-matched with an adhesive that has index
of 1.5. This yields an expected residual reflection of 0.01% for the fiber and 0.2% for the GRIN lens. Moving
to an adhesive with an index of 1.55 would reduce this further to 0.03% and 0.05% for the fiber and GRIN lens
respectively. The residual reflection at the distal tip of the catheter from the AR coated face of the GRIN lens
is expected to be 1%.

2.1 Prototype single channel fiberscope

The prototype single channel fiberscope is displayed in Figure ??. The ringlight guide is coupled to a Dolan
Jenner fiberoptic illuminator with a metal halide lamp. The ring ba!es and mount, as well as the fiber mount,

A.K.: E-mail: akano@optics.arizona.edu, Telephone: 1 520 626 4500
R.J.K.: E-mail: jkoshel@optics.arizona.edu, Telephone: 1 520 626 9210
A.F.G.: E-mail: gmitro@radiology.arizona.edu, Telephone: 1 520 626 4720

# of Elements Fiber Bundle OD

10,000 0.59 mm

6000 0.35 mm

3000 0.25 mm

Imaging Channel

Illumination
Channels

Figure 1.1: Layout of Dual Channel Fiberscope: a) Insertion tube of clinically avail-
able 0.5 mm diameter fiberscope (US Patent No. 4,805,596). b) Diameter and number
of elements in commercially available coherent fiber bundles.

1.2 Ultrathin Fiberscopes

In endoscopy, the term ultrathin refers to any endoscope with an insertion tube

diameter of 2 mm or less. Most, if not all, ultrathin endoscopes are fiber-based.

The smallest flexible fiberscopes are intended for intravascular imaging (i.e. an-

gioscopes). Most angioscopes are larger than 1 mm and employ separate illumination

and detection channels. Some also have small open channels for irrigation. The small-

est commercially-available angioscope is the Olympus AF-5 with a diameter of 0.5

mm. The fiber bundles used in modern angioscopes are at or near the theoretical limit

on size and packing density. In order to devote more of the insertion tube diameter

to detection, the manufacturers of the AF-5 have removed the instrument channel.

Nevertheless, this fiberscope contains surprisingly few picture elements because of the

separate illumination channels. The exact specifications for the components in most

endoscopes is proprietary, but we can estimate the fiber bundle diameter based on

current fiber bundle technology and patent data.
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Figure 1.11is a sketch of the insertion tube of a commercially available ultrathin

fiberscope. This patent sketch covers the Olympus AF-5 [25]. If one considers a

0.5 mm insertion tube diameter, then the two illumination channels and a detection

channel plus packaging must fit into a 0.5 mm diameter. The imaging channel occupies

at most half of the total fiberscope diameter, or 0.25 mm. Based on commercially

available coherent fiber bundles (Figure 1.1) and patent data[13](Figure 1.1), it is

reasonable to conclude that fiber bundles with 3000 individual fibers are used in this

0.5 mm fiberscope.

The illumination fibers take up a significant amount of space. If the coherent fiber

bundle served as both the illumination path and detection path, the field of view

and/or resolution could increase as more detection elements could be incorporated

into a given area. Alternatively, smaller catheters could be constructed for imaging of

sub-millimeter lumens within human (e.g. distal airways of lung) and animal subjects.

In this dissertation, we investigate several techniques to implement a single channel

ultrathin endoscope.

The next chapter describes coherent fiber bundles in detail as they are the basis of

both single and multi-channel fiberscopes. Chapter 3 describes a simple fiberscope I

constructed that utilizes separate illumination and imaging channels. Chapter 4 tran-

sitions to a single channel fiberscope and describes the primary obstacle in developing

such a system: Fresnel reflections. Chapter 5 introduces three methods to address

Fresnel reflections. Chapters 6 and 7 characterize and compare those methods. Fi-

nally, Chapter 8 presents preliminary results of a study aimed at the usefulness of

broadband diffuse reflectance imaging for the identification and tracking of disease

progression in mouse esophagus.

1Figure 1.1 has been modified from the patent sketch to highlight the area dedicated to detection.
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Chapter 2

Coherent Fiber Bundles

Coherent fiber bundles, or imaging bundles, can be used as image relays because the

relative position of the fibers is maintained through the length of the fiber. In addition,

many thousands of individual fibers can be packed into a small diameter. They

have excellent transmission in the visible wavelength range and minimal crosstalk.

These properties make coherent fiber bundles an attractive alternative when a ccd

is impractical, as in the case of ultrathin endoscopes. However, a simple ray optics

description is not sufficient to model the transmission properties of the fiber bundles

as they transmit only a few modes. To properly characterize the single channel

fiberscopes described in this dissertation, I require accurate values for the transmission

of the fiber bundle under various input configurations. In this chapter, I introduce the

structural features as well as the transmission properties and origins of background

signal within the fiber bundles.

Our research group has studied the behavior of these bundles in some detail [2, 33,

16]. The details presented in this chapter are those necessary to treat coherent fiber

bundles in the context of this dissertation only. The interested reader is encouraged
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Figure 2.1: Structure of Coherent Fiber Bundle

to read the references cited throughout the chapter for more information.

Figure 2.1 is a sketch of the structure of a typical coherent fiber bundle used in

this study. The coherent fiber bundle market is dominated by Fujikura, Ltd and

Sumitomo Electric [35]. The bundle used for these studies was the IGN-05/10 from

Sumitomo Electric. There are 10,000 individual fibers packed hexagonally into the

0.45 mm diameter active area of the IGN-05/10. The Sumitomo bundles are fiber

cores (ncore = 1.495, Ge-doped SiO2) embedded in a cladding material (nclad = 1.45,

F-doped SiO2). Each fiber core is 2.39 1 µm in diameter with 4 µm center to center

spacing. A close-up of the core/clad dimensions is shown in Figure 2.1. The active

area is surrounded by a 25 µm thick silica jacket, also referred to as a buffer. The

entire bundle is then coated with a 45 µm thick black plastic sheath for environmental

12.39 µm is the quoted value from Sumitomo Electric. The working value greatly depends on
where you draw the line for the core as the modes extend out into the cladding structure as they
propagate. Aziz [2] measured 3.4 µm based on index of refraction. I calculate a value around 3.2
based on power measurements.
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Coherent Fiber Bundle
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Surface

Distal
Surface
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Attenuated Signal
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Coupling Between Clad and Core

Rayleigh Scattering
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Figure 2.2: Sketch Illustrating Treatment of Transmitted and Attenuated Light

protection, which brings the total diameter to 0.59 mm.

The fibers have a nominal NA of 0.35 based on the difference in their refractive

indices. When this NA is filled by the incoming light, there is a 64% loss. The light

that is lost is primarily absorbed in the clad, buffer, and sheath. However, some of

the light is backscattered, some propagates in cladding modes, and a small amount

leaks back into neighboring cores (crosstalk)[18, 2, 33]. The following sections describe

how we modeled the transmitted and attenuated light for the single and multi-channel

fiberscope.

2.1 Transmitted Signal

In this dissertation, I consider the transmitted signal to include any light coupled into

the fiber bundle input that is detected at the distal end. This definition of transmitted

light includes both light coupled into the cores as well as the cladding (see Figure

2.2).
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Packing Fraction

The packing fraction refers to the amount of core material in comparison to cladding

material. It is a useful value for obtaining a rough estimate of the expected throughput

in a coherent fiber bundle. The total area occupied by the cores is the area of 1 core

multiplied by the number of cores, in this case 10,000. The ratio of the total area

occupied by cores to the active area is

τfb.pf =
Acore ∗ (number.of.cores)

Aactive
. (2.1)

Using the quoted core diameter of 2.39 µm and the active area diameter of 225

µm, we expect the fiber bundles to transmit 28.2% of the incident signal based on

the packing fraction. This estimate of throughput obtained with the packing fraction

assumes that the incident light just fills the NA of the fiber bundle. Our measurements

indicate that when the NA of the fiber bundle is filled by the incident illumination, the

transmission is roughly 50%. In addition, Aziz [2] measured the index of refraction

profile across the core and clad. He used a 11% index of refraction difference to

determine the line between core and clad. With this criteria, the core diameter was

measured at 3.4 µm. Substituting this value for the core diameter into equation 2.1,

we expect a 57% throughput, which is more consistent with our measured throughput

values.

Crosstalk

Crosstalk refers to the coupling of light between adjacent cores. Significant crosstalk

can lead to image blur. Tightly packed arrays of circular fiber cores are especially

prone to crosstalk due to the close proximity of the next core. The combination of the

irregularly shaped cores along with the value of the center-to-center spacing reduce
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Figure 2.3: Sketch Depicting the Coupling of Light From the Cladding Structure into
the Cores

the crosstalk observed in the coherent fiber bundles used here significantly. This

was studied in detail by Kristin Lantz Reichenbach and Chris Xu [18] and verified

experimentally by Sabharwal [33].

Propagation of Light in the Cladding Material

In a ray optics description of an optical fiber, only light incident on and within the

critical angle guided by the cores would be detected at the distal end of the fiber

bundle. However, the fiber bundle exhibits some behavior that is better understood

from a mode description. Roughly 70% of the incoming light is incident on the

cladding material. Much of this will be absorbed as it travels through the cladding,

buffer, and sheath. We have observed that some of the light coupled into the cladding

can propagate and couple back into a core [2, 33]. The location of the core coupled

into can be, but is not necessarily, a neighboring core to the location where the light

entered the clad. Figure 2.3 is sketch depicting an example scenario of light initially

incident on the clad coupling into adjacent and distant cores. Roughly2 2-3% of

2Sabharwal [33] and Aziz [2] have differing results as to how far energy is detected from the
original incident location.
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Figure 2.4: Layout for Measurements of Coupling Efficiency

the incident signal on the clad material is expected to propagate to the distal tip of

the fiber bundle, some of which has coupled into adjacent cores. The combination

of the packing fraction and coupling between clad and cores results in an expected

transmission of 31.2%.

Coupling Efficiency

In this dissertation, we are interested in three illumination path configurations for

which we need to know the coupling efficiency:

1. the illumination fills the nominal NA of the fiber bundle

2. the illumination overfills the nominal NA of the fiber bundle

3. the illumination is limited to a narrow range of angles at the edge of the nominal

NA of the fiber bundle.

To investigate these scenarios, we measured the coupling efficiency as a function

of incident angle. Figure 2.4 is a sketch of the measurement layout. The beam

from a laser source is collected by a 4x objective and focused onto the fiber bundle.
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The objective position was adjusted so that roughly half of the fiber active area was

illuminated. Power measurements were taken between the objective and fiber bundle

and at the distal (output) end of the fiber bundle. The measurements were repeated

as the fiber bundle was rotated from 0 to 24 degrees in 2 degree increments. In

addition, the measurements were taken at three different wavelengths to cover the

visible spectrum: 488 nm, 543 nm, and 633 nm. Figure 2.5 displays transmission of

the fiber bundle as a function of angle. For each angle, the transmission is the ratio

of the output power Φout to the input power Φin.

τfb =
Φout

Φin0.9612
(2.2)

A factor of 0.9612 has been divided out to remove the 3.9% loss at the proximal and

distal ends due to Fresnel reflections at the air/fiber interface (see Chapter 4). The

effects of material absorption, core/clad coupling, crosstalk, and packing fraction all

affect the results presented in the curves.

The dotted line in Figure 2.5 is the average transmission. As the 4x objective

has a NA of 0.04 or a HFOV of 2.3 degrees, the data for each of the wavelengths is

averaged over 5 degrees. The resulting spread in the transmission values is indicated

by the error bars on the average transmission.

This plot has a few interesting features. First take notice of the transmissions

measured in comparison to what we would expect based on packing fraction alone.

The transmission is greater than 30% on average for up to a fourteen degree angle of

incidence. Similarly, for higher angles the transmission is much less than 30%. Thus

if the illumination is distributed over a small range of angles, the transmission could

be dramatically different from the value predicted by the packing fraction. Assume

an incident beam with a narrow range of angles centered just inside the nominal 0.35

NA of the fiber bundle, for example NA 0.33. The incident rays then have an average
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QUESTION:
Does the numerical aperture of the coherent fiber 
bundles fall into the geometrical limit?

HYPOTHESIS:
The transmission will fall off as a function of increasing 
angle as only a few modes are supported by the bundle.

MATERIALS/APPARATUS:
polished 0.5 mm fiber bundle
rotation stage
HeNe laser (633 nm)
1x objective (NA 0.04)

PROCEDURE:
Aligned laser parallel to optic bench.  coupled into 1x 
objective.  placed fiber at focus of objective.  measured 
output from laser, at objective, and output of bundle.  
output of bundle was measured for 0 to 25 degrees in 2 
degree increments.
laser output:  3 mW
objective output:  2 mW

RESULTS:
1/e^2 value is 0.135, corresponds to NA 0.3 by these 
measurements.

At 19 degrees (NA 0.33), transmission is 0.10.

CONCLUSION:
Fiber NA is not defined geometrically.

TRANSMISSION MEASUREMENTS

ANGLE OUTPUT  
633 NM

BACK 
SUB 
633

FB 
TRANS 
633 NM

H 
633 
NM

OUTPUT 
POWER          
543 NM

BACK 
SUB 
543

FB 
TRANS 
543 NM

H      
543 
NM

OUTPUT 
POWER          
488 NM

BAC
K 

SUB 
488

FB 
TRANS 
488 NM

H      
488 
NM

AVG 
TRANS

0

2

4

6

8

10

12

14

16

18

20

22

24

1.57 1.56 0.78 1.00 0.155 0.144 0.689 1.00 1.025 1.014 0.634 1.00 0.70

1.49 1.48 0.74 0.95 0.145 0.134 0.641 0.93 1.012 1.001 0.626 0.99 0.67

1.29 1.28 0.64 0.82 0.118 0.107 0.512 0.74 0.991 0.980 0.613 0.97 0.59

1.15 1.14 0.57 0.73 0.110 0.099 0.474 0.69 0.947 0.936 0.585 0.92 0.54

1.12 1.11 0.55 0.71 0.104 0.093 0.445 0.65 0.807 0.796 0.498 0.79 0.50

1.04 1.03 0.51 0.66 0.089 0.078 0.373 0.54 0.702 0.691 0.432 0.68 0.44

0.86 0.85 0.42 0.54 0.067 0.056 0.268 0.39 0.656 0.645 0.403 0.64 0.37

0.53 0.52 0.26 0.33 0.048 0.037 0.177 0.26 0.577 0.566 0.354 0.56 0.26

0.35 0.34 0.17 0.22 0.036 0.025 0.120 0.17 0.441 0.430 0.269 0.42 0.19

0.24 0.23 0.11 0.15 0.025 0.014 0.067 0.10 0.318 0.307 0.192 0.30 0.12

0.15 0.14 0.07 0.09 0.016 0.005 0.024 0.03 0.217 0.206 0.129 0.20 0.07

0.08 0.07 0.03 0.04 0.013 0.002 0.010 0.01 0.108 0.097 0.061 0.10 0.03

0.04 0.03 0.01 0.02 0.011 0.000 0.000 0.00 0.051 0.040 0.025 0.04 0.01

NA
0.33

NA 
0.35

NA
0.30

1/e^2

!in = 2mW

Tfiber =
!out

!in

!inT0h = !out

h =
!out

T0!in

TABLE 2

ANGLE GEOMETRICAL 
BEHAVIOR

SINGLE MODE 
BEHAVIOR

BUNDLE 
BEHAVIOR

0

2

4

6

8

10

12

14

16

18

20

22

24

0.92 0.92 0.79

0.92 0.90 0.75

0.92 0.83 0.65

0.92 0.73 0.58

0.92 0.61 0.56

0.92 0.48 0.52

0.92 0.36 0.43

0.92 0.26 0.27

0.92 0.17 0.18

0.92 0.11 0.12

0.92 0.07 0.08

0.92 0.04 0.04

0.92 0.02 0.02

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 2 4 6 8 10 12 14 16 18 20 22 24

CHART 7

Angle of Incidence (degrees)

Geometrical Behavior
Single Mode Behavior
Average Fiber Bundle Behavior

y = y0 + Ae
!2(x!x0)2

w2

A = 0.92 = 0.96 ! 0.96
y0 = 0
x0 = 0

w = 0.175

y = 0.92e
!2(x)2

0.1752

FB Trans 633 nm FB Trans 543 nm

FB Trans 488 nm AvG Trans

488 NM MEASUREMENTS

ANGLE OUTPUT  
488 NM  

#1

BACK 
SUB 
#1

FB 
TRANS 
488 NM 

#1

H 
488 
NM

OUTPUT  
488 NM  

#2

BACK 
SUB 
#1

FB 
TRANS 
488 NM 

#2

H      
488 
NM

OUTPUT  
488 NM  

#3

BAC
K 

SUB 
#1

FB 
TRANS 
488 NM 

#3

H      
488 
NM

0

2

4

6

8

10

12

14

16

18

20

22

24

1.025 1.014 0.634 1.000 1.033 1.022 0.629 1.000 1.030 1.019 0.627 1.000

1.012 1.001 0.626 0.987 1.020 1.009 0.621 0.987 1.023 1.012 0.623 0.993

0.991 0.980 0.613 0.966 0.996 0.985 0.606 0.964 1.005 0.994 0.612 0.976

0.947 0.936 0.585 0.923 0.946 0.935 0.575 0.915 0.959 0.948 0.583 0.930

0.807 0.796 0.498 0.785 0.799 0.788 0.485 0.771 0.807 0.796 0.490 0.781

0.702 0.691 0.432 0.681 0.717 0.706 0.434 0.691 0.717 0.706 0.434 0.693

0.656 0.645 0.403 0.636 0.671 0.660 0.406 0.646 0.659 0.648 0.399 0.636

0.577 0.566 0.354 0.558 0.597 0.586 0.361 0.573 0.580 0.569 0.350 0.558

0.441 0.430 0.269 0.424 0.435 0.424 0.261 0.415 0.456 0.445 0.274 0.437

0.318 0.307 0.192 0.303 0.322 0.311 0.191 0.304 0.323 0.312 0.192 0.306

0.217 0.206 0.129 0.203 0.225 0.214 0.132 0.209 0.223 0.212 0.130 0.208

0.108 0.097 0.061 0.096 0.133 0.122 0.075 0.119 0.123 0.112 0.069 0.110

0.051 0.040 0.025 0.039 0.063 0.052 0.032 0.051 0.051 0.040 0.025 0.039

0

0.175

0.350

0.525

0.700

0 2 4 6 8 10 12 14 16 18 20 22 24

CHART 11

FB Trans 488 nm #1
FB Trans 488 nm #2
FB Trans 488 nm #3

NA
0.27

TABLE 6

ANGLE OUTPUT  
633 NM

BACK 
SUB 
633

FB 
TRANS 
633 NM

H 
633 
NM

OUTPUT 
POWER          
543 NM

BACK 
SUB 
543

FB 
TRANS 
543 NM

H      
543 
NM

OUTPUT 
POWER          
488 NM

BAC
K 

SUB 
488

FB 
TRANS 
488 NM

H      
488 
NM

0

2

4

6

8

10

12

14

16

18

20

22

24

1.57 1.56 0.812 1.00 0.155 0.144 1.000 1.025 1.014 0.660 1.001

1.49 1.48 0.770 0.95 0.145 0.134 0.668 0.931 1.012 1.001 0.652 0.988

1.29 1.28 0.666 0.82 0.118 0.107 0.533 0.743 0.991 0.980 0.638 0.968

1.15 1.14 0.593 0.73 0.110 0.099 0.493 0.687 0.947 0.936 0.609 0.924

1.12 1.11 0.578 0.71 0.104 0.093 0.464 0.646 0.807 0.796 0.518 0.786

1.04 1.03 0.536 0.66 0.089 0.078 0.389 0.542 0.702 0.691 0.450 0.682

0.86 0.85 0.442 0.54 0.067 0.056 0.279 0.389 0.656 0.645 0.420 0.637

0.53 0.52 0.270 0.33 0.048 0.037 0.184 0.257 0.577 0.566 0.368 0.559

0.35 0.34 0.177 0.22 0.036 0.025 0.125 0.174 0.441 0.430 0.280 0.425

0.24 0.23 0.119 0.15 0.025 0.014 0.070 0.097 0.318 0.307 0.200 0.303

0.15 0.14 0.072 0.09 0.016 0.005 0.025 0.035 0.217 0.206 0.134 0.203

0.08 0.07 0.036 0.04 0.013 0.002 0.010 0.014 0.108 0.097 0.063 0.096

0.04 0.03 0.015 0.02 0.011 0.000 0.000 0.000 0.051 0.040 0.026 0.039

0

0.20024

0.40047

0.60071

0.80095

1.00118

0 2 4 6 8 10 12 14 16 18 20 22 24

NORMALIZED COUPLING EFFICIENCY

H 633 nm h      543 nm h      488 nm

NA
0.337

Fill Factor

Figure 2.6: Comparison of Fiber Bundle Transmission Behavior vs Expected Trans-
mission Behavior in the Geometric Limit and of a Single Mode Fiber

angle of 19 degrees. The coupling efficiency of the fiber bundle at this angle is only

0.11 on average.

Second, while the nomimal NA of the fiber bundle is 0.35, the curves in Figure

2.6 predict an average 1/e2 numerical aperture of 0.33 across the three measured
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wavelengths.3 Using the trapezoidal rule to calculate the area under the average

transmission curve, we can predict the expected throughput over a given NA.s The

curves predict 49% throughput when the fiber bundle is filled with an input NA of

0.33.4 Overfilling the fiber bundle with an NA of 0.41, we calculate a throughput of

37%.

Finally, the shape of the curves is neither Gaussian as we would expect for a

single mode fiber, nor is it uniform as we would expect in the geometrical optics limit.

Figure 2.6 is a plot comparing the single mode behavior of a fiber with a core diameter

equal that of the individual fibers in the fiber bundle (Gaussian distribution of the

form e−ax
2
, where a is the core radius of the fiber bundle) and ray optics behavior

(uniform or constant distribution) with the average transmission of the fiber bundle

as a function of angle of incidence. As the number of modes that a fiber propagates

increases, the distribution approaches a constant value. We attribute the shape of

the measured transmission curve in Figure 2.5 to the fiber bundles supporting a small

number of modes in the visible wavelength range. Table 2.1 lists the number of modes

supported by the fibers. The details of this calculation can be found in the Appendix

A.2.[28] These fiber bundles support 4-7 modes depending upon the wavelength. As

the wavelength increases, the number of modes supported decreases. In fact, as the

wavelength increases the transmission curve (Figure 2.5) becomes more Gaussian-like.

Thus they exhibit quasi-single mode behavior.

The variation in transmission between the wavelengths at low angles is likely due

to attenuation in the fiber core material as well as increased cross talk and coupling

between the clad and core discussed above. The fiber core material transmits light a

3This is the angle for which the normalized average transmission is 1/e2.
4The curves predict a 55.4% throughput when the fiber bundle is underfilled with an input NA

of 0.25 (10X objective).
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Table 2.1: Number of Modes Supported by the IGN 05/10

Core Size 2.39 µm Core Size 3.21 µm
Wavelength V-number Number

of Modes
V-number Number

of Modes

488 nm 6.760 7 7.233 7
543 nm 6.075 5-6 6.500 6
633 nm 5.211 4 5.576 5

little less efficiently as the wavelength decreases. The transmission drops from 97.7%

at 633 nm to 95% at 488 nm, with an average value of τatten = 0.97 over the range

of the visible spectrum (see Appendix A.2). However, attenuation, cross talk, and

clad-core coupling alone do not account for the large variation in transmission at low

angles of incidence. This is likely due to the fiber bundle transmitting more modes

at lower wavelengths.

Attenuated Light

For the purposes of this work attenuation includes any losses occurring within the

fiber bundle. This includes losses due to absorption and scattering. Bulk scatter is

dominated by Rayleigh scatter in the case of the coherent fiber bundle, with a small

contribution from Raman scattering [16].5 We expect the amount of signal lost due

to scatter will be very small in comparison with the insertion loss. In addition, the

internal Rayleigh scatter from the coherent fiber bundle is assumed to be randomly

polarized as the fiber bundles do not maintain polarization.[34]

In summary, coherent fiber bundles exhibit behavior that is not fully explained by

a ray optics description. Transmission through the fiber bundle will be treated case

5Bulk, or volume, scatter refers to the redirection of the incident radiation via interaction with
the particles within the media.[12]
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by case. The following parameter values have been introduced in this chapter and

are used through the dissertation:

• NA of fiber bundle based on 1/e2 value NAfb = 0.33

• transmission of fiber bundle (filling 1/e2 NA) τfb.coll = 0.49

• transmission of fiber bundle (overfilling, NA 0.41) τfb.illum = 0.28

• average transmission of fiber bundle over an NA range of 0.29 to 0.35 τfb.na =

0.116

• transmission of fiber bundle considering only material attenuation τatten =

0.977.

In the next chapter, I describe the construction of a dual channel fiberscope using a

coherent fiber bundle.
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Chapter 3

Simple Dual Channel Fiberscope

Before delving into the design and details of a single channel fiberscope, it is in-

structive to first consider a system that uses separate channels for illumination and

detection. In our case, the imaging channel of our dual channel fiberscope is very

similar to the single channel fiberscope system described in Chapter 4. In addition,

the dual channel fiberscope has been used extensively in some of the animal imaging

performed during the course of this dissertation. The specifications for much of the

equipment and materials can be found in the Appendix and subsequent chapters.

Figure 3.1 shows the layout of a dual channel fiberscope I constructed. The

illumination path couples light from a broadband commercial fiberoptic illuminator

into multi-mode illumination fibers. Two to six illumination fibers have been used

depending upon the application. The diffusely reflected signal from the object is

collected by a gradient index (grin) lens that is cemented to a coherent fiber bundle

of the same diameter. The fiber bundle relays the signal to the detection optics. To

provide space in which to place filters or polarizers, an objective collimates the signal

collected from the fiber bundle. The signal is then focused onto a color ccd detector
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Figure 3.1: Layout of Dual Channel Fiberscope

by a camera lens. The tip of the fiberscope is surrounded by protective tubing.

The main obstacle in constructing an ultrathin fiberscope with separate illumina-

tion and imaging channels is the size constraints. Recall from Chapter 1 that ultrathin

fiberscopes in general are only used for lumens with diameters less than 2.5 mm. This

particular fiberscope is designed for imaging within a 1 mm diameter lumen. In order

to avoid damaging the tissue, we decided on a 0.90 mm maximum diameter for the

catheter. We wanted as many fiber cores as possible so we chose a 10,000 element

fiber bundle (see Chapter 2), which has a 0.59 mm diameter. This leaves only 0.31

mm for the illumination fibers and packaging. The following sections describes the

components used in the fiberscope and summarizes the assembly process.
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Imaging Channel

Illumination Fiber

Figure 3.2: Packing Arrangement of Imaging and Illumination Channels

3.1 Insertion Tube Components

Illumination Fiber

The illumination fibers were chosen based on their transmission, numerical aperture,

and size. Currently the fiberscope incorporates 4 multi-mode fibers [29]. The fibers

transmit well in the visible region of the spectrum (Figure A.10) with an average

attenuation of 10 dB/km (approximately 99% transmission over 1 meter) between

400 and 800 nm. To aid in creating a uniform distribution of illumination at the

object/tissue plane, we chose fibers with a numerical aperture of 0.66, so there is a

significant overlap region in the illumination profile of the fibers. The low-OH silica

cores are 200 µm in diameter with 10 micron thick Teflon R©clad. With the acrylate

buffer, the total diameter is 250 µm per fiber. The illumination fibers are packed on

one side of the imaging channel, as shown in Figure 3.2 to limit the diameter occupied

by both illumination and imaging channels to 0.84 mm. This leaves 60 µm for cement

and protective tubing.
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GRIN Lens

Figure 3.3 is a sketch of the on-axis behavior for the lenses used in this work. The 0.5

mm diameter gradient index lens (GRINTech [10]) has a working distance of 1.5 mm

and a 27.8 degree half field angle. This radial grin lens has a center index of 1.626

and a maximum index variation of roughly 0.145. The light follows a sinusoidal path

through the lens as a result of the changing index of refraction. As shown the object

NA is 0.134 and is magnified 3.508 times to a numerical aperture of 0.469 at the exit

(image) surface of the grin lens (Figure 3.3a). This surface is cemented to a coherent

fiber bundle with an active area of 0.45 mm, slightly smaller than the diameter of

the grin lens. The fiber bundle accepts an NA of 0.326, thus the effective collected

NA is 0.093 (Figure 3.3b). More information on the imaging characteristics of these

lenses are discussed in Appendix A.3 and Chapter 4.

3.2 Catheter Construction

The construction of fiberscopes involved quite a bit of trial and error. The following

details are only a synopsis; complete instructions are provided in the Appendix E.

The first step is to polish the ends of the coherent fiber bundle and illumination

fibers. The coherent fiber bundle is polished down to 0.3 micron grit, while the

illumination fibers require only 9 micron. The 9 micron grit yields a sufficiently

smooth surface while providing the benefit of scattering the rays in the illumination

beam, further reducing hot spots in the illumination profile. The assembly steps

are outlined in Figure 3.4. The coherent fiber bundle is cemented to the grin lens

using VTC-2 cement[36]. VTC-2 is a relatively strong UV cure cement with some

elasticity, which is needed to survive the side impact these fiberscopes sometimes
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Figure 3.3: Imaging Behavior of a Gradient Index Lens

endure. Next, the image channel is threaded backwards through the protective tubing

of the fiberscope, followed by the illumination fibers. A slow curing adhesive is then

applied between and around the fibers of the illumination channel as well as the

imaging channel. All fibers are pulled back until flush with the protective tubing,

taking care not to get epoxy on the surface of the grin lens.
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Figure 3.4: Assembly of Insertion Tube

3.3 Performance

We characterized the dual channel fiberscope in terms of how well it performed in

a small lumen. We considered illumination uniformity, color differentiation, texture,

resolution, and depth of focus.

Resolution

grin lenses are known to suffer from chromatic aberration and field curvature (Ap-

pendix A.3), however the resolution of the system is limited by the fibers in the

coherent fiber bundle rather than the grin lens. The 4 µm center-to-center spacing

of the fibers is magnified 3.51X by the grin lens. This yields 14.03 µm at the object

plane. The system should be able to resolve spatial frequencies based on twice this

sampling rate: 28 µm or 35.71 lp/mm. 1 Images of an Air Force Bar Target had

50% contrast for a frequency of 5.04 lp/mm and 30% contrast at 8.98 lp/mm. This

is significantly worse than expected based on the sampling rate of the fiber bundle.

The degradation in contrast is believed to be associated with total internal reflection

(TIR) from the side of the grin lenses. I will discuss the TIR edge effects of the grin

1This means we should be able to resolve group 5, element 1-2 on an Air Force Bar Target
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Figure 3.5: Images Acquired with Dual Channel Fiberscope

lenses in Chapter 4 in some detail.

Illumination Uniformity

An image of 10 point text taken on a flat surface is shown in Figure 3.5a. Placing

the illumination fibers on the side of the lens results in a nonuniform illumination

distribution as is evident by the hot spot (increased brightness) in the center of the

image. However, the fiberscope was designed for use in a tubular environment. In

this situation, there is a reasonable amount of scatter around the tube which improves

the illumination uniformity. Figure 3.5b and c demonstrate the improvement in the

illumination uniformity after the text is rolled into a tube.

Depth of Field

Ideally we would like to image the full diameter of the lumen with a large depth of

field. The depth of field is the distance the object can move out of the focal plane

and still be considered in focus by the imaging system. The maximum blur we can

accept is dictated by the fibers in the bundle. As mentioned previously, I measured

a resolution of 111 µm at the object. Thus the most object blur we can accept is 111

µm. Figure 3.6b is a schematic demonstrating how we calculate the depth of field
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Figure 3.6: Sketch Depicting Illumination Area Within Lumen and Depth of Field

using the NA collected by the grin lens and the maximum acceptable blur. Using

this method, we determined a depth of field of ±0.6mm. Since this is a relatively

short depth of focus, maintaining the working distance to the object becomes very

important. When the object is moving, maintaining a working distance is not trivial.

This device was used extensively for imaging mouse esophagus in vivo. While the

animal was anesthetized, the lumen of the esophagus was still moving as the animal

breathed. To solve this problem, we repackaged the fiberscope to ensure that the

lumen of the esophagus lies within the depth of focus of the catheter (highlighted

area on Figure 3.6a) at the working distance of the lens. The design and results of

the repackaged fiberscope are presented in Chapter 8 along with the results of the

animal study.

Color Differentiation

Figure 3.5c is an example image of mouse esophagus acquired in an anesthetized



44

mouse. Note that the vasculature as well the texture of the tissue surface are recog-

nizable and color can be differentiated. The color properties of the imaging system

were considered to be adequate for the intended application.

In this chapter I have introduced a simple fiberscope that uses separate fiberoptic

channels for illumination and imaging. The following chapter describes to the design

and model of a single channel fiberscope constructed using the same imaging channel

presented here.
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Chapter 4

Single Channel Fiberscope

The current standard in clinical endoscopy is to use separate illumination and imaging

channels for broadband diffuse reflectance imaging, similar to the dual channel fiber-

scope presented in Chapter 3. Fiberscopes of this design work well down to around 0.5

mm in diameter. For diameters smaller than this, difficulties arise in coherent fiber

bundle availability and packaging (see Chapter 1). If illumination were incorporated

into the same channel as the imaging path, smaller devices or increased FOV could

be achieved. The removal of the separate illumination path frees up space within the

insertion tube of the endoscope, enabling the use of a larger diameter fiber bundle, or

alternatively a smaller diameter endoscope can be made with the same fiber bundle.

The challenge in fabricating a single channel fiberscope lies in the high background

signals. The Fresnel reflections from the fiber bundle lower the contrast to a level

that is unacceptable for clinical use. This chapter analyzes and demonstrates this

point.

One way to transition to a single channel from the dual channel layout is to take

advantage of the collimated space between the objective and the camera lens. Figure
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Figure 4.1: Sketch of Basic Single Channel Fiberscope

4.1 shows a single channel fiberscope layout where a beamsplitter has been inserted

in the collimated space between the objective and camera to couple illumination into

the imaging bundle.

In a test system I constructed, light from a broadband commercial fiberoptic

illuminator is collimated by an F/2 lens. The illumination beam reflects off a beam-

splitter (10% reflective/90% transmissive). A 20x objective (f = 10mm) focuses the

beam onto the coherent fiber bundle, which relays the illumination light to a gradient

index (grin) lens. The grin lens distributes the illumination light over a HFOV of

27.8 degrees at a working distance of 1.5 mm. The diffusely reflected light from the

object is collected by the grin lens and the coherent fiber bundle relays the light to

the objective. The fiber bundle has an NA of 0.326, so the NA 0.42 objective collects

all of the light. The beam passes through the beamsplitter with a transmission of

0.90, and is then focused onto a ccd detector[32] by a camera lens[1].

Each interface in the illumination path will generate a Fresnel reflection leading
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Figure 4.2: Primary Sources of Fresnel Reflections and Scatter within Single Channel
Fiberscope

to unwanted background light. The three primary sources of reflections are shown

in Figure 4.2. They are: 1) air/grin interface at the output of the fiberscope, 2)

coherent fiber bundle/grin interface, 3) air/glass interface of the input (proximal)

end of the coherent fiber bundle. We can reduce the Fresnel reflection at interface 1 by

ar-coating the grin lens for the illumination wavelength, in this case the visible range

(450 - 650 nm). By cementing the coherent fiber bundle to the grin lens with index-

matching adhesive, we can reduce the Fresnel reflection at interface 2. A primary

goal for this dissertation is to explore possible solutions to reducing the background

signal originating from the proximal air/fiber bundle interface (input surface).

This chapter introduces each of the above sources of background and establishes

notation for the following sections. In the next chapter, I will discuss three methods

for reducing the amount of the reflection from the proximal air/fiber interface that

reaches the detector: 1) AR coating, 2) crossed polarizers, and 3) numerical aperture

sharing. The latter is a scheme we developed where a portion of the image NA is
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allocated to coupling in illumination light.

4.1 Conversion from the Detector Signal to the

Radiant Exitance from the Fiber Bundle Face

To create a frame of reference for the discussion of the background signals, I will

begin by establishing the relationship between the digital signal from the ccd and

the radiant exitance from the fiber bundle, Mfb. Figure 4.1 contains a sketch of

the detection optics. The light radiated from the proximal end of the fiber bundle

is collected by the objective. The objective collimates the light, and the camera

lens images it onto the ccd. The optical power transmitted by the fiber bundle,

Φfb, is reduced by the transmissions of the beamsplitter Tbs, objective Tobjective and

camera lens Tc.l.. Note that all angles emitted by the fiber bundle are collected by

the objective and camera lens. The optical power at the detector plane Φccd is

Φccd = Tc.l.TobjectiveTbsΦfb. (4.1)

The total optical power at the ccd can be expressed as the irradiance on the ccd

detector multiplied by, Accd, the area of the image of the fiber face on the ccd.

The radiant exitance at the fiber times the area of the fiber equals the optical power

radiated from the fiber bundle, thus:

Φccd = EccdAccd = Tc.l.TobjectiveTbsMfbAfb. (4.2)

The pixel values of the digital images acquired are proportional to the irradiance

incident on the detector. So, we want to map the radiant exitance from the fiber to

the irradiance at the ccd. The relationship is given by:

Eccd = MfbTobjectiveTbsTc.l.
Afb
Accd

. (4.3)
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Table 4.1: Variables Values in Digitization Factor C

Variable Value
Magnification mo.c.

85mm
10mm

= 8.5
Objective Transmission Tobjective 0.90

Camera Lens Transmission Tc.l. 0.90
Planck’s constant h 6.626 ∗ 10−34Js

Speed of Light c 2.998 ∗ 108m
s

Wavelength λ 550 ∗ 10−9m

Quantum Efficiency η 0.25 e−

photon

Gain g 1
5
counts
e−

Readout Time ∆t 0.273sec
Area of Pixel Apixel (15 ∗ 10−3)2mm2

The ratio of the area of the fiber to the area of the image on the ccd detector is related

to the magnification of the combined objective and camera lens imaging system by

the following expression:

Accd

Afb
= mo.c.

2 =
fc.l.

2

fobjective
2 . (4.4)

Substituting the magnification for the ratio of the areas, we obtain the following

relationship for the incident irradiance on the ccd as a function of the radiant exitance

from the fiber bundle:

Eccd = Tc.l.TobjectiveTbsMfb
1

mo.c.
2
. (4.5)

Digital Signal from CCD Detector

The irradiance on the ccd is in units of power per unit area and is linearly related

to the digital output (count) from the detector for a single pixel.

Sdigital = EccdC, (4.6)
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where C is the digital conversion factor. The process of digitization goes as follows.

The incident optical power (Watts) is determined by how many photons are arriving

per second. One watt is a joule per second. Each photon contains hc
λ

joules of energy,

where h is Planck’s constant 6.626 ∗ 10−34Js and c is the speed of light 2.998 ∗ 108m
s

.

The average wavelength λ for the light detected in our system is 550 nm. Only

a percentage of the incident photons result in the generation of an electron. The

quantum efficiency, η, for the EEV CCD-37 used in our experiments is 0.25 electrons

per photon. In addition, a certain number of electrons are required to generate a

count, which is set by the gain, g, of the camera. Finally, with the camera operating

at its maximum frame rate, the exposure time, ∆t, is 0.273 seconds. The digital

conversion factor, C, is given by

C

[
count ·mm2

W · pixel

]
= 1

[
J/s

W

]
λ

hc

[
photon

J

]
η

[
e−

photon

]
g

[
count

e−

]
∆t [s]Apixel

[
mm2

pixel

]
,

(4.7)

which yields the expression

Sdigital

[
count

pixel

]
= Eccd

[
W

mm2

]
λ

hc
ηg∆tApixel

[
count ·mm2

W · pixel

]
(4.8)

for mapping an irradiance at the detector to the digital output, S, from the ccd.

Table 4.1 contains the values for the variables in the digitization factor for the system

we analyzed.

Substituting equations 4.5 and 4.7 into equation 4.6, we can now derive a rela-

tionship converting the detector output, S, to the effective radiant exitance from the

fiber bundle:

Mfb =
Sdigital
C

mo.c.
2

Tc.l.TobjectiveTbs
. (4.9)

From this point forward, I will consider two signals: the background signal and the

object signal. The contributions to the the background and object signal are written
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Figure 4.3: Components of Signal at Proximal Fiber Face

as a percentage of the incident irradiance at the fiber bundle. Any light reaching

the detector that is not associated with the object is considered background. This

includes the Fresnel reflection from the input of the fiber bundle, backscatter within

the bundle, reflections from the distal tip of the catheter, as well as reflections and

scatter from the illumination optics. To introduce each of these, I will follow the light

path beginning with the incident illumination irradiance at the fiber bundle input,

which I call Eprox.

4.2 Proximal Fiber Face

If surface absorption is neglected, the radiation incident on the proximal fiber bundle

will either be specularly reflected, scattered or transmitted as shown in Figure 4.3.

Thus, the irradiance (Eprox) incident at the input to the fiber bundle ends up being

distributed into three components:

• specularly reflected signal Rair.fbEprox

• surface scatter (α + β)Eprox
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• transmitted signal Tair.fbEprox,

With the added constraint that

Tair.fb +Rair.fb + α + β = 1. (4.10)

Since the fiber bundle input face is polished, surface scatter should be low. How-

ever, surface scatter cannot be neglected as it can be a significant contributor to the

background signal. It is difficult to distinguish experimentally the signals arising from

Fresnel reflections and surface scatter. The summation of the specularly reflected sig-

nal, R, and the collected surface scatter, α, yields the total measured reflectance

value, R:

Rair.fb = Rair.fb + α. (4.11)

Note that R refers to the total measured reflectance, and any reflected or scattered

light with angles outside the collection NA of the objective is not included. As the

illumination is assumed to be coming from the objective, the Fresnel reflection from

the fiber bundle will be radiated over the same range of angles as the illumination.

Thus no vignetting of the reflected signal occurs. Scatter, on the contrary, can occur

over a broad range of angles depending upon surface roughness and other factors.

Note that the quantity α for surface scatter is over the range of angles collected by

the objective. The total surface scatter is expressed as α+ β. We are only interested

in the amount of scatter detected as this is what contributes to the background.

Scatter is significant only in the case of the proximal (input) fiber face. Thus for all

subsequent interfaces, I have assumed α to be zero, and R = R.
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Fresnel Reflection at the Air/Fiber Interface

Fresnel’s equation for reflectance with a zero degree angle of incidence is

R =
(−n1 + n0)2

(n1 + n0)2
. (4.12)

For the fiber bundle, n1 = 1.49 is the index of the fiber core, and n0 = 1 is the incident

medium, air. For anything other than normal incidence, the reflection coefficient

must be calculated for both s and p polarization states and then averaged if using

unpolarized input.1 The Fresnel reflection at the air/fiber interface is calculated by

first using Snell’s law to calculate the transmitted angle, θt, for a given angle of

incidence, θi,

θt = sin−1

(
nair
nfiber

∗ sin(θi)

)
. (4.13)

Fresnel’s equations [21, p.39-42] for the reflection amplitude coefficients, r, and the

reflectance, R, are then

rs = −sin(θi − θt)
sin(θi + θt)

Rs = |rs|2 (4.14)

(4.15)

rp =
tan(θi − θt)
tan(θi + θt)

Rp = |rp|2. (4.16)

The maximum angle incident on the fiber bundle is ideally no greater than the max-

imum nominal acceptance angle of the fiber, in this case θi = sin−1(0.35) = 20.48

degrees. In the system we constructed, the illumination NA of 0.42 (24 degrees) over-

fills the NA of the fiber bundle. To evaluate the reflected light, I divided the range

into five regions and calculated the reflectance for 0, 2, 8, 14, 20 and 24 degrees. The

results are shown below in Table 4.2.
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0 2 8 14 20 24
Rp 0.0387 0.0387 0.0377 0.0356 0.0323 0.0295
Rs 0.0387 0.0388 0.0398 0.0420 0.0456 0.0491
R 0.0387 0.0387 0.0387 0.0388 0.0390 0.0393

Table 4.2: Reflection at the Air/Fiber Interface

0˚ 5˚ 10˚ 15˚ 20˚ 25˚

Figure 4.4: Sketch of Angular Division of Objective Radius

To calculate the average reflectance, we need to consider that the number of rays

incident on the fiber are not uniformly distributed with angle. There are more rays at

higher angles because there is more solid angle at higher radii. I divided the objective

lens aperture into 5 angular regions as shown in Figure 4.4. I then weighted each

reflectance value in Table 4.2 based on the region it fell into in Figure 4.4. The average

reflectance over the six angles is 3.87% for unpolarized input (Rair.fb = 0.0387).

1s stands for senckrecht or perpendicular to the plane of incidence, while p stands for parallel
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Surface Scatter from a Polished Glass Surface

Surface scatter from an object is often characterized by its bidirectional scatter dis-

tribution function or BSDF. It is defined as the radiance of the object divided by

the irradiance on the object. It is a measure of the object’s reflectivity per unit solid

angle. While we have not measured the bidirectional scatter function for the coher-

ent fiber bundles, we can compare it to measurements of clean polished glass.[3] We

have approximated the fiber surface to be a smooth clean surface as it is polished

down to a 0.3 µm grit, below the spectral region we use in the illumination path.

The average value of the BSDF over the collected solid angles is 0.0002 1
sr

.[17] Over

the collected numerical aperture, NAobjective = 0.42, we obtain an expected value of

α = 0.00011 for the fraction of incident light scattered from the surface and collected

by the objective.2 With this information, we now have an expected value of 3.88%

for the collected reflectance for an uncoated polished coherent fiber bundle:

total measured reflectance = specular + surface scatter (4.17)

Rair.fb = Rair.fb + α = 0.0387 + 0.0001 = 0.0388. (4.18)

Internal Fiber Bundle Backscatter

The remaining 96.1% (Tair.fb = 1−Rair.fb−β) of the incident light will be transmitted

into the fiber. Due to packing fraction and internal absorption, only 28% of the

transmitted signal, will be guided by the fiber bundle (see Chapter 2). In addition,

a small percentage of the transmitted signal will be scattered internally. Scattered

2The accuracy in Rair.fb is out in the sixth decimal place for the average reflectance. Even
considering the accuracy of R, the scatter is insignificant for the system described in this chapter.
I am including it here only for completeness. Scatter plays a larger role in two of the other single
channel fiberscopes we tested.
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light may come back out of the fiber, be collected by the objective, and contribute to

the background signal. The remaining light is absorbed in the fiber bundle. There

are three components to consider:

• light coupled into the fiber bundle cores τfb.illumTair.fbEprox

• internal backscatter ξTair.fbEprox

• attenuated light σTair.fbEprox.

From conservation of energy, we know that

Rair.fb + α + β + Tair.fb(τfb.illum + ξ + σ) = 1. (4.19)

Of the various components, the reflectance, surface scatter α, and internal backscatter

ξ contribute to the background signal.

Background Components from the Fiber Bundle

Surface scatter and reflections from the fiber bundle input face, Rair.fb and internal

backscatter, ξ, that escapes the fiber bundle both contribute to the background. The

radiant exitance from the fiber bundle associated with these two sources of background

is:

Mprox.refl = Rair.fbEprox (4.20)

Mbackscatter = ξTfb.air
2Eprox. (4.21)

Note that Tfb.air appears in the term containing backscatter twice. The backscatter

ξ is a percentage of the light that enters the fiber bundle, Tair.fbEprox. Then the

backscatter encounters the fiber/air interface as it exits the bundle, requiring multi-

plication by Tfb.air again. After exiting the fiber bundle, both signals pass through the
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Figure 4.5: Refractive Indices at Interface Between GRIN lens and Fiber Bundle

beamsplitter, Tbs = 0.90. After multiplying the expressions for the radiant exitance

by the Tbs and the digital conversion factor C (equation 4.7), we can now derive the

following expression for the average digital signal from the detector due to the radiant

exitance from the proximal fiber surface and internal backscatter.

Sprox.refl = Mprox.reflTbs
Tc.l.Tobjective

m2
o.c.

C (4.22)

Sbackscatter = MbackscatterTbs
Tc.l.Tobjective

m2
o.c.

C. (4.23)

4.3 Distal Tip of Catheter

As shown in Figure 4.5, the catheter is constructed by cementing a grin lens to the

coherent fiber bundle. The thin layer of cement material[36] has a very low absorption

(Tcem > 0.99). More information is in Appendix A.4. Some of the optical power in

the grin lens is lost due vignetting and total internal reflection from the cylindrical
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surface of the grin lens and can be accounted for in the total transmittance of the

grin lens, τgrin. The following sections describe the losses in the distal tip in more

detail.

Interface Between GRIN lens and Coherent Fiber Bundle

The base index of refraction of the grin lenses is 1.626, while the fiber cores have an

index of 1.49. Thus an index-matching adhesive of approximately 1.55 would be ideal

in reducing the Fresnel reflection at this interface. The cement VTC-2 (n = 1.5) has

been used for its elastic properties as the catheter undergoes some side pressure upon

use. As depicted in Figure 4.5, this can be described by a three-layer model. However,

the coherent fiber bundle presents a special case because of the coupling loss into the

fiber bundle. The thickness of the cement layer varies from 3 to 50 µm. As shown in

Figure 4.5, light reflected from the cement/grin interface will spread beyond the 3

µm cores of the bundle. Thus, only 49% of the reflection at the cement/grin interface

contributes to the background. To accommodate this, I separated the three-material

system into 2 two-layer systems: fiber/cement and cement/grin.

0 2 8 14 20
Rp 0.000011 0.000011 0.000011 0.000010 0.000008
Rs 0.000011 0.000011 0.000012 0.000013 0.000014
R 0.000011 0.000011 0.000011 0.000011 0.000011

Table 4.3: Reflection at the Fiber/Cement Interface

The Fresnel equations were used to calculate the reflectances for s and p polariza-

tions from the interface between the cement and fiber bundle. The reflectance (Table

4.3) of unpolarized light at the fiber/cement interface is Rfb.cem = 0.00001 (0.001%).

The reflectance for the cement to grin interface (Table 4.4) isRcem.g = 0.0016 (0.16%)
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0 2 8 14 20
Rp 0.0016 0.0016 0.0016 0.0014 0.0013
Rs 0.0016 0.0016 0.0017 0.0018 0.0020
R 0.0016 0.0016 0.0016 0.0016 0.0016

Table 4.4: Reflection at the Cement/GRIN Interface

for unpolarized input over the range of angles supported by the fiber bundle. While

the full reflectance from the fiber/cement interface will contribute to the background,

only 49% from the cement/grin interface will be transmitted back down the fiber

bundle (τfb.coll = 0.49).

Each reflected component from the distal tip suffers a 3.9% loss as it exits the fiber

bundle from the air/fiber interface. The reflected light at the cement/fiber bundle

interface is attenuated (τatten) by the fiber bundle material (see Chapter 2). The

background due to the fiber cement interface is given by

Mfb.cem = τattenRfb.cemτfb.illumT
2
air.fbEprox. (4.24)

The background due to the cement/grin lens interface is given by

Mcem.g = τfb.collτfb.illumRcem.gTfb.cem
2T 2

air.fbEprox. (4.25)

As with all the radiant exitances from the fiber bundle, the light must pass through the

beamsplitter Tbs to the detector. This yields the following expressions for the average

signal on the detector due to the fiber/cement and cement/grin lens interfaces:

Scem.g = Mcem.gTbs
Tc.l.Tobjective

m2
o.c.

C

Sfb.cem = Mfb.cemTbs
Tc.l.Tobjective

m2
o.c.

C. (4.26)
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Figure 4.6: TIR at the grin lens edge

TIR within the GRIN Lens

While the grin lens does accept field angles out to 30 degrees, only light exiting the

fiber from points near the optical axis pass through the grin lens without totally

internally reflecting from the side of the grin lens if the lens is surrounded by air.

The index of refraction in the grin lens varies from 1.77 to 1.48, with a center value

of 1.626. The critical angle for the glass/air interface is

θcritical = asin

(
1

1.48

)
= 42.5◦. (4.27)

Thus all angles incident at the edge of the lens with an angle higher than 40 degrees

will be totally internally reflected. Figure 4.6 is a sketch showing that even at the

highest angle transmitted by the bundle, the condition for TIR is fulfilled.

However, the lens is partially surrounded by epoxy, which has an index of refrac-

tion on the order of 1.5. As a result, some rays do escape leading to an average

transmission through the grin for the illumination path of τgrin = 0.99. Those rays

that escape the lens, will likely exit through the side of the fiberscope and are unlikely

to contribute in any meaningful way to the background signal. Those rays that do

undergo TIR may somewhat improve the uniformity of the illumination beam. How-

ever, the corresponding rays in the detection path cause blur, or a loss in resolution,



61

0.06

0.05

0.04

0.03

0.02

0.01

R

0
400 450 500 550 600 650 700

0˚ 30˚

Figure 4.7: Reflectance Curve for AR Coating on GRIN lens

as one object point will no longer map to a single point on the fiber bundle.

Distal Face of GRIN Lens

Some light reaching the distal face of the grin lens will be reflected (Rg.ar) at the

AR coated surface of the lens. The metal halide source in the fiber optic illuminator

depicted in Figure 4.1 emits wavelengths from the UV to the IR. However the op-

timal performance of the coating is over the range 450-625 nm (average reflectivity

of 0.89%). An absorptive filter was placed after the source to limit the transmitted

wavelengths to the range 450-650 nm. I estimated the average reflectance using the

curve in Figure 4.7 and accounted for the normalized spectral transmission of the

filter. Based on this I estimate an average reflectance of 0.47%. The data for that

calculation are in Appendix E.4. The actual reflectance was measured to be 0.48%,

which agrees well with the expected value. The details of that measurement will be
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presented in Chapter 6. For analysis of the single channel fiberscope, the value of

0.47% will be used for the residual reflectance from the grin/air interface (Rg.ar)

within the range defined by the spectral filter. The radiant exitance from the fiber

bundle associated with ar coating on the grin lens is

Mg.ar = EproxT
2
fb.airτfb.illumτfb.collT

2
fb.cemτcem

2T 2
cem.gτ

2
grinRg.ar. (4.28)

The corresponding signal from the detector due to this component is

Sg.ar = Mg.arTbs
Tc.l.Tobjective

m2
o.c.

C. (4.29)

4.4 Background Signal Summary

The background signal includes contributions from reflections at the interface between

the cement, fiber bundle and grin lens as well as the reflection and scatter from the

fiber bundle input (denoted prox.refl.) and backscatter from within the fiber bundle.

The total radiant exitance from the fiber bundle due to background is

Mbackground = Mg.ar +Mcem.g +Mfb.cem +Mprox.refl +Mbackscatter (4.30)

with a corresponding detector signal of

Sbackground = Sg.ar + Scem.g + Sfb.cem + Sprox.refl + Sbackscatter. (4.31)

Table 4.5 lists the description and value for the parameters in the background.

The relative contribution of each source of background is determined by substituting

these values into the background signal expressions. The contributions are listed in

Table 4.6. These values show the relative contribution of each component to the

overall background normalized to the object signal, i.e.
Sprox.refl

Sobject
. As expected, the

Fresnel reflection at the air/fiber interface dominates the background signal.
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Table 4.5: Variables contributing to the Background Signal

Reflection and scatter at Air/Fiber Interface Rair.fb 0.0388
Fiber Bundle Internal Backscatter ξ 0
Reflection at FB/Cement Interface Rfb.cem 0.000011

Reflection at Cement/grin Interface Rcem.g 0.0016
Reflection at AR Coating Rg.ar 0.0048

Transmission of fiber bundle τfb.illum 0.28
Transmission of fiber bundle τfb.coll 0.49

Transmission of optical cement Tcem 0.99
Fiber Bundle Attenuation τatten 0.966

Transmission of the Beamsplitter Tbs 0.85

Table 4.6: Background Signal Components Normalized to the Object Signal

Reflection and Scatter at Air/Fiber Interface 34.2
Fiber Bundle Internal Backscatter 0
Reflection at FB/Cement Interface 0.00218

Reflection at Cement/grin Interface 0.189
Reflection at AR Coating 0.535

4.5 Expected object signal

To describe the light path through the catheter to the object plane and back, it is

easiest to think in terms of Φfb, the amount of power that propagates down to the

end of the coherent fiber bundle. At the distal face of the fiber bundle, the power

(Φfb = τfb.illumTfb.airEproxAfb) is incident on an interface consisting of index-matching

adhesive and a gradient index (grin) lens. The power entering the grin lens is the

power in the fiber bundle multiplied by the transmission through cement layer:

Φgrin = Tcem.gτcemTfb.cemΦfb

= Tcem.gτcemTfb.cemτfb.illumTfb.airEproxAfb, (4.32)

where the Tfb.cem and Tcem.g refer to the the transmissions at the fiber bundle/cement

interface and the cement/grin interface, respectively. The thin layer of cement

material[36] has a transmission of approximately 99% (τcem). Some of the optical
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power is lost in the grin lens due to light exiting the cylindrical surface of the grin

lens in areas that are index-matched by the epoxy. This is accounted for in the total

transmittance of the grin lens, τgrin. The light then passes through the distal ar

coated face of the grin lens, and is focused onto the tissue at a working distance of

1.5 mm. The optical power at the object is,

Φobject = Tg.arτgrinΦgrin

= Tg.arτgrinTcem.gτcemTfb.cemτfb.illumTfb.airEproxAfb, (4.33)

and the irradiance is

Eobject =
Φobject

Aobject
, (4.34)

where Aobject is the area illuminated at the object plane. The irradiance in the object

plane is therefore given by

Eobject = Tg.arτgrinTcem.gτcemTfb.cemτfb.illumTfb.airEprox
Afb
Aobject

. (4.35)

The fraction
Afb

Aobject
is the inverse of the square of the magnification in mapping from

the fiber bundle to the tissue,

Afb
Aobject

=
1

m2
. (4.36)

Figure 4.8 is a sketch of the grin lens and object plane. Assuming the object is

a Lambertian reflector, the radiance of the object is given by

Lobject =
Robject

π
Eobject, (4.37)

whereRobject is the reflectivity of the object. For non-Lambertian objects, the radiance

of the object should be modified to include the appropriate functional form of the

BRDF.
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Figure 4.8: Radiometry of Image Collection by GRIN Lens

Substituting Equation 4.35 for Eobject into Equation 4.38, we obtain the expression

for the radiance of a Lambertian object illuminated using the single channel fiberscope

is

Lobject =
Robject

π
Tg.arτgrinTg.cemτcemTcem.fbτfb.illum

Eprox
m2

Tfb.air. (4.38)

The power collected from the light reflected from the object at the grin lens is

Φgrin = LobjectΩobjectAgrin, (4.39)

where Ωobject is the solid angle subtended by the object as viewed from the grin

lens (see Figure 4.8). It is equivalent to π[sin(HFOV )]2, where HFOV is the half

field of view of the grin lens/fiber imaging system, 27.8 degrees. Making these

substitutions, we obtain the expression for the power at the surface of the grin lens
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Figure 4.9: Change of Trajectory upon TIR in grin Lens: Rays that lie outside the
boundary of the lens will TIR. The dotted line traces the possible trajectory of a ray
that TIRs.

from the diffusely reflected light at the object plane:

Φgrin = LobjectΩobjectAgrin = Lobjectπ(sin(HFOV ))2Agrin (4.40)

Φgrin =
Robject

π
Tg.arτgrinTg.cemτcemTcem.fbτfb.illum

Eprox
m2

π(sin(HFOV ))2Agrin.

The object signal then passes through the ar coating of the grin lens with a

transmission of Tg.ar. The object signal will again be reduced by rays escaping the

grin lens as described previously. The radiance from the proximal side of the grin

lens as the light enters the cement is

Lgrin.prox =
τgrinTg.arΦgrinncem

2

AimageπNAimage
2 , (4.41)
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where NAimage is the image NA of the grin lens and ncem is the index of refraction

of the cement. The grin lens maps an on-axis bundle into an NA of 0.466.

The light exiting the grin lens passes through the grin/cement interface as well

as the cement/fiber interface with a transmission of Tg.cemτcemTfb.cem. The irradiance

on the fiber bundle is

Efb.distal = Tfb.cemτcemTg.cemLgrin.proxΩgrin, (4.42)

where Ωgrin is the solid angle subtended by the grin lens and is equivalent to
πNAfb

2

ncem
2 .

Substituting the expressions for the radiance from the object and proximal face of

the grin lens (eqns. 4.41 and 4.38) into equation 4.42 and dividing by Afb, we obtain

the following expression for the irradiance on the distal end of the fiber bundle due

to the light diffusely reflected from the object:

Efb.distal.object = Tg.ar
2Robjectτcem

2τgrin
2Tg.cem

2Tcem.fb
2τfb.illum

Eprox
m2

NAfb
2. (4.43)

The term [sin(HFOV )]2

Aimage

Agrin

NAimage
2 is not present is equation 4.43 because it reduces to

1. The following expression shows how the two fractions are related to each via the

magnification3:

m2 =
Aimage

[sin(HFOV )]2
=

Agrin

NAimage
2 . (4.44)

The power is transmittted through the fiber bundle with a coupling efficiency of 44%

(τfb.coll). Finally, there is a 96.1% transmission (Tfb.air) exiting the bundle, so the

radiant exitance from the fiber bundle due to the object signal is

Mobject = Tfb.air
2Tg.ar

2Robjectτcem
2τgrin

2Tg.cem
2Tcem.fb

2τfb.illumτfb.coll
Eprox
m2

NAfb
2.

(4.45)

The detector signal corresponding to the object is

Sobject = MobjectTbs
Tc.l.Tobjective

m2
o.c.

C. (4.46)

3The entrance pupil fills the clear aperture of the grin lens (see Figure 4.9).
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Table 4.7: Variables contributing to the Object Signal

Transmission at FB/Cement Interface Tfb.cem 0.999989
Transmission at Cement/grin Interface Tcem.g 0.9984

Transmission at AR Coating Tg.ar 0.9952
Transmission of fiber bundle τfb.illum 0.28
Transmission of fiber bundle τfb.coll 0.49

Fiber Bundle Attenuation τatten 0.966
Transmission of Air/Fiber Interface Tfb.air 0.961

Transmission of grin lens Tgrin 0.99
Transmission of optical cement Tcem 0.99

Area of the Object Aobject π0.7892

Area of the grin lens Agrin π0.252

Numerical Aperture of the fiber bundle NAfb 0.33
Reflectivity of the Object Robject 0.85

Transmission of Beamsplitter Tbs 0.85

Table 4.7 lists the parameters in the object signal expression along with their

values.

4.6 Image Contrast and Signal to Noise Ratio

The signal to background ratio (SBR) is a measure used to evaluate image quality

for the signal channel fiberscope. For the object and background signals described in

this chapter, the theoretical SBR achieved with the system described in this chapter

is 0.0287. Figure 4.10 is a schematic highlighting the losses in the catheter. An

important factor that limits the SBR is the collection efficiency of the object light

by the grin lens. The ratio of the power collected by the grin lens to the power

incident at the object plane is

Φgrin

Φobject

=
LobjectAgrinΩobject

EobjectAobject
, (4.47)

which reduces to 0.022Robject. Thus, the percentage of the light diffusely reflected

at the object surface that is collected by the grin lens is only 2.2%. Such a low
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Figure 4.10: Sketch Depicting Losses in the Expected Object Signal: The transmission
values across each interface are shown as well as transmission efficiencies through
materials. The source of the loss is stated in parentheses.

collection efficiency of the object signal significantly increases the affect of a high

background level on overall image quality. The background signal can be subtracted

from the raw image, but the noise in the signal still remains. With sufficient light in

the object signal, the SNR can still be reasonable even in the presence of background.

Since we are collecting a relatively small number of photons, the high background

levels become important. To balance low light collection with SNR, we must reduce

the amount of background energy detected. The amount by which we need to reduce

the background level is dependent on the SNR we need to achieve. In the case where

the detector is limited by photon noise the SNR varies with the square root of the

number of incident photons, N.[40] If the dynamic range of the detector is filled, the

number of photons in the object signal, S, and the background signal, B, sum to N
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Figure 4.11: SNR as a function of the SBR: This is a plot of the percentage by which
the SNR changes as the SBR increases.

(S +B = N). The SNR as a function of SBR is expressed as

SNR =
√
N

SBR

1 + SBR
. (4.48)

In the case of very low, almost negligible background, the SBR approaches infinity

and the SNR approaches
√
N . The factor SBR

1+SBR
is the multiplier for the SNR when

the SBR deviates from the ideal case of low background levels. Figure 4.11 is a plot

of the factor as a function of SBR. For a SBR of 0.03, the expected SNR ratio is

approximately 5% of the SNR in the case when the object signal occupies the full

dynamic range of the camera. By reducing the background levels seen by the detector

such that we achieve a SBR near 1 and the full dynamic range of the camera is filled by

signal plus background, the SNR will be 0.5
√
N . The dominant source of background

is the 3.9% reflection at the air/fiber interface and this is the most critical background
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signal to reduce for a single channel fiberscope operating over the visible spectrum.

Separating the background due to Fresnel reflections at surfaces and the object

signal is routine in applications where the object signal is spectrally shifted from the

background, e.g. fluorescence signals. In this application, we are illuminating and

detecting in the visible wavelength range, so dichroic beamsplitters and emission filters

are not an option. Time-gating is an alternative but the distance between the object

and proximal reflection is on the order of just a few meters. This would require a

source with very short pulses, leading to a costly system. Another option is to shift the

background away from image planes by immersing the interfaces in index-matching

oils or gels. However, a significant portion of the reflected light, though out-of-focus,

will still reach the detector occupying some of the dynamic range. We considered

reducing the reflectance at the proximal fiber face via an ar-coating in addition to

two methods of rejecting the reflected light before it reaches the detector. The next

chapter explores these three methods of reducing the amount of this reflection that

is collected and imaged onto the ccd.
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Chapter 5

Methods of Reducing Fresnel

Reflection at the Air/Fiber

Interface

We discussed in Chapter 4 that the dominant source of background in a single channel

fiberscope is the Fresnel reflection at the air/fiber interface on the proximal surface of

the fiber bundle. This chapter introduces three methods to reduce the amount of this

reflection that is collected and imaged onto the ccd. We investigated the use of anti-

reflection coatings as well as crossed polarizers. In addition, we developed a technique,

whereby a portion of the image numerical aperture is devoted to illumination and a

portion to image signal detection. This technique is called numerical aperture sharing

(NA sharing).

In this chapter, I introduce the principle of each type of single channel fiberscope.

In addition, I describe the constructed systems and the main results of using crossed

polarizers, na sharing, or ar coatings to reduce the amount of background collected
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from the proximal fiber face. In each system, additional optical components are

introduced into the illumination and detection path to couple in illumination light.

For each approach, I present the ideal case in which the proximal reflection and scatter

is reduced to zero. In addition, I briefly describe the expected performance for what

was constructed in the lab and the measured results. The measurements with detailed

analysis are shown in Chapter 6.

Rather than describe each system in its entirety, I will describe how each system

deviates from the one described in Chapter 4. Recall that the following equations were

used in Chapter 4 to model the object and background signals for a single channel

fiberscope:

Sobject = MobjectTbs
Tc.l.Tobjective

m2
o.c.

C

Sback = MbackTbs
Tc.l.Tobjective

m2
o.c.

C, (5.1)

where

Mobject = TbsTfb.airTg.ar
2RobjectTcem

2τgrin
2Tg.cem

2Tcem.fb
2τfb.illumτfb.col

Eprox
m2

NAfb
2

(5.2)
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and

Mbackground = Mg.ar +Mcem.g +Mfb.cem +Mbackscatter +Mprox.refl

Mg.ar = Tfb.air
2τfb.illumτfb.collTfb.cem

2Tcem.g
2τgrin

2Rg.arEprox

Mcem.g = Tfb.air
2τfb.illumτfb.collRcem.gTfb.cem

2Eprox

Mfb.cem = Tfb.air
2τattenRfb.cemτfb.illumEprox

Mbackscatter = ξTfb.air
2Eprox

Mprox.refl = Rair.fbEprox.

(5.3)

In each new system discussed in this chapter, some of the parameter values and

equations are modified from the above equations to accommodate the changes in the

illumination and detection paths. For each system I describe the expected SBR. I will

present example images and a comparison of the performance of the three approaches

in Chapter 7. This chapter begins with the description of an ar-coated fiberscope

as it is the simplest, then transitions to a crossed-polarizer fiberscope, and finally,

introduces the NA sharing concept.
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Figure 5.1: Layout of Single Channel AR Coated Fiberscope

5.1 Anti-Reflection Coating

A good AR coating is the ideal option as it presents the least amount of loss to both

the incident illumination and the image signal. Figure 5.1 is a sketch of the system

constructed in the lab to investigate the efficiency of using an anti-reflection coated

fiber bundle. To model this layout, the transmission for the beam entering and exiting

the fiber bundle, Tfb.air, is reduced to Tfb.ar = (1−Rfb.ar) and the detected proximal

reflection and scatter, R becomes Rfb.ar = Rfb.ar + αfb.ar.
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Perfect AR Coating

In a perfect world, the background signal collected from the proximal surface would

be reduced to zero by an ar-coating on the fiber bundle1. Thus,

Rfb.ar = 0 (5.4)

Tfb.ar = (1−Rfb.ar) = 1. (5.5)

Substituting these values into the equations for object (5.2) and background (5.3)

signals, we expect a signal to background ratio (SBR) of 1.09.

Constructed AR-Coated Single Channel Fiberscope

Unfortunately perfect ar coatings do not exist. We were able to acquire an AR coated

coherent fiber bundle with a 0.54% average reflectance in the visible wavelength range.

Thus the reflected signal from the proximal surface is Rfb.ar = (Rfb.ar +α) = 0.0055,

assuming the scatter from an ar-coated surface is the same as clean, polished glass.

The background signal collected from the proximal reflection is

Mprox.refl.ar = Rfb.arEprox. (5.6)

The reduced reflectance at the proximal surface results in an increased transmis-

sion into the fiber. With a reflectance of 0.55%, the transmission of the fiber bundle

is Tfb.ar = 0.9945. Making the above changes in the model yields a SBR of 0.20. This

is an improvement over the SBR of 0.04 obtained with a 3.9% proximal reflection.

Nevertheless, the proximal reflection is still the dominant source of background.

1The background from the proximal surface can be assumed to be zero because a good ar-coating
reduces not only the Fresnel reflection but also surface scatter.[34]
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Figure 5.2: Ideal Layout of Single Channel Fiberscope with Crossed Polarizers

5.2 Crossed Polarizers

In this section, I introduce a single channel fiberscope using crossed polarizers to

reduce the Fresnel reflection at the proximal surface of the fiber. Insertion of crossed

polarizers into the illumination and detection path is an alternative to ar-coating

the proximal surface of the fiber bundle. In general, polarization is maintained upon

specular reflection from a surface.2 Thus crossed polarizers have the advantage of a

high extinction of the reflected signal from the input fiber face. Coherent fiber bundles

do not maintain polarization, thus any background arising after the illumination

enters the fiber bundle will be randomly polarized, just as the image signal is. So,

just as with the other single channel fiberscopes I present in this chapter, the only gain

in using the crossed polarizers is in the reduction of the proximal reflection. Figure

5.2 is a sketch of how a crossed polarized system could be set up. The layout for a

crossed-polarizer single channel fiberscope is the same as previously presented except

a polarizing beamsplitter is inserted in the place of the 15/85 pellicle beamsplitter. A

2This is also true of some scattering events, but must be evaluated on a case by case basis.
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polarizing beamsplitter reflects s-polarization and transmits p-polarized light in the

beam. After the illumination beam enters the fiber bundle, the model presented in

Chapter 4 for the propagation of the illumination is applicable. The difference in

the model used for the crossed polarizer system is mostly in the detection path after

the signals exit the fiber bundle. First we will consider the effect of introducing the

polarizing beamsplitter by looking at the best case scenario of successfully reducing

the proximal reflection to zero.

Ideal Crossed Polarizers

In the case of an ideal crossed-polarizer fiberscope, the proximal reflection and scatter

would be completely rejected because the polarizing beamsplitter would completely

polarize the incident beam and the scatter as well as specular reflection would have the

same polarization as the incident illumination. However, the incident illumination and

the exiting signals will still encounter a 3.89% loss at the proximal air/fiber interface.

Thus the transmission of the air/fiber interface does not change. In addition, the

unpolarized background and image signals from the fiber bundle are modified by the

transmission of the beamsplitter Tbs.fb.pol as they propagate to the detector. Since the

beamsplitter transmits 100% of one polarization and none of the other, an unpolarized

beam passes through the beamsplitter with 50% efficiency (Tbs.fb.pol = 0.5).

The digital signal expected at the ccd from the object and background signals

are:

Sobject.pol = MobjectTbs.fb.pol
Tc.l.Tobjective

m2
o.c.

C

Sback.pol = MbackTbs.fb.pol
Tc.l.Tobjective

m2
o.c.

C, (5.7)

where only the background component due to the proximal reflection has changed
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Figure 5.3: Layout of Single Channel Fiberscope with Crossed Polarizers

from equations 5.2 and 5.3:

Mprox.refl.pol = 0. (5.8)

With these substitutions in equations 5.2 and 5.3, the SBR is 1.09 for an ideal crossed-

polarizer single channel fiberscope.

Constructed Crossed Polarizer System

Figure 5.3 is a sketch of the system constructed in the lab to investigate the concept

of using crossed polarizers. Two additional elements are present in the beam paths:

a generator in the illumination path and an analyzer in the detection path.

The polarizing beamsplitter is not perfect. The polarizing beamsplitter [23] re-

flects 99.5% of the s-polarization and 1.8% of p-polarized light in the beam. To

improve the degree of illumination polarization, a generator[22] rotated to pass s po-
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larization has been placed before the beamsplitter. The model presented in Chapter

4 must be modified to include the polarizing optics in the detection path after the sig-

nals exit the fiber bundle. The beamsplitter passes the p state in the detection path,

which is crossed to the illumination state. Ideally, a separate analyzer should not be

required. However, the surfaces of the beamsplitter are ar-coated with a residual

reflectance of 0.5%. So, there are significant s-polarized reflections from within the

beamsplitter in the illumination path. These reflections are problematic unless an

analyzer is inserted after the beamsplitter and rotated to pass the open state (p) of

the beamsplitter.

With the combination of the generator and the polarizing beamsplitter, it should in

principle be possible to obtain a high degree of polarization (DOP) in illumination of

0.99995 in the s state (see Chapter 6). The fraction of the incident irradiance Eprox.pol

oriented perpendicular and parallel is expressed by Eprox.s and Eprox.p, respectively,

with values

Eprox.s = sillumEprox.pol

Eprox.p = pillumEprox.pol, (5.9)

where

sillum = 0.999

pillum = 1− sillum = 0.001.

For unpolarized illumination, the reflectance signal collected from the proximal

fiber face is

R = Rfb.air + α.

However, both Fresnel reflections and surface scatter are polarization dependent. In

the case of an air/glass interface, the scatter from the polished fiber surface is 0.01%
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and is polarization dependent. For clean, polished glass, we can assume the scattered

light remains polarized in the same direction as the incident light [34]. To model the

background from the proximal surface, Mprox.refl.pol, we split the light into s and p

polarized components:

Mprox.refl.pol = Mprox.refl.pol.s +Mprox.refl.pol.p, (5.10)

where

Mprox.refl.pol.s = Rs.polEprox.s

Mprox.refl.pol.p = Rp.polEprox.p (5.11)

and

Rs.pol = Rs.pol + αs.pol

Rp.pol = Rp.pol + αp.pol. (5.12)

The s polarized component will pass through the beamsplitter and analyzer with a

total transmittance of Tbs.an.s = 0.0006, while the p polarized component has trans-

mittance values of Tbs.an.p = 0.593 (measured values). In addition, each component

in the object and background signals must pass through the beamsplitter twice: once

entering and once exiting the beamsplitter. Thus I have included the following factor

to account for a single pass loss:

Tbs.ar.pol = 0.995. (5.13)

The reflected background signal we expect to collect from the proximal fiber face at

the ccd is then

Sprox.refl.pol = Sprox.refl.pol.s + Sprox.refl.pol.p (5.14)
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where

Sprox.refl.pol.s = Mprox.refl.pol.sT
2
bs.ar.polTbs.an.s

Tc.l.Tobjective
m2
o.c.

C

Sprox.refl.pol.p = Mprox.refl.pol.pT
2
bs.ar.polTbs.an.p

Tc.l.Tobjective
m2
o.c.

C. (5.15)

I have assumed all signals except the proximal fiber bundle input are unpolarized

because the fiber bundle does not maintain polarization. Thus all signals except

the proximal surface pass through the beamsplitter and analyzer with a combined

transmission of Tbs.an.unpol = 0.296. The following equations account for the changes

to equations 5.2 and 5.3 to incorporate the behavior of a crossed-polarizer fiberscope:

Sobject.pol = MobjectTbs.an.unpol
Tc.l.Tobjective

m2
o.c.

C

Sback.pol =

(
Mback.unpolTbs.an.unpol

Tc.l.Tobjective
m2
o.c.

C

)
+ Sprox.refl.pol, (5.16)

where

Mback.unpol = Mg.ar +Mcem.g +Mfb.cem +Mbackscatter (5.17)

With the expected DOP, we should collect only 0.0024% of Eprox.pol from the

surface of the fiber bundle. We were able to obtain a DOP of 0.997, rather than

the expected 0.999. With the slightly lower degree of polarization, the percentage of

Eprox.pol collected from the proximal fiber input increases to 0.0103%. This demon-

strates how sensitive this system is to the DOP. Just reducing the DOP from 0.999

to 0.997, increases the contribution of the proximal fiber surface to the background

signal from 0.002% to 0.01%. Nevertheless, by adding crossed polarizers to the il-

lumination path, we can reduce the background signal collected from the proximal

air/fiber surface from 3.31% (including transmission through the beamsplitter) to

0.01%. This is a dramatic improvement and increases the SBR from 0.04 to 0.74.
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5.3 Numerical Aperture Sharing

Here, I present a single channel fiberscope we developed as an alternative to both cross

polarizers and ar-coatings for reducing the amount of background signal collected

from the proximal surface of the fiber bundle. The technique is called numerical

aperture sharing. The idea is to set aside a portion of the image NA to couple in

illumination light. Figure 5.4 is the layout for a single channel fiberscope using the

NA sharing principle. Light from a ringlight source is baffled to pass only rays with

angles that lie just inside the fiber bundle cutoff angle. This cone of rays reflects off

a mirror and converges onto the input face of the fiber. The collected image signal

passes through the central hole in the mirror. As depicted in Figure 5.5, the benefit of

this method is that the proximal Fresnel reflection will be blocked by the mirror and

will not reach the ccd. With proper alignment, the background from the proximal



84

Incident 
Illumination

Specular 
Reflection

R

Collected
Scatter α

Mirror

Transmitted
Signal T

Fiber Bundle

Uncollected
Scatter β

Figure 5.5: Components of Signal at Proximal Fiber Face

fiber face will be limited to surface scatter. In other words,

Mprox.refl.na = αnaEprox, (5.18)

where Rna = αna (i.e. no specularly reflected component). Note that αna depends

on the solid angle collected by the mirror. To model the numerical aperture sharing

scenario, we must reconsider the amount of collected scatter as well as the coupling

efficiency into the fiber bundle.

Collected Surface Scatter

Since the collection NA is decreased for the numerical aperture sharing layout, we

must recalculate the expected amount of scatter collected from the proximal surface

of the fiber bundle.[17] Briefly, the following equation describes total reflectance R

in terms of the measured BSDF assuming the incident power is constant across the
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surface and the beam is circularly symmetric:

R =

∫ ∫
BSDF (θi, θr)sinθisinθrcosθicosθrdθidθr∫

sinθicosθidθi
(5.19)

For the NA sharing system, we can approximate the incident beam by one angle

(19.26 degrees or 0.336 radians). Thus the BSDF is reduced to a function of the

reflected or scattered angle only. I used the data from the BSDF of clean polished

glass over the incident angles in the NA sharing scenario (16.85 to 20.48 degrees) to

approximate the polished fiber bundle surface. I then integrated over the range of

collected scatter angles. In this case, it is those angles included within the solid angle

subtended by the mirror as viewed from the fiber bundle (NAmirror = 0.275). With

this method I estimate the collected background factor due to scatter to be

αna = 0.00006. (5.20)

Coupling Efficiency

The system constructed uses a ringlight source with a 0.5 NA. The baffles consist

of two sets of ring apertures, which pass rays with angles ranging from 16.85 to

20.48 degrees (NA range 0.29 to 0.35). Detailed sketches and design information

for the baffles are presented is the Appendix and Chapter 6. The narrow bundle

of illumination rays reflects off a mirror with a central hole and is incident on the

proximal face of the coherent fiber bundle. When filling the NA of the fiber bundle,

49% of the transmitted light Tfb.airEprox, is expected to be guided by the fiber bundle.

However, the numerical aperture sharing scenario illuminates at angles just inside the

geometrical NA of the fiber bundle. As the fibers propagate only a few modes, the

coupling efficiency is dependent on the illumination angle of incidence (discussed in

Chapter 2). For the range of angles in this case, the transmission factor τfb.na is only



86

0.116. Thus 88.4% of the incident signal is attenuated when illuminating at a high

angle.

While the rays entering the fiber in the NA sharing system are limited to a narrow

range of angles, the fibers within the bundle do not maintain those angles and the

fiber bundle’s NA is uniformly filled when the light exits the distal end of the bundle.

As a result, the rest of the illumination model of the single channel catheter is the

same as that presented in Chapter 4.

Signals in the detection path, however, are modified by the reduced image NA as

they pass through the central hole in the mirror. The substrate of the mirror limits

some of the higher angles in the image NA from reaching the objective, thus the

effective NA passed by the mirror to 0.275. According to the data presented Figure

2.5, 73% of the energy in the image NA is contained within the NA of the mirror.

With the changes in coupling efficiency and scatter, the following equations de-

scribe the object and background signal:

Sobject.na = Mobject.naTmirror
Tc.l.Tobjective

m2
o.c.

C

Sback.na = (Mback.naTmirror +Mprox.refl.na)
Tc.l.Tobjective

m2
o.c.

C, (5.21)

where

Mobjsignal.na
= Tfb.air

2Tg.ar
2Robjectτgrin

2

∗Tg.cem
2Tcem.fb

2τfb.naτfb.coll
Eprox.pol
m2

NAfb
2

NAimg
2 (sin(HFOV ))2,

(5.22)
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Mbackground.na = Mg.ar.na +Mcem.g.na +Mfb.cem.na +Mbackscatter

Mcem.g.na = Tfb.air
2τfb.collτfb.naRcem.gTfb.cem

2Eprox

Mar.na = Tfb.air
2τfb.collτfb.naTfb.cem

2Tcem.g
2τgrin

2Rg.arEprox

Mfb.cem.na = Tfb.air
2τattenRfb.cemTfb.naEprox

Mbackscatter.na = ξTfb.air
2Eprox,

(5.23)

and

Mprox.refl.na = αair.fbEprox.

For the ideal case of no scatter from the proximal surface (αair.fb = 0), the equations

predict a signal to background of 1.09. We based our expected value for the proximal

surface contribution (0.006%) on a model of clean polished glass. In this case, the

expected SBR is 0.85, a significant improvement over the 0.04 SBR for the system

described in Chapter 4.

Summary

We described three methods for reducing the amount of background collected from

the proximal fiber surface. The use of each technique has the potential to improve

the SBR collected with a single channel fiberscope. The following chapter describes

the measurements I used to characterize the single channel fiberscopes.
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Chapter 6

Parameter Measurements

The model I presented in Chapters 4 and 5 for the three single channel fiberscopes

incorporates many parameters. The values for the parameters were calculated, mea-

sured or determined using manufacturer’s specifications.1 Those parameters that

were either calculated or specified by the manufacturer have already been discussed

in Chapters 2, 3, 4 and 5. This chapter introduces how the following parameters were

determined experimentally:

• incident irradiance (Eprox)

• internal fiber bundle backscatter (ξ)

• combined transmission of the grin lens (τgrin) and optical cement (Tcem)

• residual reflectance from the distal face of the grin lens (Rg.ar).

1On values based on manufacturer’s specifications: In many cases, I was able to use the spec-
ifications directly. However, there were a few cases where I made an educated guess based on
the manufacturer’s specifications and experimental conditions. The assumptions and calculations
were tested experimentally by how well the measured object and background signals matched the
predicted signals.
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The measurement methods vary slightly for the three fiberscopes. I will first describe

the purpose, method, and layout of each measurement in the context of the ar-coated

fiberscope. Only the deviation from those procedures will be presented in the sections

for the crossed polarized and NA sharing systems. Additional measurements specific

to each system are covered in their respective sections.

After discussing the accuracy of the measurements, we compare the expected and

measured results for the ratio of object to background signals (SBR) as well as the

residual signal detected from the proximal surface of the fiber.

6.1 Characterization Measurements for

Anti-Reflection Coated Single Channel

Fiberscope

For the ar-coated single channel fiberscope, I measured the value for the following

parameters using the ccd camera:

• transmission of the pellicle beamsplitter (Tbs)

• incident irradiance (Eprox)

• residual reflectance from the proximal surface of the coherent fiber bundle

(Rair.fb)

• combined transmission of the grin lens (τgrin) and optical cement

• residual reflectance from the distal face of the grin lens (Rg.ar).
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Before delving into the details of these measurements, I will describe how I removed

background signals not associated with the fiber bundle and provide additional details

on the illumination path.

Illumination and Dark Background Levels

To use the images acquired with the ccd to calculate various parameters, we must first

account for the dark charge levels of the camera, room conditions and illumination.

As these signals are present in each image and are not associated with the fiber bundle

or object, they must be subtracted from images when appropriate. To determine the

dark charge on the camera, we acquired an image with the lens cap on. For the

dataset presented here, the average dark charge is 1422 counts. In addition, to the

dark charge, it is useful to know the amount of stray light reaching the detector in

a dark room with the source turned off. This value was 1427, only 5 counts above

dark charge, and is primarily dependent on how well the camera is baffled to the light

from the computer monitor. Finally we need to know count levels due to stray light in

the illumination path and ghost reflections from components in the illumination path.

The illumination background images have 1593 counts for the AR-coated system. The

images are acquired in a dark room with the source turned on and the fiber bundle

removed. The illumination background contains stray light from the illumination

system (166 counts), the dark room (5 counts), and the camera dark charge (1422

counts) levels.

Source Pinhole

The illumination path used in the ar-coated system was shown in Figure 5.1. Illu-

mination from a light guide is collimated and then reflects off a pellicle beamsplitter.
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The objective focuses the light onto the proximal face of the coherent fiber bundle.

The light guide used to relay light from the illuminator to the system has a

diameter of 3.4 mm. The system demagnifies this illumination profile to 0.68 mm at

the fiber bundle, well beyond the 0.45 mm active area diameter of the fiber bundle.

In order to make the measurements described in this chapter, we placed a pinhole

at the light guide output face to limit the spot size of the illumination. The results

presented here were acquired with a 1.85 mm diameter pinhole, which limited the

beam to a diameter of 0.37 mm on the fiber bundle, 67% of the active area.

Beamsplitter Transmission

The percentage of light reflected by the beamsplitter can be determined by comparing

the power at the output of the fiber bundle compared to the output power measured

when a mirror (Rmirror = 0.95) is exchanged for the beamsplitter. The expression,

Rbs.msr =
RmirrorΦdistal.bs

Φdistal.mirror

, (6.1)

relates the measured output power values to the beamsplitter reflectance, which was

measured to be 9%. This value agrees very well with the value of 10% specified by

the manufacturer. To determine the transmission of the beamsplitter, we subtracted

assumed that the absorption was negligible and subtracted the percentage of light

reflected from the beamsplitter from 1 (Tbs.ar = 0.9).

Incident Irradiance Eprox

The incident irradiance on the fiber bundle is a critical parameter in the model of the

single channel fiberscopes. All quantities are expressed as a percentage of this value.
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Figure 6.1: Power Measurement for Determining Eprox

In addition, the measurement is relatively sensitive to the other parameters in the

system. We have used three methods to accurately measure the incident irradiance

on the proximal fiber surface: 1) direct power measurement with a power meter 2)

reflectance from a highly reflective surface 3) 4% Fresnel reflection from the distal

air/fiber interface.

Method 1: Power Meter

Figure 6.1 is a layout showing the power measurement as well as the data I collected

for the calculation of Eprox. The power was measured with the room lights off. I placed

the power meter [38] at the focus of the objective. After the power stabilized, the

average power and standard deviation were taken. I repeated the same procedure for

the background measurement except the power was measured just off the beam path
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with the illumination on. To obtain the value for Eprox, I divided the background-

subtracted power by the size of the illumination spot size on the fiber bundle:

Eprox.pwr.ar =
Φprox.ar

Afb.ph
. (6.2)

The resultant 14.2 µW
mm2 incident irradiance is distributed over an NA of 0.42. To

accurately model the system, it is important to have an accurate estimate of the

amount of energy that may be coupled into the the fiber bundle. The coupling

efficiency was estimated to be 28% based on the transmission curves presented in

Chapter 2. However, data was acquired only up to an NA of 0.406. I verified the value

for the coupling efficiency by exchanging a bare fiber with the power meter in Figure

6.1. The coupling efficiency (τfb.illum.ar) is the ratio of the distal power (Φdistal.fb.ar)

to the proximal power after removing the losses at the air/fiber interfaces. The power

expected at the distal end of the fiber is a function of the transmission across the

air/fiber interfaces (Tfb.ar, Tfb.air) as well as the coupling efficiency (τfb.illum.ar):

Φdistal.fb.ar = Φprox.fb.arTfb.arτfb.illum.arTfb.air. (6.3)

The coupling efficiency into the fiber is a function of wavelength, packing fraction,

as well as incident angle (Chapter 2). The measured throughput (τfb.illum) in the

spectral range 450-650 nm over an NA of 0.42 is 28.6%. This is consistent with the

coupling efficiency curves in Chapter 2.

Method 2: Lambertian Material

We can also use the signal collected from an object of known reflectance to calculate

the value of Eprox. I acquired an image of a Lambertian standard with a known

reflectance value at the fiber location. After converting the image to a radiant exitance

at the object’s location, we solved for the incident irradiance.
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Figure 6.2: Setup Using Lambertian Reflector to Measure Eprox

I chose spectralon ([19],A.4) as the Lambertian standard as it is fully depolarizing

and 99% reflective. The specifications of Spectralon are included in the Appendix

A. Figure 6.2 is a layout of the spectralon measurement. Note that the image of the

spectralon surface in Figure 6.2 shows signal outside of the image of the pinhole. The

reason for this is the way in which a high reflectance is achieved in spectralon. It is

composed of very dense PTFE. The initial reflection is not 99%. The 99% value is the

result of multiple reflections from within the material (a minimum 7 mm thickness

is needed). Thus the energy found outside the image of the pinhole is from these

multiple reflections. This scattered energy is part of Eprox and must be included in

the power measurement. To accomplish this, I simply summed up the digital counts

over the full background-subtracted image and attributed this total to the area of the

image of the pinhole. I then converted this count/pixel value to the radiant exitance

Mprox.lamb.ar from the spectralon sample as described in Chapter 4.

The light reflected from the spectralon (Rspectralon) is radiated over π sr as the

material is Lambertian. The NA 0.42 objective collects only 17.74% of the reflected

light. We must include this collection loss in the expression for the radiant exitance
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Figure 6.3: Bare Fiber in Air and Bare Fiber in Oil Measurements for Determining
Eprox.airoil

to properly estimate the incident irradiance on the object. The following equation

describes the relationship between the radiant exitance from the spectralon sample

and the incident irradiance Eprox.lamb.ar:

Mprox.lamb.ar =
πNAobjective

2

π
RspectralonEprox.lamb.ar (6.4)

Using the above method, the value for Eprox estimated using Spectralon is 14.5 µW
mm2 .

This agrees to within 2% of the Eprox measured with the power meter.

Method 3: Bare Fiber in Air and Dipped in Oil

The third method for determining Eprox again involved a reflected signal. In this

case, we used the 3.89% distal reflection from a bare fiber in air. This measurement

has the added benefit of testing the model used for the transmission properties of

the fiber bundle. Figure 6.3 contains the layout and results for these measurements.

The image signal measured from a bare fiber in air contains three components: the

residual proximal reflection, the backscatter from within the fiber, and the 3.89%
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reflection from the distal end of the fiber,

Sbare.fb.air = Sprox.refl.ar + Sbackscatter.ar + Sdistal.air/fb.refl. (6.5)

To distinguish the proximal reflectance signal from the other contributions, we sub-

tracted the signal from a bare fiber dipped in index-matching oil. By placing the

distal end in index-matching oil, we remove the distal reflection. In this case,

Sbare.fb.oil = Sprox.refl.ar + Sbackscatter.ar. (6.6)

Thus we can subtract a bare fiber dipped in oil signal from the bare fiber in air signal

and be left only with the reflected signal from the distal end,

Sdistal.air/fb.refl = Sbare.fb.air − Sbare.fb.oil. (6.7)

This resultant signal is converted to a radiant exitance Mairoil.ar at the fiber face just

due to the distal reflection. To obtain the incident irradiance on the fiber bundle

Eprox.airoil.ar, we must divide out the transmission losses encountered before and after

the signal is reflected (Rfbair) from the distal end of the bundle (see Chapter 4).

These include the coupling efficiency (τfb.illum.ar), the attenuation of the return signal

(τatten), and the transmission of the incident and return light through the air/fiber

interface (Tfb.ar).

Eprox.airsuboil.ar =
Mairsuboil.ar

τfbRfbairτattenTfb.ar
2 (6.8)

The Eprox using this method is 13.7 µW
mm2 . The value agrees to within 5% of the Eprox

determined using the power measurement and 7% of the Eprox determined using the

Lambertian measurement.

The three methods of measuring the incident irradiance Eprox resulted in an aver-

age value of 14.1 µW
mm2 and agreed to within +/- 0.5 µW

mm2 . This is a reasonable amount

of error considering the number of variables involved and the measurement conditions.
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Detected Internal Backscatter and Proximal Reflection

In order to accurately predict the background signal in the ar-coated fiberscope,

the fraction of the background due to the reflected signal at the proximal fiber sur-

face, Mprox.refl.ar, and the internal backscatter, Mbackscatter.ar, must be determined.

The contribution to the background from backscatter ξ was measured using a cross-

polarized version of the NA Sharing system. The details of that measurement are

described within the section on NA sharing (6.3). The measurement demonstrates

that internal backscatter has a negligible effect on the background signal, so effectively

Mbackscatter = 0.

To solve for the portion of the background signal due to light reflected from the

proximal surface of the fiber bundle, we will use the signal acquired from the bare

fiber dipped in index-matching oil. Dropping the backscatter contribution, we can

express the radiant exitance from a bare fiber dipped in oil as

Mbare.oil.ar = Mprox.refl.ar (6.9)

Mbare.oil.ar = Rfb.arEprox (6.10)

With knowledge of Eprox, we can solve for the proximal Fresnel reflection detected:

Rfb.ar =
Mbare.oil.ar

Eprox
. (6.11)

These calculations were performed using the average Eprox value, yielding an av-

erage value of Rfb.ar of 0.83%.
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Transmission of the Optical Cement Layer, GRIN Lens, and Reflectance

of Distal AR Coating

The transmission of the grin lens and its ar-coating as well as the transmission of

the optical cement layer are necessary to describe the object and background signals.

The transmissions of the grin lens (τgrin) and optical cement (τcem) were described in

Chapter 4 and each have a value of 99%. The remaining parameter to be determined

is the reflectance for the ar-coated surface of the grin lens (Rg.ar).

The equation for the radiant exitance from the fiber bundle due to the total

background is:

Mbackground.ar = Mg.ar +Mcem.g +Mfb.cem +Mprox.refl.ar (6.12)

where

Mg.ar = Tfb.arτfb.illumτfb.collTfb.cem
2τcem

2Tcem.g
2τgrin

2Rg.arTair.fbEprox.ar (6.13)

By solving equation 6.13 for Rg.ar:

Rg.ar =
Mg.ar

Tfb.arτfb.illumτfb.collTfb.cem
2τcem2Tcem.g

2τgrin
2Tair.fbEprox.ar

, (6.14)

where

Mg.ar = Mbackground.ar −Mcem.g −Mfb.cem −Mprox.refl.ar, (6.15)

we obtain an expression for the reflectance of the that is a function of the radiant

exitance from the fiber bundle due to background (Mbackground.ar). Mbackground.ar is

calculated from the signal on the detector due to the total background Sbackground.ar.

Using this procedure, I calculate the residual reflectance from the ar coating on the

grin lens to have an average value of 4.5%. This value is higher than expected and

will be discussed in a later section.
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Object and Background Measurements for AR-coated

Fiberscope

Experimentally for this chapter, background signals are images acquired with no ob-

ject present, while object signals are background-subtracted images of text located at

the working distance of the lens. Figure 6.4 contains images acquired of text printed

on white paper obtained using an ar-coated single channel fiberscope. Figure 6.4a is

the image under external illumination for comparison. The raw image in Figure 6.4b

has a signal to background ratio of 0.10. The raw object signal acquired by the detec-

tor contains the object signal (Sobject), background signals associated with the fiber

bundle Sbackground, and background due to stray light and dark current (Sillum.back).

Similarly the raw background signal (image without the object present) contains the

background signals associated with the fiber bundle Sbackground and background due

to stray light and dark current (Sillum.back). Mathematically, we can express this as:

Sobject.raw = Sobject + Sbackground + Sillum.back

Sbackground.raw = Sbackground + Sillum.back. (6.16)

We can solve for the Sobject and Sbackground by subtracting Sillum.back from Sbackground.raw

to obtain Sbackground and subtracting Sbackground.raw from Sobject.raw to get Sobject. Then

since,

SBR =
Sobject

Sbackground
, (6.17)

we now have a relationship between the measured signals at the detector and the

SBR:

SBR =
Sobject.raw − Sbackground.raw
Sbackground.raw − Sillum.back

. (6.18)

The background subtracted image of the object is shown in Figure 6.4d.
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a) object (external illumination) b) object

d) background-subtracted 
object image

c) background image

AR AR

AR AR

Sobject.raw

Sbackground.raw Sobject

Figure 6.4: Object and Background Images Acquired with ar-Coated Single Channel
Catheter

Accuracy and Precision of Results

The goal of this project was not only to construct and demonstrate a single channel

fiberscope, but also to accurately model its imaging behavior and sources of back-

ground. Thus, I needed to verify the accuracy of the parameters in the model of

each fiberscope. This section describes the precision of the results and the system of

double checks I have in place to verify the values I measured for the parameters in

the ar-coated single channel fiberscope.

I present the average values and error for the parameters using the average value

of Eprox. Table 6.1 contains the results of the measurements for the ar-coated single

channel fiberscope. The column labeled Expected contains the expected value of the

parameters based on specifications. The column labeled Measured contains the values
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Units Expected Measured
Eprox

W
mm2 unknown 14.1e-06

Rfb.ar 0.0055 0.0082
ξ unknown ≈ 0

Rg.ar 0.0047 0.0453

Table 6.1: Comparison of Measured Parameter Values with Expected Values for AR-
Coated Single Channel Fiberscope

Units Predicted Measured

Sobject counts 1273 1585
Sbackground counts 16088 16090

STB 0.08 0.10

Table 6.2: Results for AR-Coated Single Channel Fiberscope (Units are average
counts). Predicted values are the object and background signals predicted by the
model of the ar-coated system presented in Chapter 5 using the measured values of
the parameters displayed in Table 6.1 and the average Eprox.

of the parameters and signals based on the measurements presented previously.

The average measured value for the proximal reflection, 0.82%, is larger than the

expected value of 0.55%. Figure 6.3 contains an image of the proximal reflection

(bare fiber in oil image). The bright regions (arrows) are areas where the ar-coating

is damaged, but these regions were not included in the measurement to determine

the reflectance. We also measured the reflectance of the ar-coated surface of the

fiber bundle on a confocal microscope. The methods are described in Appendix E.1

and resulted in an average value of 0.72%. This confirms the higher than expected

reflection from the proximal surface of the fiber bundle.

The 4.5% reflection from the ar-coated surface of the grin lens is 10 times higher

than expected. As discussed in Chapter 4, the expected value is 0.47%. A reflectance

of 4.5% is consistent with either of the following two scenarios: 1) the grin lens is
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flipped, i.e. uncoated side exposed to air, or 2) the lens is uncoated. Using a confocal

microscope, I measured a reflectance value of 0.85% for the coated surface of the

grin lens. It is relatively easy to lose track of which side of the lens is coated when

transferring the grin lens to a mount for cementing. However, I visually inspected

the lens and have confirmed that the coated side was not in contact with the fiber

bundle. Thus, at this point I do not have a reasonable explanation for the amount

of error in this measurement. But the most likely explanation is that the lens was

flipped.

Ultimately, I want to be able to predict the background signal and SBR I mea-

sured. In Table 6.2, I calculated the signal at the detector for the object and back-

ground as well as the SBR. The column labeled Predicted contains the calculated

values for the object and background signal based on the model presented in Chapter

5 and the measured parameter values listed in Table 6.1. The column labeled Mea-

sured contains the signals for the object and background measured at the detector.

The background counts agree very well between the predicted and the measured

values. There is a higher measured object signal than predicted, which we believe is

due to the reflectivity of the object. The paper object is modeled as a Lambertian

reflector. In actuality the BSDF data for paper show that there is a specular compo-

nent. Incorporating the specular component will increase the effective reflectivity of

the object and should improve the agreement between the predicted and measured

results.

Sources of error in the model and parameter values include the reflectivity of the

object, the accuracy of the working distance during measurement, the measured value

of the reflectance at the grin lens ar-coated surface, and the thickness of the cement.

Other possible sources of error include misalignment in the illumination path that
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Table 6.3: Estimated Precision of Measured Parameter Values for the ar-Coated
Single Channel Fiberscope

Parameter Variable Calculated
Value

Estimated
Error

Source of Error

Reflection:
ar-Coated
FB Surface

Rfb.ar 0.0082 0.001 scatter, source
fluctuation

FB Internal
Backscatter

ξ 0 0.000001 low signal

Reflection:
grin ar
Coating

Rg.ar 0.045 0.001 error in values
for variables
in reflectance
background
equation

FB NA NAfb 0.33 0.008 angular spread
in illumination

Transmission
of Pellicle
BS

Tbs 0.90 0.015 uncertainty
in mirror re-
flectance value

Inc. Irradi-
ance

Eprox 14.1 0.5 source fluctua-
tion

leads to vignetting and decreased reflectance of spectralon if dirty. In addition, the

illumination pinhole is not perfectly circular so there is reasonable uncertainty in the

illumination area used in some of the calculations. Table 6.3 displays the values for the

parameters I measured, their corresponding estimated error, and possible factors that

would limit the accuracy of the measured or calculated value. In estimating the error,

I considered the precision of repeated measurements when possible, comparison with

other measurement techniques, equipment precision, and the measurement conditions.

In this section, I described the methods I used to measure the parameters in the

model of the ar-coated single channel fiberscope. Next, I describe the measurements

I made to characterize the crossed-polarizer single channel fiberscope. Some of the

measurements are very similar to what I described for the ar-coated version. In these
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cases, I will only provide the results and any deviation from the procedure I used for

the ar-coated fiberscope.

6.2 Characterization Measurements for Crossed

Polarizer Technique

The illumination path of the crossed polarized fiberscope is similar to the path of the

ar-coated fiberscope. In the cross polarized version, collimated visible light passes

through a generator rotated to pass s-polarized light. The s-polarized light reflects

off a polarizing beamsplitter and enters the objective, which focuses the beam onto

the proximal fiber bundle face. I measured the following parameters for the cross-

polarized version of the fiberscope:

• transmission of the polarizing beamsplitter to s-polarized input (Tbs.s)

• transmission of the polarizing beamsplitter to p-polarized input (Tbs.p)

• transmission of the polarizing beamsplitter to unpolarized input (Tbs.unpol)

• transmission of the generator to s-polarized light (Tgen.s)

• transmission of the analyzer open to the beamsplitter for s-polarized input

(Tan.open.bgs)

• transmission of the analyzer open to the beamsplitter for unpolarized input

(Tan.open.unpol)

• degree of polarization of incident illumination (DOPmsr)

• incident irradiance (Eprox)
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• residual reflectance from the proximal surface of the coherent fiber bundle

(Rair.fb)

• residual reflectance from the distal face of the grin lens (Rg.ar).

A Note on the Dataset Presented for the Crossed-Polarizer Single Channel

Fiberscope

While optimally we would like to use a large pinhole as in the case of the ar-coated

system, the dataset presented here actually incorporated a smaller pinhole to ensure

that the active area of the fiber bundle was underfilled. This reduces error in esti-

mating the incident irradiance. The image of the pinhole had a radius of 0.085 mm

on the fiber, 14% of the active area.

The dark charge is 1394 counts. The dark room level was also 1394, as the

camera was well-baffled to the light from the computer monitor. The illumination

background images have 1404 counts, 10 counts above the dark room level. Just as

in the ar-coated dataset, the total illumination background contains stray light from

the illumination path as well as dark room and dark current levels.

The beamsplitter, analyzer, and generator were characterized for transmission to

polarized and unpolarized light. I used a similar process to what I described for the

pellicle beamsplitter in the ar-coated fiberscope. In order to properly characterize the

transmission of each polarization state, I measured 17 separate combinations of the

polarizing optics. The details of the measurements along with schematics are located

in Appendix B. I also compare the expected and measured transmission values in the

section on the accuracy of the results for the crossed-polarizer system. The values for

transmission of each polarizing component to each polarization state are introduced

as they are used to calculate the parameters of the crossed-polarizer fiberscope.
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Figure 6.5: Crossed Polarizer Illumination Path

Illumination Degree of Polarization

Figure 6.5 contains the layout of the illumination path for the crossed-polarizer system

and the transmission of the polarizing optics. To estimate the expected degree of

polarization (DOPexpect) at the input to the fiber bundle, we measured transmission

values for the generator and reflection values for the beamsplitter. The generator

transmits 61.8% (Tgen.open.s) of the aligned state on average. So for unpolarized input,

the net transmission is approximately 30%. For the p state, the transmission is 0.14%

(Tgen.cross.p). For the beamsplitter, we measured a reflectance value of 99.6% of s-

polarized light (1− Tbs.s) and a 2.1% contribution for p-polarization (1− Tbs.p). The

expected DOP is given by the expression,

DOPexpect =
Tgen.open.s(1− Tbs.s)

Tgen.open.s(1− Tbs.s) + Tgen.cross.p(1− Tbs.p)
, (6.19)

and is equal to 0.99995. Equation 6.19 models the polarizers as cascaded polar-

ization elements, where the total transmission to each state is calculated and then

multiplied. This model is simplistic because polarizing elements often have depolar-
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Table 6.4: Power Measurements for Degree of Polarization

Average
Power

Total Power 11.55
Maximum (Open State) 6.97

Minimum (Crossed State) 0.04813
Units µW

izing and diattenuating properties. A more accurate model would require the use of

Mueller matrices. Nevertheless it provides us with a baseline from which to judge the

measured value of the DOP.[14, 15, 9]

To measure the DOP of the incident irradiance Eprox, an analyzer was placed in

the collimated space between the objective and the beamsplitter. The power meter

was placed at the focus of the objective. Power measurements were taken for the

open state (Tan.open = 0.618) of the analyzer (max signal on the power meter, Φmax),

the crossed state,(Tan.cross = 0.0014) (min signal on the power meter, Φmin), and the

total power (no analyzer, Φtotal) . Table 6.4 lists the power measurements taken to

determine the degree of polarization attained.2

The following expressions for maximum and minimum transmission describe the

measurements given the illumination at the fiber plane has a fraction p of p-polarized

light and a fraction s of s-polarized light:

Tmax = Tan.open s+ Tan.cross p = Φmax

Φtotal

Tmin = Tan.cross s+ Tan.open p = Φmin

Φtotal
. (6.20)

Solving the above equations for the fraction of s- and p-polarized light, and then

2The total power does not equal the sum of the open and crossed states because of losses in the
polarizer.
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Figure 6.6: Crossed Polarizer Collection Path

substituting them into the expression,

DOP =
s

s+ p
, (6.21)

for DOP, we obtain a value of 0.997 for the degree of polarization in the s state

illumination. We measured a DOP lower than the expected 0.99995 based on the

transmission measurements and specifications of the polarizing optics. This discrep-

ancy may be due to scatter, tilt in the polarizing beamsplitter or measurement error

in analyzing the p state (very low power), but it is most likely due to a simplistic

multiplication treatment of the cascaded polarizers in calculating the DOP. I will use

the measured value for the DOP in all calculations for the cross-polarized system

(sillum = 0.997, pillum = 0.003).

Transmission of Polarizing Optics in Collection Path

Figure 6.6 contains the collection path of the crossed-polarizer fiberscope and the

associated transmissions through the polarizing elements. Light transmitted by the
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fiber bundle is unpolarized. The combined transmission through the beamsplitter

and open analyzer for unpolarized input is Tunpolarized = 0.272. Thus we expect

27.2% of the object signal and background signals, except the signal associated with

the proximal fiber bundle surface, to pass through the beamsplitter and analyzer.

As polarization is maintained upon reflection, the Fresnel reflection from the

air/fiber interface should be primarily s polarized. Any p polarization in the proximal

reflection will be transmitted by the beamsplitter as well as the analyzer. The beam-

splitter rejects s-oriented light in transmission. The analyzer is rotated for maximum

throughput of the unpolarized image. The beamsplitter preferentially transmits p-

polarized light, thus this is the state the analyzer preferentially transmits as well. The

combined transmission through both the beamsplitter and analyzer is 59.3% (Tbs.an.p)

for p-polarized light and 0.065% (Tbs.an.s) of s-polarized light. This means we are very

sensitive to any p polarized light in the illumination beam that reflects back into the

system. In other words, we must have a high DOP in the s state illumination. Next

I describe the details of the measurement for the DOP.

Incident Irradiance Measurements

I calculated the value of Eprox.pol using three methods: power meter, reflectance from

a Lambertian standard, and reflectance from a bare fiber in air. I am only presenting

the results and any deviations from the methods described in the ar-coated section.

Method 1:Power Meter

Figure 6.7 is a layout showing where the power measurement was taken for the case

of the cross polarized single channel fiberscope. I performed this measurement just
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Figure 6.7: Power Measurement for Determining Eprox
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Figure 6.8: Lambertian Measurement for Determining Eprox

as was described for the ar-coated fiberscope.

Substituting the measured power values I acquired with the crossed-polarized

fiberscope into equation 6.2 results in an incident irradiance of 38.0 ∗ 10−06 W
mm2 .

Method 2: Lambertian Material

Figure 6.8 is a layout of the Lambertian reflector measurement. I used the same
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Figure 6.9: Bare Fiber in Air and Bare Fiber in Oil Measurements for Determining
Eprox.airoil

process as described in the ar-coated fiberscope. As spectralon is fully depolarizing,

we must account for the transmission of the analyzer (Tan.open) and beamsplitter

(Tbs.unpol) to unpolarized light when converting from the collected signal at the camera

to the radiant exitance at the spectralon surface. The relationship between Sprox.lamb

and Mprox.lamb is

Mprox.lamb.pol =
1

Tbs.ar.pol
2Tbs.unpolTan.open.unpol

moc
2

τcamτ20x

Sprox.lamb
C

(6.22)

Otherwise, I followed the same procedure as described previously. This method pro-

duces a value of 38.2 ∗ 10−06 W
mm2 , which agrees well with the value determined using

a power meter.

Method 3: Bare Fiber in Air and in Oil

To measure Eprox using the fiber bundle distal end reflection, I used the same proce-

dure as described for the ar-coated fiberscope. Figure 6.9 shows the layout for the
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measurements. The distally reflected signal from the air/fiber interface is unpolar-

ized, so we must again account for the transmission of the analyzer (Tan.open) and

beamsplitter (Tbs.unpol) to unpolarized light. The conversion from the digital signal

to the radiant exitance from the fiber bundle is:

Mprox.airoil.pol =
1

Tbs.ar.pol
2Tbs.unpolTan.open.unpol

moc
2

τcamτ20x

Sair.oil.pol
C

. (6.23)

The relationship between the incident irradiance and the radiant exitance is given by:

Eprox.airoil.pol =
Mairoil.pol

τfb.illum.polRfbairτattenTfb.air
2 . (6.24)

The Eprox value using this method is 33.2 ∗ 10−06 W
mm2 , which agrees to within 12% of

the Eprox determined using a power measurement.

The three methods of measuring the incident irradiance Eprox.pol resulted in an

average value of 36.6 ∗ 10−06 W
mm2 and agreed to within +/- 1.5 µW

mm2 or 9%.

Detected Internal Backscatter and Proximal Reflection

The background due to the reflected signal at the proximal fiber surface was de-

termined using the bare fiber in oil image because it contains only the proximal

reflection, Rfb.air.pol. With knowledge of Eprox.pol, we can solve for the percentage of

light reflected from the proximal surface of the fiber bundle.

We must account for the effect of the polarizers in the conversion of the measured

signal to a radiant exitance. The expression is

Mprox.oil.pol =
Sbare.oil.pol

Tbs.ar.pol
2(pillumTbs.an.p + sillumTbs.an.s)

Tc.l.Tobjective

mo.c.
2 C

(6.25)

The radiant exitance from the proximal fiber bundle surface is then a function of the
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reflectance from that interface and the total incident irradiance:

Mprox.oil.pol = Rfb.air.polEprox.pol

Rfb.air.pol =
Mprox.oil.pol

Eprox.pol
. (6.26)

These calculations were performed for an average Eprox value, which results in an

average reflectance value of 3.97%. This is very consistent with the expected value of

3.87%.

GRIN Lens Transmission and AR-Coating and Transmission of the

Optical Cement Layer

Using the same method described within the context of the ar-coated fiberscope, I

calculated the reflectance from the ar coating on the grin lens to have an average

value of 2.6%. This value is higher than the expected 0.47% and will be discussed in

a later section.

Object and Background Signals

Object and background images were acquired with the same method used for the

ar-coated system. As the area illuminated on the fiber bundle is small, the images

of text are rather uninteresting. I have included images of equivalent SBR acquired

with a larger pinhole. Figure 6.10 contains an image acquired of text printed on white

paper obtained using a cross-polarized single channel fiberscope. The raw image has

a SBR of 0.33. The background subtracted image is shown in Figure 6.10b.
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ba

Figure 6.10: Text Imaged Using Crossed Polarized Single Channel Fiberscope a) raw
image b) background-subtracted image

Accuracy and Precision in Cross Polarized Fiberscope

Characterization

It was difficult to maintain the same conditions (room light levels, source power levels,

etc.) over the time it took to properly characterize each of the polarizing optics as well

as the properties of the catheter. My experience with the high-contrast polarizers I

have used for the generator and analyzer has shown that I can accurately orient them

in a crossed state, but not as well for the open state. I have strived to accurately

predict the expected average behavior of the crossed-polarizer fiberscope. This section

describes the accuracy of the results and the system I used to verify the performance

of the polarizers as well as the catheter.

Table 6.5 lists the results of the transmission measurements for the polarizing op-

tics and compares those results with the expected value. I consistently measured a

better rejection of s-polarized light than I expected with the beamsplitter. However,

I measured a higher value for the transmission of s-polarized light through the com-

bination of the beamsplitter and analyzer than I expected for a cascaded polarization

model. The measured beamsplitter transmission to p-polarized light was also better
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Table 6.5: Transmission Properties of Polarizing Optics

Beamsplitter Analyzer Total Transmission

S-Polarization
Expected 0.01 0.0014 1.4 ∗ 10−5

Measured 0.005 6.5 ∗ 10−5

P-Polarization
Expected 0.93 0.618 0.574
Measured 0.979 0.593

than specified by the manufacturer. The net result was an increase in the measured

total transmission through the pair over what I expected.

Units Expected Measured
Eprox

W
mm2 unknown 36.6e-06

Rfb.air.pol 0.0387 0.0397
ξ unknown 0

Rg.ar 0.0047 0.028

Table 6.6: Comparison of Measured Parameter Values with Expected Values for
Crossed-Polarizer Single Channel Fiberscope

Units Predicted Measured

Sobject counts 818 1141
Sbackground counts 3437 3437

STB 0.24 0.33

Table 6.7: Results for Crossed-Polarizer Single Channel Fiberscope (units are average
counts). Predicted values are the object and background signals predicted by the
model of the crossed-polarizer system presented in Chapter 5 using the measured
values of the parameters displayed in Table 6.6 and the average Eprox.

Table 6.6 contains the results for the crossed-polarizer single channel fiberscope.

It has the same format as the results presented for the ar-coated fiberscope. The

average measured value for the proximal reflection, 3.97%, is slightly larger than the
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expected value of 3.87%. It is very likely that this increase is due to scatter from dust

contamination.

What we are more interested in is the ability of the crossed polarizers to reject the

Fresnel reflection from the proximal surface. One way to investigate this is the bare

fiber in oil measurement. Previously, I used the following expression to describe the

radiant exitance from the fiber bundle due to the reflection at the proximal surface

of the fiber bundle:

Mprox.oil.pol = Rfb.air.polEprox.pol =
Sbare.oil.pol

Tbs.ar.pol
2(pillumTbs.an.p + sillumTbs.an.s)

Tc.l.Tobjective

mo.c.
2 C

.

Instead of dividing the signal at the detector by the transmissions of the polarizers,

I left them in the expression for the radiant exitance to yield an effective or detected

radiant exitance due to the reflection at the proximal surface:

Meff.prox.oil.pol = [Rfb.air.polEprox.pol]Tbs.ar.pol
2(pillumTbs.an.p + sillumTbs.an.s). (6.27)

I can then obtain a measure for how effective the crossed polarizers were in reducing

the proximal reflection through an ‘effective’ reflectance:

Reff.prox.pol = Rfb.air.polTbs.ar.pol
2(pillumTbs.an.p + sillumTbs.an.s). (6.28)

The beamsplitter and analyzer combination to reduce the proximal reflection from

3.97% at the fiber bundle to 0.01% after exiting the analyzer.

Returning to Table 6.6, one can see that the 2.6% measured reflection from the ar-

coated surface of the grin lens is 5 times higher than expected. The expected value

is 0.47%. Prior to testing the crossed-polarizer fiberscope, I measured the ar-coating

using the NA sharing system. A reflectance value of 0.48% was obtained. This leads

to the conclusion that the ar-coating deteriorated between the two measurements.

The question is how. Per the manufacturer, the coating has three layers with the
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final layer being chiolite (Na5Al3F14). Chiolite is hygroscopic [7]. Not only was the

surface of the lens near, and potentially in contact with, tissue (constituted largely

of water), it was cleaned with diluted isopropyl alcohol. Thus, it is possible for the

ar-coating on the grin lens to have been damaged during that time period.

In Table 6.7, I calculated the signal at the detector for the object and background

as well as the SBR. The predicted value for the object signal, 818 counts, is much

lower than the measured 1141 counts. This discrepancy is due to modeling the paper

object as a Lambertian reflector. Incorporating the specular component in the paper’s

BSDF into the predicted object signal should improve the accuracy of the model. The

predicted value for the background signal agrees exactly with the measured value.

To verify that the catheter construction is consistent with the model, we can solve

for the working distance of the grin via the magnification of the image in Figure

6.10. The magnification is 3.4, which corresponds to a working distance of 1.45 mm.

Inserting this value into the Zemax model returns a predicted cement thickness of

6.3 µm. The combined transmission of the grin lens and cement layer would then

be (0.992.5)0.99 = 0.97. This value is consistent with the expected value of 0.99, but

suggests that the predicted background signal should have been slightly lower than

the measured value.

Additional possible sources of error include crosstalk and core/clad coupling within

the fiber bundle, misalignment in the illumination path that leads to vignetting, and

decreased reflectance of spectralon if dirty. In addition, the illumination pinhole is

not perfectly circular so there is reasonable uncertainty in that value of its area.

Table 6.8 displays the values for the parameters I measured, their corresponding

estimated error, and possible factors that would limit the precision of measured or

calculated value.
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Table 6.8: Estimated Precision of Measured Parameter Values for the Crossed-
Polarizer Single Channel Fiberscope

Parameter Variable Calculated
Value

Estimated
Error

Source of Er-
ror

Reflection/
Scatter:
Proximal FB
Surface

Rfb.pol 0.0397 0.005 scatter, de-
pendence
on other
variables

FB Internal
Backscatter

ξ 0 0.000001 low signal

Reflection:
grin ar
Coating

Rg.ar 0.026 dependence
on other
variables

Transmission
of grin lens

Tgrin 0.94 0.02 dependence
on other
variables

Transmission
of BS unpo-
larized

Tbs.unpol 0.497 0.009

Transmission
of BS s po-
larized

Tbs.s 0.005 0.001

Transmission
of BS p po-
larized

Tbs.p 0.979 0.002

Transmission
of Open An-
alyzer

Tan.open 0.60 0.010

Transmission
of Crossed
Analyzer

Tan.cross 0.001 ±0.0008
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In the following section, I transition to the measurements I made for characterizing

the NA sharing single channel fiberscope. As the illumination path is dramatically

different in this system, the methods I used to determine the various parameters

deviate in some cases from what I presented in the last two sections. In cases where

the method is the same, I will again only discuss the results and refer the reader to

the ar-coated fiberscope.

6.3 Characterization Measurements for

Numerical Aperture Sharing Technique

Recall from Chapter 5 that the principle of NA sharing is to use a portion of the

image NA to couple illumination into the fiber bundle via a mirror. We accomplished

this using a baffled ringlight source and a mirror with a central hole. I measured the

following parameters for the NA sharing single channel fiberscope:

• incident irradiance (Eprox)

• residual reflectance from the proximal surface of the coherent fiber bundle

(Rair.fb)

• internal backscatter of the coherent fiber bundle (ξ)

• residual reflectance from the distal face of the grin lens (Rg.ar).

A Note on the Dataset Presented for the NA Sharing Single Channel

Fiberscope

The dataset presented here is for the same catheter as presented for the crossed-

polarizer fiberscope. However, this dataset was obtained when the catheter was first
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constructed. Therefore, the ar-coating on the grin lens was not damaged when the

parameters for the NA Sharing system were measured.

The camera dark charge is 1394 counts. The dark room level was 1420, 26 counts

above the dark current. The illumination background images have 1437 counts, 43

counts above the dark current. The illumination background contains stray light from

the illumination path as well as stray room light and dark charge levels.

Incident Irradiance

In the other two fiberscopes, I measured the incident irradiance directly using a power

meter. In the NA sharing scenario, this is not practical as the power meter will block

part of the incident beam. Thus, I used two methods to measure Eprox in this system:

1) Lambertian reflector and 2) Bare Fiber in Air/Oil.

Lambertian Standard

I previously described spectralon as having a reflectance of 99.9%, which arises from

multiple reflections in the dense material. The reflectance value of 99.9% is only true

for material thicknesses greater than 6 mm. The sample used in this measurement

had a thickness of approximately 2 mm, resulting in a reflectance of approximately

95% (Rspectralon.2mm = 0.95).[19] To mount the thin spectralon sample, I hot-glued it

to a spindle created from a plastic ring and thin-gauge wire. The spindle was placed

near the fiber input location, then translated until its image came into focus on the

ccd. Figure 6.11 shows the layout and results of this measurement.

There is no pinhole in this system and the illumination spot size (diameter 2 mm)

is larger than the diameter of the fiber bundle. As a result the spread due to multiple
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Objective
Camera

Lens

C

C

D

Illuminator

Ringlight
Baffles

Mirror

Spectralon
!=0.95

visible filter 450-650 nm

15730 counts
dark : 1420

sample characteristics:
depolarizing, Lambertian

Figure 6.11: Lambertian Measurement for Determining Eprox

reflections averages out. So, light incident over the area that would correspond to the

fiber active area will undergo multiple reflections, resulting in the total reflected signal

being distributed over a larger area than the incident signal. But, the same is true for

light incident at locations outside the fiber active area. Some of this light will spread

into areas corresponding to the fiber bundle active area. As a result, averaging over

an area of interest roughly the size of the active area of the fiber bundle on the ccd

will provide an accurate value for the radiant exitance Mlamb.na from the spectralon

sample.

Mlamb.na originates from the incident Eprox.lamb.na, which reflects off the spectralon

(Rspectralon.2mm). Since the material is Lambertian, the reflected signal is radiated

over π sr. The mirror has an NA of 0.275, so only 7.3% (πNAmirror
2 sr) of the

reflected signal is collected. This collection loss is accounted for by the factor:

vmirror.lamb =
Ωcollected

Ωradiated

=
πNAmirror

2

π
= NAmirror

2

The relationship between the measured signal from the ccd and the radiant exitance
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Objective
Camera

Lens

Coherent Fiber 

Bundle C

C

D

Illuminator

Ringlight
Baffles

Mirror

visible filter 450-650 nm

Index-matching Oil
 in Black Container

Bare in Oil
(removes distal reflection)

1816 counts
dark : 1420

Bare in Oil Crossed
(removes distal reflection 

and residual proximal signal)
1437 counts
dark : 1420

Bare in Air
15730 counts
dark : 1420

Figure 6.12: Bare Fiber in Air and Bare Fiber in Oil Measurements for Determining
Eprox.airoil

is:

Mlamb.na =
mo.c.

2

vmirror.lambTc.l.Tobjective

Sdig.lamb
C

. (6.29)

The incidence irradiance on the spectralon is given by the expression,

Eprox.lamb.na =
Mlamb.na

Rspectralon.2mm

. (6.30)

Based on the measured signal at the ccd due to light reflected from the spectralon

sample, the incident irradiance Eprox on the fiber bundle is 53.4 ∗ 10−06 W
mm2 .

Bare Fiber in Air/Oil

Figure 6.12 shows the layout for the fiber-based method of determining Eprox. The

method is equivalent to the one used in the ar-coated fiberscope. However, we must

take into account the difference in the collection NA of the NA sharing system when
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we convert to a radiant exitance, Mairoil.na. The light exiting the fiber bundle is

distributed over a solid angle of πNAfb
2 sr. For all measurements involving the fiber

bundle, the factor describing the loss in collection NA for the light through the mirror

is

vmirror =
πNAmirror

2

πNAfb
2 =

NAmirror
2

NAfb
2 . (6.31)

The radiant exitance due to the distally reflected light in the fiber bundle is

Mairoil.na =
mo.c.

2

vmirrorTc.l.Tobjective

Sdig.air − Sdig.oil
C

, (6.32)

where Sdig.air − Sdig.oil is the difference in the signals at the detector due to a bare

fiber in air and a bare fiber dipped in oil.

In addition to the loss in collection NA, we must also consider the illumination

coupling efficiency for the NA sharing illumination system (τfb.na). The incident

irradiance in this case is related to the radiant exitance by:

Eprox.airoil.na =
Mairoil.na

τfb.naRfb.airτattenTfb.air
2 . (6.33)

The value of Eprox acquired using this method is 50.5∗10−06 W
mm2 and agrees to within

5% of the Eprox determined using a Lambertian material.

Backscatter within Fiber Bundle

Recall that placing the output of the fiber bundle in index-matched oil (n = 1.55, Rfb.oil =

0.00003) eliminates the distal reflection. This leaves contributions from only backscat-

ter within the bundle, Sbackscatter, and surface scatter, Sprox.refl.na:

Soil.na = Sprox.refl.na + Sbackscatter. (6.34)

Assuming polarization is maintained upon reflection3 and backscatter from within the

fiber is completely depolarized, the two components can be independently determined
3For clean polished glass, we will assume that the scattered light will maintain its polarization[34].
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Objective
Camera

Lens

Coherent Fiber 

Bundle C

C

D

Illuminator

Ringlight
Baffles

Mirror

visible filter 450-650 nm

Index-matching Oil
 in Black Container

Bare in Oil
(removes distal reflection)

1816 counts
dark : 1420

Bare in Oil Crossed
(removes distal reflection 

and residual proximal signal)
1437 counts
dark : 1420

Annular Sheet
 Polarizer

Analyzer

Figure 6.13: Layout of Bare Fiber in Oil Measurement Incorporating Crossed Polar-
izers

by incorporating crossed polarizers into the illumination and detection paths of the

NA sharing layout and acquiring a second image from a bare fiber dipped in oil.

We can express the signal measured from a bare fiber in oil in the crossed-polarizer

NA sharing layout as:

Soil.crossed.na = Sprox.refl.crossed.na + Sbackscatter.crossed.na (6.35)

The signal due to the background from the proximal fiber face, Sprox.refl.crossed.na is

a function of the radiant exitance of the light reflected at the proximal fiber face

(Mprox.refl.na). The incident light is modeled as the unpolarized measured incident

irradiance Eprox multiplied by the transmission of the generator to unpolarized input

(Tgen.unpol.na). The reflected light is then multiplied by the transmission of the analyzer

in its crossed configuration (Tan.cross.na). This results in the following expression for

the background signal due to the reflection at the proximal surface:

Sprox.refl.crossed.na = Mprox.refl.naTcross.na
vmirrorTc.l.Tobjective

mo.c.
2

C, (6.36)
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where Mprox.refl.na = αnaEprox.na and Tcross.na is the combined transmission through

the generator and analyzer pair in their crossed configuration.

The signal due to the background from backscatter within the fiber bundle,

Sbackscatter.crossed.na, is proportional to the radiant exitance from the backscattered

light (Mbackscatter). The incident light is again Eprox multiplied by Tgen.unpol.na. The

unpolarized backscattered light is then multiplied by the transmission of the analyzer

to unpolarized light (Tan.unpol.na). The relationship for the background signal due to

light backscattered out of the fiber bundle is

Sbackscatter.crossed.na = MbackscatterTunpol.na
vmirrorTc.l.Tobjective

mo.c.
2

C, (6.37)

whereMbackscatter = ξTfb.air
2Eprox.na and Tunpol.na is the combined transmission through

the generator and analyzer pair for unpolarized input to both polarizers. Combining

equations 6.36 and 6.37, we obtain the following expression describing the signal from

a bare fiber dipped oil for the layout in Figure 6.13:

Soil.crossed.na = [Mprox.refl.naTcross +MbackscatterTopen]
vmirrorTc.l.Tobjective

mo.c.
2

C. (6.38)

To construct a crossed-polarizer version of the NA sharing system, I cut a sheet

polarizer (generator) into an annular shape and mounted it to the baffle assembly.

Figure 6.13 is a sketch of the layout. I placed a high quality polarizer in the collimated

space between the objective and camera lens to serve as an analyzer.4. Table 6.9

summarizes the transmission of the polarizers in this configuration. The generator

passes 56% of unpolarized input. When the light reaching the analyzer is in the

polarization state generated by the sheet polarizer, as in the case of the proximal

reflection, the the analyzer passes 0.12% of the light in the cross state. In the case

4This is the analyzer used in the cross-polarized fiberscope. Its properties are described in detail
in Section 6.2 and its specifications are located in the Appendix in Figure A.16
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Table 6.9: Transmission Properties of Polarizers for Backscatter Measurement

Variable Total

Prox. Reflection Tcross.na Tgen.unpol.naTan.cross.na 0.56 ∗ 0.0012 0.0005
Backscatter Tunpol.na Tgen.unpol.naTan.unpol.na 0.56 ∗ 0.30 0.19

of the backscattered signal, the light entering the analyzer is unpolarized and is

transmitted with a 30% efficiency. So in the case of the proximal reflection, the total

transmission through the generator/analyzer pair is 0.05% (Tcross.na). In the case of

light that has been backscattered out of the fiber bundle, the combined transmission

through the the generator/analyzer pair is 19% (Tunpol.na).

Since the polarizers’ transmission of the proximal reflection (0.05%) is so much

lower than their transmission to the backscattered light (19%), the term containing

the radiant exitance due to the proximally reflected light is negligible. The result is

that the signal from a bare fiber dipped in oil for the crossed polarizer version of NA

sharing contains just the backscatter from within the fiber bundle, or

Soil.crossed.na = MbackscatterTunpol.na
vmirrorTc.l.Tobjective

mo.c.
2

C. (6.39)

I took two measurements from a bare fiber dipped in index-matching oil: one in the

NA sharing layout with no polarizers and one where I have inserted crossed polarizers.

I solved for the percentage of backscattered light, ξ, using the image taken with crossed

polarizers. Then I substituted the expected contribution from backscatter (Sbackscatter)

for a setup with no polarizers into equation 6.34 and determined the percentage of

incident light collected from the proximal surface of the fiber bundle (αNA).

The image in Figure 6.14 is scaled to emphasize the features of this measurement.

Figure 6.14a is an image of the proximal surface with the distal end dipped in oil

obtained with no polarizers in the NA sharing setup. The strong signal around

the edge of the fiber is a feature of the NA sharing system. This is light that has
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Figure 6.14: Bare Fiber in Oil: Comparison of Images Acquired with a) No Polarizers
and b) Crossed Polarizers

reflected/scattered from the edge of the fiber into the collection NA of the mirror.

The rest of the active area of the fiber bundle contain very little signal except for the

few bright points due to dust and other contaminants.

Comparing this image with its polarized counterpart (Figure 6.14b), we see that

the outer region of the fiber active area still contains some signal due to scatter.

However, the center of the fiber bundle is dark. This is the area I selected to obtain

an average count/pixel value. As noted on Figure 6.14b the counts in the area outside

the fiber bundle do not vary from counts in the center of the fiber bundle. This leads

to the conclusion that the internal backscatter is very low and below our measurement

sensitivity. Thus we have neglected any terms involving the backscatter, ξ, in all three

fiberscopes.
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Surface Scatter from the Proximal Face of the Fiber Bundle

The purpose of numerical aperture sharing is to reduce the proximal surface scat-

ter and Fresnel reflection that reach the detector. Recall from Chapter 5 that the

specularly reflected signal from the proximal surface of the fiber bundle is blocked by

the mirror, thereby limiting the background from the proximal fiber face to residual

scatter, Rfb.air.na = αNA. We expect the amount of reflected signal at the proximal

surface to be 0.0064% of the incident irradiance over the solid angle passed by the

mirror (Chapter 5). How closely the measured background signal from the proximal

surface (Mprox.refl.na) is to this predicted value is a measure of the accuracy in assum-

ing that the Fresnel reflections at the proximal fiber face are blocked by the mirror

(Rprox.refl.na = 0).

We determined αna by placing the fiber bundle in index matching oil, which elim-

inates the contribution from the reflections at the distal tip of the bundle. We drop

the term containing the backscatter (ξ) since it is effectively equal to zero, and solve

for αna. The relationship between measured signal at the detector and the percentage

of the incident light reflected is:

αnaEprox.na =
Soil.na
C

mo.c.
2

vmirrorTc.l.Tobjective
(6.40)

Based on the measured signal at the ccd, the measured residual reflectance from the

proximal surface of the fiber bundle is 0.0078% of the incident irradiance. Thus we are

collecting slightly more signal than expected from the surface of the fiber bundle. This

may be due to some small amount of Fresnel reflection from the air/fiber interface

passing through the central hole in the mirror or backscattered light from dust on the

fiber bundle surface. The latter likely explains the increase in the measured value for

αNA (see Figure 6.14).
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Figure 6.15: Text Imaged Using NA Sharing Single Channel Fiberscope a) raw image
b) background-subtracted image

GRIN Lens Transmission and AR-Coating

Using the method described for the ar-coated system, I calculate the residual re-

flectance from the ar coating on the grin lens to be 0.47%.

Object and Background Signals

Figure 6.15 shows an image of text printed on white paper obtained using an NA

sharing single channel fiberscope. The raw image in Figure 6.15a has a signal to

background ratio of 1.04. A background-subtracted image of the same object is

shown in Figure 6.15b.

Accuracy and Precision of NA Sharing Parameters

This section describes the precision of the results and the system of double checks I

have in place to verify the values I measured for the parameters in the NA sharing

single channel fiberscope.

Table 6.10 contains the results for the NA-sharing single channel fiberscope. The

average measured value for the proximal reflection, 0.0078%, is larger than the ex-
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Units Expected Measured
Eprox

W
mm2 unknown 51.9 ∗ 10−06

αNA 6.4 ∗ 10−05 7.8 ∗ 10−05

ξ unknown 0
Rg.ar 0.0047 0.0047

τgrinτcem 0.980 0.917

Table 6.10: Comparison of Measured Parameter Values with Expected Values for NA
Sharing Single Channel Fiberscope

Units Predicted Expected Measured

Sobject counts 1082 1236 1496
Sbackground counts 1427 1453 1427

STB 0.76 0.85 1.05

Table 6.11: Results for NA Sharing Single Channel Fiberscope (Units are average
counts)

pected value of 0.0064%. It is very likely that this increase is due to scatter from

dust and residue contamination on the surface. The 0.47% measured reflection from

the ar-coated surface of the grin lens agrees with the expected value of 0.467%

(Appendix D).

In the Table 6.11, I calculate the signal at the detector for the object and back-

ground as well as the SBR. The predicted value for the object signal, and thereby

the SBR, is lower than the measured value due to modeling the paper object as a

Lambertian reflector. The predicted and measured values for the background signal

agree very well.

As the same catheter was used to test the NA sharing technique as was used

for the crossed-polarizer fiberscope, we expect approximately the same magnification

and prediction of cement thickness. The magnification for the NA sharing object

images is 3.52. This results in a calculated working distance of 1.5 mm. Inserting this
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Table 6.12: Sources of Imprecision and Estimated Error for Parameters in NA sharing
fiberscope model

Parameter Variable Calculated
Value

Estimated
Error

Source of Er-
ror

Reflection/
Scatter at
Proximal FB
Surface

αna 0.00008 0.000005 dependance
on xi value

FB Internal
Backscatter

ξ 0 0.00001 low signal

Reflection:
grin AR
Coating

Rg.ar 0.0048 0.0017 dependancy
on other
variables

Transmission
of grin lens
and Cement

TgrinTcem 0.92 0.01 power mea-
surement
background

FB NA NAfb 0.33 0.008 angular
spread in
illumination

Inc. Irradi-
ance

Eprox.na 51.9 1.5 multiple fac-
tors

value into the Zemax model returns a predicted cement thickness of 0.35 µm. The

combined transmission of the cement layer would then be (0.990.35) = 0.996.

As with ar-coated fiberscope, possible sources of error in calculating the incident

irradiance using the two methods at the proximal end of the fiber bundle include

crosstalk and core/clad coupling within the fiber bundle, spread in the spectralon

image due to multiple reflections, and decreased reflectance of the spectralon sample,

if dirty. A possible source of error in the model of the illumination path is the coupling

efficiency into the fiber bundle.

Table 6.12 displays the values for the parameters I measured, their corresponding

estimated error, and possible factors that would limit the precision of the measured

or calculated values.
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a) b) c)

d) e) f)

Figure 6.16: Text Imaged Using Each of the Single Channel Fiberscopes: The top
row is the raw images and the bottom row is the background-subtracted images. The
sets of images from left to right were acquired by the ar-coated fiberscope (a and d),
the crossed-polarizer fiberscope (b and e), and the NA sharing fiberscope (c and f).
The background-subtracted images were adjusted brightness and contrast.

6.4 Object Image Results for the Three

Techniques Acquired With the Same

Catheter

The SBR achieved using catheters in the ar-coated and crossed-polarizer versions of

the single channel fiberscope was lower than expected. We attributed the low SBRs

to a background signal from the ar-coated surface of the grin lens that was higher

than expected. I constructed a fourth catheter using the ar-coated coherent fiber

bundle and a grin lens with a 0.47% residual reflectance (confirmed via the Nikon
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confocal E.1). Images of text and spectralon were acquired with this catheter in each

of the three systems. The raw image data of text is shown in Figure 6.16a-c for

the ar-coated, crossed-polarizer, and NA sharing techniques, respectively, while the

background-subtracted images are shown in Figure 6.16d-f.

The raw image of text acquired with the ar-coated fiberscope in Figure 6.16a has

a SBR of 0.15, while the raw images of spectralon (Lambertian emitter) produced

images with a 0.11 SBR. To calculate the SBR, I chose an area of interest that ap-

peared smooth with no damage to the ar-coating. The model predicts a SBR of 0.19

for a Lambertian object. Paper has a specular component thus we expect the SBR

to be higher than that of a Lambertian sample. We attribute this discrepancy to the

damaged ar-coating on the fiber bundle as the other two techniques performed as

expected. After acquiring object and background images with the ar-coated fiber-

scope, I polished off the ar-coating and tested the crossed-polarizer and NA Sharing

systems.

The crossed-polarizer fiberscope produced raw images of text with a SBR of 0.95,

shown in Figure 6.16b. This agrees well with the slightly higher expected SBR for

text than the predicted value of 0.81 for a Lambertian object with a reflectivity of

0.85. Images of spectralon acquired with the crossed-polarizer system had a SBR of

1.01. We expect the SBR for the spectralon sample to be higher because a clean

spectralon sample has a 99% reflectance.

The result for imaging text with the NA sharing technique is shown in Figure

6.16c. The raw image has a SBR of 1.04. This is consistent with the result presented

in Figure 6.15a and the slightly higher expected SBR for text than the predicted

model. The model predicts a SBR of 0.85 for a Lambertian object with a reflectivity

of 0.85. The 0.94 SBR of spectralon images obtained with NA sharing fiberscope
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agree well with the model.

In this chapter, I have presented the measurements I made to characterize the three

single channel fiberscopes. The next chapter compares the three different techniques

based on their SBR and other factors.
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Chapter 7

Comparison of the Three Single

Channel Fiberscopes

The primary goal of this dissertation project is to determine whether we can combine

the illumination and detection paths of a fiberscope into a single channel. I inves-

tigated three techniques to reduce the amount of Fresnel reflection that contributes

to the background signal at the detector. Now that I have demonstrated that all

three systems can produce images of high contrast objects, I will compare the three

systems to evaluate which system produces the highest quality images and what the

limitations are in each technique.

There are a number of ways we can evaluate the performance of the three tech-

niques. I will start by discussing how well each system reduces the amount of back-

ground signal from the Fresnel reflection at the fiber bundle input. In addition to

comparing my results, I will provide information on what is realistically achievable

using current technology. Image contrast is perhaps the most important comparison

that can be made between the three systems and I will use the SBR calculated in
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Table 7.1: Common Parameter Values In Comparing the Three Methods

Parameter Variable Value

Fiber Bundle Internal Backscatter ξ 0
Reflection at FB/Cement Interface Rfb.cem 0.0000119

Reflection at Cement/grin Interface Rcem.g 0.00162
Combined Transmission of grin lens and Cement τgrinτcem 0.98

Reflection at grin ar Coating Rg.ar 0.0047
Object Reflectivity Robject 0.79

Collection Coupling Efficiency into FB τfb.coll 0.49

Chapter 6 for this purpose. Besides discussing the values for the SBR, I also con-

sider the illumination and detection throughput of these systems. Finally, I compare

the three systems in regards to their practical implementation: cost, construction,

alignment, and characterization.

7.1 Proximal Reflection

Of the systems I constructed in the lab, the NA sharing fiberscope is the most efficient

at reducing the background signal from the proximal fiber bundle surface based on the

measurements of the detected proximal reflection (Ch. 6: bare fiber dipped in oil). It

effectively blocks the Fresnel reflection and reduces the proximal background signal to

a diffuse scatter component that is only 0.0078% of the incident irradiance. The cross

polarized system is also very efficient at reducing the proximal background signal

(0.010%) of the incident irradiance. The least effective technique was the ar-coating

on the fiber bundle with an effective reflectance of 0.74% 1.

The next attribute to consider is the SBR. To make an accurate comparison, I

have assumed the same catheter properties for all three systems with the exception

1The reflectance at the proximal surface was 0.82%. However, a fair comparison with the crossed-
polarizer and NA sharing systems includes the 90% transmission of the beamsplitter.
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Table 7.2: Values for Common Parameters That Vary Between the Three Systems

Parameter Variable ar-coated Crossed-Polarizer NA Sharing

Reflection
at Air/FB
Interface

R 0.0082 0.0397 0.000078

Coupling Ef-
ficiency into
FB

τfb 0.280 0.280 0.116

Table 7.3: Transmission of Components that Differ Between the Three Systems

System Component Variable Value

ar-Coated
Beamsplitter Tbs 0.90

Crossed-Polarizer
Beamsplitter/Analyzer

s-polarization Tbs.an.s 0.00065
p-polarization Tbs.an.p 0.593

NA Sharing
Mirror vmirror 0.735

of the measured values or where otherwise noted. These properties are summarized

in Table 7.1. The quantities that vary between the three systems are tabulated in

Table 7.2 and Table 7.3.

7.2 Signal to Background Comparison

Table 7.4 is a comparison of SBR for each of the techniques. The first row in Table

7.4 gives the SBR for the three systems under the ideal condition of zero background

signal from the proximal fiber surface. In this scenario, the SBR should be the same

because both the object and background signals pass through the same optics in each

system and the catheter (fiber bundle/grin lens combination) is the same in the
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three systems. Each system has SBR of 1.09 if there is zero background signal from

the proximal fiber surface. This value establishes the upper limit on the SBR we can

expect in an image of a Lambertian object with a reflectivity of 0.85 at the prescribed

working distance.

The second row in Table 7.4 contains the expected SBR based on the specifications

for the optical components and values in Tables 7.1 - 7.3. The NA sharing system

has the highest expected SBR ratio of 0.85. I expect the SBR ratio for the cross

polarized system to be 0.81 and 0.20 for an ar-coated single channel fiberscope. The

poorer performance of the ar-coated system is due to the 0.8% residual reflectance

from the proximal fiber surface. From discussions with manufacturers, it is within

reason to reduce this to 0.25% over our wavelength range. However, this increases

the SBR to only 0.39. To increase the SBR to a level comparable with the other

techniques, we would need a maximum reflectance of 0.07% (SBR=0.85), which may

not be achievable.

The measured SBR for each system is shown in the third row of Table 7.4. The

SBR is higher than expected for the NA Sharing and crossed-polarizer systems be-

cause the object was modeled as a Lambertian reflector (Chapter 6). The measured

SBR for the ar-coated fiberscope is lower than the expected 0.2 because the ar-

coating on the fiber bundle was further degraded at the time of the measurement

(Figure 6.16a) than was initially measured with the Nikon confocal microscope and

the dataset presented in Section 6.1.

Two of the three techniques significantly reduce the background due to the prox-

imal fiber surface. To determine the most significant contributor to the background,

we can look at the signal for each background component normalized to the object

signal. Table 7.5 displays the resulting value for each of the fiberscopes. Normal-
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Table 7.4: Comparison of the Signal to Background Ratio for the Three Methods.

AR Coating Crossed Polarizers NA Sharing

No Proximal Reflection 1.09 1.09 1.09
Expected 0.20 0.81 0.85
Achieved 0.15 1.01 1.04

izing by the object signal removes the dependance on the incident power, allowing

for a direct comparison between the three fiberscopes. It also removes losses that

occur in both the image and background component signals, e.g. transmission of the

beamsplitter, transmission of the grin lens and cement, and coupling efficiency into

the fiber bundle. Ideally, each of the components with the exception of the proximal

surface should have the same contributions to the overall background compared with

the other single channel fiberscopes. With the exception of the ar-coated fiberscope,

the largest source of background in the three systems is the ar-coated surface of the

grin lens. While the residual reflectance of 0.47% is low, a lower value near 0.25%

over the full spectral range of the visible would significantly improve the SBR ratio.

Unfortunately, the materials used in the grin lenses limits which coating materials

may be deposited on the surface and it may be difficult in practice to achieve a lower

reflectance.

Another important factor that limits the SBR is the collection efficiency of light

from the object. In Chapter 4, I described the collection efficiency of light from the

object and determined a value of only 2.2% for a Lambertian reflector at a working

distance of 1.5 mm. Thus for this case we are not collecting 98% of the light reflected

from the surface of a Lambertian object. While tissue can have a specular component

when it is wet, it is essentially a Lambertian emitter. This means that the light that

enters the first few layers of tissue and then scatters back out has a Lambertian
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Table 7.5: Background Signal Components Normalized to the Object Signal

Parameter AR Coat Crossed
Polarizers

NA Share

Reflection at
Air/FB Inter-
face

R 7.18 0.35 0.24

FB Internal
Backscatter

ξ 0 0 0

Reflection at
FB/Cement
Interface

Rfb.cem 0.003 0.003 0.003

Reflection at
Cement/grin
Interface

Rcem.g 0.19 0.19 0.19

Reflection
at grin ar
Coating

Rg.ar 0.54 0.54 0.54

Resulting
SBR

0.108 0.930 1.03

distribution.[31, 8] As a result, the object properties result in inherently low signal

collection. To collect images with high SBR, we must be able to collect a lot of light

from the object while keeping the background low. Currently clinical endoscopes do

this by using separate illumination and imaging channels and achieving a very high

irradiance at the tissue surface with essentially no background.

To successfully image tissue in vivo with a single channel fiberscope, we must

further reduce sources of background or improve our collection efficiency. I discuss

options and approaches in more detail in Chapter 9.
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Table 7.6: Efficiency Comparison of the Three Methods. Asterix ∗ indicates mea-
surements corrected for magnification difference in catheter.

AR Coating Crossed
Polarizers

NA Sharing

Illumination
Efficiency

Predicted 1 3.0 0.59

Measured 1 3.1 0.42

Imaging Effi-
ciency

Predicted 1 0.32 0.79

Measured 1 0.29 0.66∗

Total Effi-
ciency

Predicted 1 0.94 0.47

Measured 1 0.90 0.28∗

7.3 Comparison of Loss to Incident Irradiance

and Object Signal

Each system can reduce the amount of background signal from the proximal surface.

In the case of the crossed-polarizer and NA sharing system, the proximal reflection

is nearly equivalent. To investigate whether there is an inherent advantage to using

one technique over the other, we need to look at the illumination and detection paths

separately because the losses introduced by the three methods vary significantly.

It is worthwhile to look at the three systems with regards to illumination and

image signal loss. Table 7.6 compares the efficiency of the three techniques in three

ways. First, we need to consider the losses incurred in each system as light propagates

from the source to the proximal (input) fiber bundle surface. Each system uses
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the same lamp and spectral filter. Therefore, I begin the predicted comparison of

the illumination efficiency at the input of the illumination light guide. The liquid

light guide used in the ar-coated and crossed-polarizer systems has a smaller active

diameter than the ringlight guide used in the NA sharing system. The ratio of the

area in the ringlight guide to the area of the liquid light guide is 6.33. The light guides

coupling into the light box (illuminator) each have a coupling efficiency of 80%. For

the ar-coated system, I have included the ratio of the NA used (0.084) to the NA of

the output (0.5) from the light guide, reflection of the beamsplitter (10%), and ratio

of the areas of the fiber bundle active area and the light guide image. The crossed-

polarizer illumination efficiency includes the ratio of the NA used (0.084) to the NA

of the output (0.5) from the light guide, the transmittance of the generator, the

reflectance of the beamsplitter, and ratio of the areas of the fiber bundle active area

and the light guide image. For the NA sharing system, the illumination efficiency

is the percentage of light exiting the light guide that passes through the series of

baffles and will be reflected by the mirror (Tmirror = 0.995) onto the fiber bundle. We

approached the problem for the NA Sharing system by considering the solid angle

the fiber bundle subtends as viewed from the ringlight source. The expression for the

ratio of the power at the fiber bundle to the power radiated from the light guide is

Φfb

Φring

=
TmirrorAfbcosθ

πNAring
2d2

, (7.1)

where θ is the angle between the fiber and the ringlight, 19.26 degrees. The line

of sight distance between them is 81.75 mm, and the NA of the fibers in the ring-

light source is 0.25. To measure the relative illumination efficiency, we measured the

output power at the distal end of the same catheter for each type of single channel

fiberscope. The iris on the light source was open for each case. The power values

were then corrected for coupling efficiency differences and then normalized to the
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power measured for the ar-coated fiberscope. The first row in Table 7.6 contains

predicted and measured values for the illumination efficiency of the three systems.

The predicted and measured illumination efficiency agree well. The crossed-polarizer

fiberscope is the most efficient in illumination. It is 3.1 times more efficient than

the ar-coated system, while the NA sharing system is the least efficient (42% of the

ar-coated efficiency) in getting light to the proximal fiber face.

The coupling efficiency of light into the fiber bundle also affects the efficiency

of each system in transmitting the incident irradiance (Eprox) to the object. The

coupling efficiency of the incident irradiance into the fiber bundle is displayed in

Table 7.2. All three systems have low coupling efficiencies, but the NA sharing is

lower than the other two by a factor of 2.4 because we are illuminating over a range

of angles near the fiber bundle’s cutoff NA.

The second row of Table 7.6 compares the efficiency of each system in collecting

the diffusely reflected light from the object and relaying that to the detector (Eccd).

The difference in the imaging efficiency will be dominated by optics associated with

each system. The differences include the proximal fiber face transmission and any

optics in the space between fiber plane and the detector. The following expressions

were used to calculate the relative imaging efficiency, Imageeff , for each system:

Imageeff.ar =
Tfb.arTbs
Tfb.arTbs

= 1

Imageeff.pol =
Tfb.airTbs.an.p
Tfb.arTbs

Imageeff.na =
Tfb.airvmirror
Tfb.arTbs

(7.2)

To measure the imaging efficiency, I used the ratio of the power at the ccd to the

output illumination power measured at the distal tip of the catheter. The general re-

lationship of the measured imaging efficiency to the measured background-subtracted
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object signal for each system is given by

Imageeff.msr =
Φccd.msr

Φdistal.cath.msr

=
Eccd.msrAccd

Φdistal.cath.msr

, (7.3)

where

Eccd.msr =
Sobject.sub.msr

C
= Sobject.sub.msr

hc

λ

1

ηg∆tApixel
(7.4)

and

Accd = Afbmo.c.
2. (7.5)

The value for Imageeff.msr obtained for the crossed-polarizer and NA sharing systems

was normalized by the value for the ar-coated system. The crossed-polarizer and NA

sharing systems have efficiencies that are approximately 30% and 60% of the ar-

coated fiberscope, respectively. From an object signal standpoint, the NA sharing

fiberscope is more efficient than the crossed-polarizer system.

The analysis of the illumination and detection efficiencies shows that the ar-

coated fiberscope is the most efficient system. The NA Sharing system is the least

efficient in terms of total light efficiency. However, incorporating the SBR results

indicates that the crossed-polarizer and NA sharing systems better options. While

there is a slight SBR advantage to the NA sharing system, the crossed-polarizer

system is the most light efficient.

7.4 Implementation

Yet another way of comparing the three systems is to review the the practical aspects

of constructing, aligning and characterizing the systems. The crossed-polarizer system

is constructed from standard optics, while the ar-coated system requires a specially

coated fiber bundle and the NA Sharing fiberscope uses custom machined baffles and
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a custom mirror. Cost-wise, the components for the crossed-polarizer system are

more expensive, but are likely to be more flexible to design changes. The ar-coated

fiberscope is the easiest to align. The crossed-polarizer fiberscope is more difficult

to align as polarizing beamsplitters are sensitive to tilt. The alignment of the NA

sharing system is the most challenging as the entire principle is dependent upon

careful alignment of the fiber bundle with respect to the ringlight source and mirror

along all three axes. But it is easier to identify if there is dust or other contaminants

on the surface of the fiber. We are illuminating at a high angle, so light from dust and

other contaminants are scattered into the field of view of the objective (inherently

darkfield at fiber surface). As a result it is immediately obvious if the proximal fiber

face is dirty. This is a benefit because dust degrades the SBR.

The three systems also differ in their relative ease to determine whether the fiber-

scope is aligned and functioning optimally. The NA sharing and ar-coated fiberscope

are equivalent in this aspect. However, the crossed-polarizer fiberscope requires a large

number of measurements to determine the transmission of the various polarization

states present in the system.

7.5 Background Image Features

Finally, I will describe briefly some of the features present in the background images

of all three systems. The illumination background was taken with the fiber bun-

dle removed. In other words, this is stray light that reaches the camera that is not

associated with the fiber bundle/catheter. In both the ar-coated and NA sharing

systems, the background is essentially uniform. The crossed-polarizer illumination

background, however, contains residual reflections from the ar-coated surfaces of the
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Figure 7.1: Illumination Background from Crossed-Polarizer Fiberscope Showing
Residual Reflections from Beamsplitter

beamsplitter. The image in Figure 7.1 clearly shows the 0.5% reflection from the AR

coated surfaces of the beamsplitter that contributes to the illumination background

and is seen in all images acquired with the crossed-polarizer fiberscope. These reflec-

tions complicate both the illumination background as well as the background signal

associated with the catheter as all signals passing through the polarizing beamsplitter

encounter this coating twice. While some of the reflections are s-polarized and are

therefore rejected by the beamsplitter and analyzer, some are p polarized components

and reach the ccd. The reflections complicate the alignment and characterization of

the cross-polarized fiberscope; however, they are sufficiently low in signal intensity

that they do not distract from the object signal.

Figure 7.2 shows the images acquired with a bare fiber dipped in index-matching

oil. These images highlight the features at the proximal fiber surface. Of note is

the bright ring around the edge of the fiber bundle in the background image of the

NA sharing system. Recall from Chapter 6 that the illumination spot size in the

NA sharing scenario is larger than the diameter of the fiber bundle. The bright ring
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AR-Coated Fiberscope Crossed-Polarizer Fiberscope NA Sharing Fiberscope

a b

c

c

Figure 7.2: Comparison of Residual Proximal Reflection and Scatter. The counts for
the crossed-polarizer and NA sharing images are equivalent. The NA sharing image
(c) than in the crossed-polarizer image (b) are displayed on equivalent scales. The ar-
coated image is displayed on an approximately 50% because the incident irradiance
for this image was much smaller than that of the NA sharing system, while the fiber
bundle reflectance was much higher.

in Figure 7.2c is reflected/scattered light from the edge of the fiber bundle. If the

illumination spot size was smaller than the diameter of the fiber bundle, this ring

would not be present.2

7.6 Summary

The results show that an ar-coated single channel fiberscope, while the most light

efficient, is inferior in terms of SBR unless the residual reflectance from the surface

is less than to 0.07%. The crossed-polarizer system is the more light efficient than

the NA Sharing system, but there is a slight SBR advantage to using the NA sharing

fiberscope. In terms of SBR, the NA sharing system is superior as it produces the

2Nevertheless, this ring is very useful for alignment purposes. When properly aligned, it should
be uniform in width and intensity.
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least proximal reflection. Although the NA sharing system is constructed of custom

optics, there are fewer optical components in the detection path, which reduces the

overall work required to align, construct, and test the fiberscope.
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Chapter 8

Application: Barrett’s Esophagus

Mouse Model

Recall from Chapters 1 and 3 that the target application for the single channel fiber-

scopes is imaging of sub-millimeter lumens in humans and animals. This chapter

presents preliminary results of a study to explore the use of broadband diffuse re-

flectance imaging for the identification and tracking of disease progression in mouse

esophagus. We tested the NA sharing single channel fiberscope in ex vivo and in situ

tissue from a euthanized animal.1 Unfortunately the image quality in the NA Shar-

ing single channel fiberscope was not adequate for imaging the esophagus of a live

animal. Long integration times were required because of the the low light levels. We

decided to use the dual channel fiberscope design presented in Chapter 3 for imaging

the esophagus of live mice to assess what level of image quality can be achieved. I

will first present the results of imaging tissue with the single channel fiberscope and

1The NA Sharing fiberscope is the only single channel fiberscope tested thus far. The cross
polarized system has a similar SBR, but has better efficiency and may produce images with sufficient
image quality for this application.
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then transition to the image results of using the dual channel fiberscope for with

the diet-based animal model of Barrett’s esophagus. I will explain the design of a

fiberscope for use in live animal imaging and describe the protocol used.

8.1 Results of Imaging Mouse Tissue Ex Vivo

With A Single Channel Fiberscope

Figure 8.1 displays images of tissue from a euthanized mouse acquired with the NA

sharing single channel fiberscope. The images are background subtracted and had

exposure times ranging from 0.3 to 3 seconds. Figure 8.1a is a background-subtracted

image of mouse intestine. The SBR in the raw image is less than 0.1. The internal

organs of a mouse have a low reflectivity. In addition, the tissue structures are curved

resulting in a very small region of the object positioned at the working distance of

the grin lens. The combination of the two effects results in a reduced collection

efficiency from the tissue, thereby reducing the SBR. Figure 8.1b is a background-

subtracted image of mouse claw. The raw image has a SBR around 0.1. Figure 8.1c

is a background-subtracted image of a mouse hand. The raw image in this case has a

SBR ranging from 0.1 to 0.23. Both of the hand and claw are high contrast objects

because of their shape and reflectivity. Figure 8.1d is an image of mouse aorta tissue

that was fixed in formalin2. The image is centered on the entrance to the aorta (white

arrow) and has a SBR less than 0.1. The bright points on the image are specular

reflections from the surface of the tissue.

These results show that the NA sharing single channel fiberscope can image tissue

2Tissue fixed in formalin shrinks and is therefore somewhat distorted from its original shape.
The dark circle around the image is not an artifact, but part of the tissue topology. The bright spots
on the image are specular reflections at the surface of the tissue
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Mouse Intestine Mouse Claw

Mouse Hand

a b

c d

Entrance to Mouse Aorta

Figure 8.1: Background-Subtracted Images of Ex Vivo Mouse Tissue Acquired with
NA Sharing Single Channel Fiberscope

from a euthanized mouse. However, to improve the image quality, I had to increase

the exposure to 2-3 seconds. In a live animal, this would result in significant motion

artifacts. Instead, I used the dual channel system to image the esophageal junction of

anesthetized mice to assess whether adequate image quality for this application can

be achieved even with a dual-channel fiberscope.
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Figure 8.2: Sketch of Gastric Anatomy at the Esophageal Junction
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Left: View from mid-esophagus.

Right: Close-up of esophagogastric junction on
the right. Note transition in color from silver-red
squamous mucosa to red columnar epithelium.

Left: View of squamocolumnar junction from the
retroflexed position.

Right:Close-up of squamocolumnar junction
using a side-viewing instrument.
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70 year-old woman with longstanding
gastroesophageal reflux. Although the
squamocolumnar junction (dotted line in photo at
right) lies within 1 cm of the esophagogastric
junction, biopsies obtained just below the
squamocolumnar junction revealed specialized
metaplastic epithelium (intestinal metaplasia),
diagnostic of Barrett's disease.

Another patient with longstanding
gastroesophageal reflux, where the
squamocolumnar junction (dotted line in photo at
right) lies within 1 cm of the esophagogastric
junction, and appears normal. Again, biopsies
obtained just below the squamocolumnar junction
revealed specialized metaplastic epithelium with
goblet cells (intestinal metaplasia), diagnostic of
Barrett's disease.

Left: 63 year-old man with a long history of
reflux disease. Endoscopy revealed asymmetric
migration of metaplastic epithelium upward into
the esophagus. Biopsies confirmed the presence
of intestinal metaplasia. Right: 76 year-old
woman with longstanding heartburn. Endoscopy
demonstrated a short segment of Barrett's,
confirmed on biopsy.
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Figure 8.3: Endoscopic Images of Human Esophagus: a) normal b) Barrett’s disease

8.2 Barrett’s Esophagus Mouse Model

Barrett’s disease is a precancerous condition that develops in the esophagus. The

surface of a normal human esophagus is lined with epithelial cells, which act as a

barrier/filter to compounds that may be present in the esophagus. Barrett’s disease

develops near the junction of the esophagus and stomach, as shown in Figure 8.2. In
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the presence of refluxed stomach acid in the esophagus, the tissue in the area just

above the sphincter develops features that would normally be present in tissue found

on the surface of the intestine. This is known as intestinal metaplasia. As shown

in Figure 8.3, a normal esophagus appears pink-white, while Barrett’s esophagus

(intestinal metaplasia) has regions of red. Barrett’s esophagus is typically a benign

condition, but in 3% of cases it develops into adenocarcinoma, a malignant cancer.[4]

Dr. Katerina Dvorak at the University of Arizona has a diet-based protocol for

developing Barrett’s disease in a mouse model. Previous studies[20, 11] have indicated

that a zinc-deficient diet paired with added bile acid will lead to Barrett’s esophagus.

Our goal in the study was to identify Barrett’s esophagus as it develops via endoscopic

imaging. This would allow one to track the disease through repeated imaging in a

single animal. Tracking disease progression in one animal requires that the animal

survive the imaging procedure. This is a challenge because mouse esophagus is an

extremely thin tube that lies against the trachea. Therefore, the imaging protocol

and catheter packaging is designed to minimize trauma to the animal’s esophagus

and respiratory system.

8.3 Dual-Channel Catheter Design and Assembly

for In Vivo Imaging of Mouse Esophagus

The description of the fiberscope I used for this study is presented in Chapter 3.

I will briefly review the optical path and then focus on the design of the distal tip.

Figure 8.4 contains a sketch of the layout of the illumination and detection paths. The

illumination path couples light from a broadband commercial fiberoptic illuminator

into 5 multi-mode illumination fibers. The diffusely reflected signal from the tissue
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Figure 8.4: Fiberscope Layout

is collected by a gradient index (grin) lens, which is cemented to a coherent fiber

bundle of the same diameter. The fiber bundle relays the signal to the detection

optics. An objective collimates the signal collected from the fiber bundle. The signal

is then focused onto a color ccd detector by a camera lens. In Chapter 3, I described

the short depth of focus of the fiberscope. In this situation, maintaining the working

distance to the object becomes very important. When the object is moving, as in the

case of live animal imaging, maintaining a working distance is not trivial. To solve

this problem, we repackaged the tip of the fiberscope using a gavage needle with a

rounded end such that the tissue is slightly stretched over the fiberscope tip. This

ensures that the tissue lies within the FOV of the catheter at the working distance of

the lens. I cemented the tip of the fiberscope into an 18G gavage needle with a ball

tip. A gauge of 18 is suitable for a 25 gram mouse[39], which was the average weight

of the animals in the study. The ball tip serves to slightly stretch the esophagus so

that it will be in focus at the correct distance from the grin lens as it slides over the

ball tip. Figure (8.5) displays a sketch of the catheter tip as well as a close-up photo

of the gavage needle fiberscope.

The ball tip is laser-welded to the hypodermic tubing of the gavage needle by the
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Figure 8.5: Gavage Needle Fiberscope Tip: a) Sketch of Fiberscope Tip Constructed
within a Gavage Needle b)Constructed Gavage Needle Fiberscope

manufacturer [30]. To assemble the catheter, I polished the tip of the gavage needle

to remove the weld with 30 µm grit and then removed the ball. Then I threaded

the image channel backwards through the stainless steel tube of the gavage needle,

followed by the illumination fibers. A slow curing epoxy was applied between and

around the fibers of the illumination channel as well as the imaging channel. All fibers

were then pulled back until flush with the steel tubing. I filled in the gaps between

the illumination fibers with a copious amount of slow-set epoxy. The epoxy cured

for 24 hours, then I polished the tip flat with 9 µm grit film and continued to polish
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Gavage Fiberscope

Mouse Esophagus Wall
In Focus Region

Figure 8.6: Sketch Depicting Imaging Condition in Mouse Esophagus

until the grin lens was exposed. The tip was fine polished with 0.3 µm grit.

After measuring the working distance of the lens, I cemented the ball tip to the

needle, such that the tip of the ball lies approximately 0.5 mm from the focal plane

of the grin lens. I chose this distance based on the anatomy and characteristics of

a mouse esophagus. Human esophagus is semi-rigid. It is flexible enough to accom-

modate large chunks of food, yet sufficiently rigid that it does not collapse on itself

in the absence of food. A mouse esophagus, on the other hand, is an extremely thin

tube with high elasticity. In the absence of food it collapses on itself. Figure 8.6 is a

sketch of the geometry and anatomy of the mouse esophagus with a gavage fiberscope

inserted. As the fiberscope moves through the esophagus, the tissue conforms to the

shape of the fiberscope tip then collapses on itself roughly 0.5 - 0.75 mm past the

tip of the fiberscope.3 After the epoxy cures, I tested the imaging performance with

text on white paper laid flat at the proper working distance and then by inserting

the fiberscope into a phantom created from text on white paper rolled into a tube.

(see Figure 3.5)

3confirmed in euthanized mouse



157

8.4 Protocol Design for Survival Experiments

The goal was to develop a protocol suitable for survival experiments in mice. Recall

that the esophagus lies next to the trachea. This means that while the fiberscope

is in the mouse esophagus, it can disrupt the respiration of the mouse. The normal

respiratory pattern is already compromised due to the anesthesia. In addition, the

experimental group of animals is sick and react adversely to pressure on the trachea.

Thus, we have carefully designed the positioning of the animal as well as the dosage

of anesthesia to minimize the stress on the animal.

Four groups of mice were fed four different diets based on Dr. Dvorak’s protocol

for developing Barrett’s esophagus: 1) control normal diet 2) zinc-deficient diet 3)

normal diet plus deoxycolic acid 4) zinc-deficient diet plus deoxycolic acid. When

the animals began to show signs of illness, we imaged the animals under anesthesia,

allowed them to recover, and then took them to Dr. Dvorak’s lab where they were

sacrificed and their esophagus resected.

One problem that was encountered is that there is fluid and mucous present in

a mouse esophagus. The ball tip of the gavage fiberscope (Figure 8.5) is hollow

and is not sealed, so fluid and air bubbles can get trapped in the tip and obscure

the imaging. To solve this problem, we injected each mouse intraperitoneally (IP)

with 0.01 to 0.02 mL of atropine 5-30 minutes prior to anesthesia to reduce digestive

secretions during imaging. The animal was then anesthetized with an IP injection

of a standard mixture of ketamine, acepromizine, and xylazine. To remove fluid and

debris from the esophagus, we gavaged the esophagus 3-5 times with an empty gavage

needle. The dual channel gavage endoscope was then routed down the esophagus to

the junction between the esophagus the stomach. An image sequence was acquired
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as the endoscope was pulled slowly back through the esophagus. The procedure was

repeated 1-3 times depending on how the mouse tolerated the imaging procedure.

8.5 Preliminary Results of Study

Of the 33 animals imaged, 29 survived the procedure and recovered.4 Figure 8.7 shows

images obtained with the dual channel endoscope in vivo. I have chosen one image

of the esophageal junction in an animal selected from each of the four diet groups.

Initial diagnosis is noted if available. Figure 8.7a is from a control animal showing

the transition from the mucosal (white) tissue in the esophagus to the gastric tissue

(red) in the stomach. Figure 8.7b was acquired in a zinc-deficient animal and shows

the capability of the endoscope to identify obstructions or growths in the esophagus.

Figure 8.7c is the esophageal junction of a mouse fed with DCA bile acid. The image

displays the color variation present in the esophagus itself and due to surrounding

organs. Figure 8.7d is an image from an animal diagnosed with intestinal metaplasia

(histology). This mouse was fed a zinc deficient with DCA bile acid. The image shows

areas of red and white mucosa. In addition, a larger vascular network is present.

8.6 Gavage Fiberscope Performance In Vivo

I characterized the performance of the gavage fiberscope based on several factors.

First, we need to differentiate color and textural variations on the tissue surface.

This means we need adequate illumination and collection efficiency of the diffusely

reflected signal. The animal must also survive the procedure and recover. In addition,

4One animal survived the procedure but died in recovery.
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Figure 8.7: Preliminary Results a) Control b) Zinc-Deficient c) DCA d) Zinc-Deficient
Plus DCA

we need to quickly recognize the esophageal junction while the fiberscope in inside the

animal, so that we can efficiently image the esophagus and minimize trauma to the

animal. Finally, we need to recognize the signs of disease in the broadfield endoscopic

images.

The images I presented in the previous section demonstrate that we can detect

color and textural variations on the tissue surface including vasculature. The gavage

needle endoscope can image in vivo mouse esophagus with little trauma to the ani-

mal. However, a comparison with histology is needed to determine if the fiberscope
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4.00 lp/mm 7.13 lp/mm

8.98 lp/mm 14.30 lp/mm

a) b)

c) d)

Figure 8.8: Images of Air Force Bar Target Acquired with Dual Channel Fiberscope:
a) Group 2, Elements 2-3 b) Group 2, Elements 4-6 c) Group 3, Elements 1-4, d)
Group 3, Elements 5-6

is suitable for tracking and identifying Barrett’s esophagus. This involves training

observers on these endoscopic images and understanding how they show the anatomy

and pathology of a mouse.

One of the major obstacles in imaging in vivo is fluid and debris. While the

atropine can reduce the amount of gastric secretions in the esophagus, it is still

moist. This moisture is needed for lubrication; however it can leave a thin cloudy

film over the illumination and imaging channels that reduces contrast. To completely

remove this film is difficult.
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Figure 8.8 displays images of an Air Force Bar Target [6] acquired with a well

used gavage needle endoscope. It is safe to assume that the surface of the grin lens

is scratched as it has been used in at least 35 animals and cleaned frequently. Figures

8.8a-d were taken at frequencies of 4, 7.13, 8.98, and 14.30 lp/mm, respectively. The

limit for this lens occurs approximately at 10 lp/mm or 100 µm with 15% contrast.

A contrast of roughly 50% occurs at roughly 5 lp/mm or 200 µm. For a 2.1 mm

working distance lens, the 4 µm center-to-center spacing of the fibers is magnified

4.92 by the grin lens. This yields 19.7 µm at the object plane. The system should

be able to resolve spatial frequencies based on twice this sampling rate: 39.4 µm or

25.4 lp/mm. Thus, a heavily used fiberscope has a resolution that is 2.5 times worse

than the expected value, but is equivalent to an unused catheter (see Chapter 3).

Despite the blurriness in some images, we are able to identify the esophageal junction

and vasculature within the esophagus. The topological features of the esophagus are

best viewed in the videos I acquire in each session. The variation in background

illumination levels and gunk on the lens remain static while the object moves past

the lens, which improves the human observer’s ability to detect the object’s features.

My recommendations for improving the dual and single channel fiberscopes are

presented in the next chapter.
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Chapter 9

Conclusions and Future Work

The fiberscopes constructed during the course of this dissertation project represent

an attempt to improve upon commercially available ultrathin fiberscope technology.

In particular, I have incorporated the illumination and imaging paths into a single

fiberoptic channel in an effort to reduce the overall diameter of ultrathin fiberscopes.

This chapter reviews the main results and conclusions for each system and provides

ideas for further improvement of the fiberscopes.

The goal of this dissertation was to investigate techniques for combining the il-

lumination and imaging paths of a fiberscope into a single fiberoptic channel. This

single channel fiberscope should be able image diffusely reflected light from tissue illu-

minated with light in the visible wavelength range (450 - 650 nm). Simply combining

the two light paths via a beamsplitter results in a low SBR ratio. The low value is

due to a low collection efficiency of light from the object as well as a high background

signal from the Fresnel reflection at the proximal surface of the fiber bundle. This

dissertation focused on methods of reducing the background signal from the proximal

surface of the fiber bundle. I tested three different approaches: 1) ar coating the
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proximal fiber face, 2) incorporating crossed polarizers into the light path, 3) numer-

ical aperture sharing. Below I describe what was accomplished for each system and

how they can be improved.

9.1 Summary of Accomplishments

The goals for each system were to:

1. design the optical layout

2. construct the benchtop optical system as well as a suitable catheter

3. develop a basic model to estimate the SBR performance we can expect from

each system

4. characterize the parameters in the model for each constructed system and com-

pare them with expected values

5. test each system with a high contrast object

AR-coated Single Channel Fiberscope

The ar-coated single channel fiberscope incorporated a pellicle beamsplitter to cou-

ple light from the illumination path into an ar-coated fiber bundle. The ar-coating

on the fiber bundle performed slightly worse than we expected based on the manufac-

turer’s specifications and reflectance measurements. The measured SBR of a paper

object was 0.15, whereas the expected SBR performance with an undamaged grin

lens was 0.20. Nevertheless, the ar-coated fiberscope is the most light efficient of the

systems we tested.
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Cross-Polarizer Single Channel Fiberscope

In the crossed-polarizer single channel fiberscope, a combination of a linear polarizer

and a polarizing beamsplitter achieve a DOP of 0.997 in the system constructed. The

Fresnel reflection from the proximal fiber face maintains the incident polarization

and is consequently rejected by the crossed polarizers in the detection path. With

this layout, we expected a SBR of 0.81. We achieved a measured SBR of 1.01. The

increased measured SBR over the predicted SBR was due to modeling the paper

object as a Lambertian reflector. The crossed-polarizer system is very effective at

reducing the background signal from the proximal fiber bundle surface. It effectively

reduces the reflection from the proximal fiber surface to 0.01% with 90% of the light

efficiency achieved with the ar-coated fiberscope.

NA Sharing Single Channel Fiberscope

The NA Sharing fiberscope uses baffles to limit the illumination from a ringlight source

to a narrow cone of angles. The baffles are adjusted to pass rays with angles near the

cutoff angle of the fiber bundle, 19.26 degrees. A mirror with a central hole reflects

in the illumination light at this narrow angle. After reflecting near the inside edge of

the mirror surface, the narrow cone of angles converge to a minimum diameter at the

location of the proximal fiber bundle face. The light collected from the object passes

through the central hole in the mirror. With this illumination technique, we expected

a SBR of 0.85. We achieved a measured SBR of 1.05. The increased SBR over the

expected value is due to modeling the paper object as a Lambertian reflector. BSDF

data suggests that paper has a specular component. The NA Sharing system is very

effective at reducing the background signal from the proximal fiber bundle surface.
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While it effectively reduces the signal from the proximal fiber surface to 0.0078%, it

has a light efficiency that is only 42% of the that achieved with the ar-coated system

because the illumination light is incident at an angle near the edge of the acceptance

cone of the fiber bundle.

Comparing the three techniques reveals that while the ar-coated fiberscope is the

most light efficient, the ar-coating does not perform adequately in reducing the Fres-

nel reflection from the fiber face. The crossed-polarizer fiberscope is nearly as efficient

as the ar-coated system and is effective at reducing the proximal reflection. There

is, however, a slight SBR advantage to using the NA sharing system. Unfortunately,

with the illumination available, the amount of light collected and the resulting SNR

are insufficient for real time imaging of tissue.

Dual Channel Gavage Needle Fiberscope

A dual channel fiberscope was constructed in an 18G gavage needle to investigate

the usefulness of diffuse reflectance imaging in mouse esophagus. Color and textural

variations on the tissue surface including vasculature are visible in the images and

video sequences. An effective protocol for anesthetizing and imaging the esophageal

junction was established. The gavage needle endoscope can image in vivo mouse

esophagus with little trauma to the animal. More work remains to be done to deter-

mine if this is a suitable modality for tracking Barrett’s disease in vivo in an animal

model.

A comparison of the video sequences with histology diagnosis needs to be com-

pleted for each animal in the study. Initial data from the animal studies suggests

that diffuse reflectance imaging may not be the ideal choice for tracking Barrett’s

esophagus in vivo in the diet-based animal model. Mouse esophagus is lined with a
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keratin layer. Histology consistently revealed that the keratin layer increases from 8

µm to over 150 µm in the early stages of disease. This increase in thickness of the

keratin layer over time suggests that a modality with the ability to scan in depth,

such as confocal or OCT, may be advantageous. Another option is to combine diffuse

reflectance imaging with fluorescence by incorporating a Quadview system into the

detection path. The Quadview[27] uses a series of dichroics and a mirror to split

the pupil into four areas, where each image corresponds to a different spectral re-

gion. With this device, three channels could be devoted to RGB and the other to

fluorescence. The source of fluorescence needs to be investigated. Perhaps some pro-

tein binding molecule such as indocyanine green may be useful as one indicator of

Barrett’s disease is increased vasculature in the region.

9.2 Future Work

Each of the fiberscopes can be improved from a hardware standpoint. In the case of

the single channel fiberscope, it would be prudent to first narrow down which tech-

nique to focus on. The most efficient system is the ar-coated system, but achieving a

low enough reflectivity is not technically feasible at this time. The choice is left then

between the crossed-polarizer and NA sharing systems. While the crossed-polarizer

system is more light efficient, there is a slight SBR advantage to using the NA Shar-

ing system. It may be worthwhile to investigate whether the illumination path of the

NA sharing system can be modified to improve the light efficiency. Alternatively, a

brighter light source could be used. The crossed-polarizer system provides a straight-

forward approach to constructing a single channel fiberscope and is probably the best

approach to pursue for future work. There is of course a long list of improvements
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that should made to the next generation of single channel fiberscopes to reduce stray

light in the illumination paths and more effectively use the light available. The model

of the crossed-polarizer system should be modified to incorporate the effects of de-

polarization and diattenuation in the polarizing optical components. The collection

efficiency from the object should be modified to include any specular component in

the object’s BSDF. The contrast and resolution measured from an Air Force Bar

Target is lower than we expected. Preliminary data suggests this may be a result

of rays that undergo TIR from the side walls of the grin lens. If this is the case,

then the catheter could be constructed such that those rays will escape the distal

tip through the side rather than reducing the contrast of the image. In addition, it

may be worthwhile to switch to a grin lens that does not use a silver-ion exchange

process. This would make increase the range of materials that can be used in an

ar-coating on the distal tip of the catheter.

In further imaging studies of mouse esophagus in vivo, the dual channel gavage

needle fiberscope should be used as it has produces quality in vivo real-time images.

It should incorporate a method of flushing the exposed optical surfaces with water

(uncoated grin lens only). It may be necessary to include a suction channel as well

since the stomach of a mouse may not be able to withstand the amount of fluid needed

to flush the surface.

For the detection of Barrett’s esophagus, a combined diffuse reflectance and flu-

orescence based illumination and detection path should be used and can be imple-

mented with the Quadview, a dichroic beamsplitter, and appropriate laser source.

If the imaging channel uses a grin lens that contains silver ions, then the emission

should be in the infrared region or it will be masked by the autofluorescence of the

grin lens. The design for this system for use in the infrared is located in Appendix
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F and the equipment is available in the lab.

Should it be necessary to further reduce the diameter of the fiberscope with flu-

orescence detection, I recommend the NA sharing system as a first step as it is the

most efficient in transmission of the the image signal. A laser source will be used

to excite the fluorophore and will be coupled into the fiber bundle via a dichroic

beamsplitter. Thus the low illumination efficiency of the NA sharing system is not as

much of a concern for excitation of fluorescence. While the crossed-polarizer system

is more efficient in the illumination path, it passes only approximately 30% of the

image signal, which will reduce the achievable SNR in the fluorescence channel.
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Appendices
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Appendix A

Additional Information on

Material and Equipment

A.1 Dolan Jenner Fiberoptic Illuminator

The model used for all of the experiments was the MH-100[5]. It uses a MHR 100 lamp

and has the spectral distribution displayed in Figure A.1. The lamp can be reordered

through Edmund Optics. To connect to various fiber bundles, Dolan Jenner uses

inserts that can be purchased through a distributor like Edmund Optics. The dual

channel fiberscope coupled to the illuminator via a liquid light guide also purchased

through Edmund Optics. It was originally chosen for its UV transmission properties.

The single channel system uses the Dolan Jenner (A3739P) ringlight guide. Some of

the specified dimensions are shown in Figure A.3. As the ringlight mount is injection

molded, it is not uniform around the entire circumference. I measured the dimensions

of ringlight guide and incorporated those values into the design the mount for the

ringlight in the NA Sharing configuration.
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Table A.1: Properties of IGN 05/10

Total Diameter 0.59 mm
Active Area Diameter 0.45 mm

Buffer Thickness 0.025 mm
Plastic Sheath 0.045 mm

Number of Elements 10,000
Core Diameter 2.39 µm

Center-to-Center Distance 4 µm

A.2 Sumitomo Image Bundles

Normalized Frequency, V

V =
2πaNAfb

λ
(A.1)

where a is the radius of the core and NAfb is the nominal NA of the fiber bundle,

0.35, based on the difference in the refractive indices.

Coherent Fiber Bundle Coupling Efficiency

Figure A.6 is a spreadsheet containing the data for the transmission curve in Figure

2.5. This data is the transmission as a function of one angle. When the numerical

aperture of the fiber is filled by the incoming illumination, we measure a transmission

of 54% on average. After subtracting the expected 3% contribution from cladding

signal, I substituted a value of 0.51 for τfb.pf in equation 2.1 and solved for the core

area. The result is a working core diameter of 3.21 µm, which agrees quite well with

Aziz’s[2] experimentally determined value of 3.4 µm based on index of refraction

measurements. The coupling efficiency curve predicts 55.4% transmission in this

scenario (integrating over an NA 0.25, trapezoidal rule).
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A.3 GRIN Lenses

Unfortunately the lenses have a rather broad autofluorescence behavior with excita-

tion beginning in the UV and continuing out past 500 nm. This particular property

can become important when the lens is used in applications involving low signal levels,

such as fluorescence.

The transmission through the lens as a function of angle is shown in Figure A.7.

[41] Note that the plot shows as much as a 20% loss at the higher angles.

In addition, the images of the 0.5 mm diameter grin are curved inward approxi-

mately 20 µm (field curvature). Finally, the grin lenses are known for their chromatic

aberrations. The image plane is 10 µm in front of the exit surface in the blue and 10

µm behind the exit surface in the red.

The grin lenses I used to assemble the gavage fiberscopes had an initial working

distance of 5 mm. The working distance of a grin rod lens is determined by the

pitch of the lens. The pitch of the lens is related to the length of the grin lens.

The working distance of the grin lenses can be increased by polishing (reducing the

thickness) or decreased by using the appropriate amount of index-matching adhesive

to increase the distance between the grin lens and the fiber bundle. In this case, I

used index-matching adhesive to decrease the working distance to approximately 2.5

mm.
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A.4 Specifications for Various Components

Optical Cement

Company: Summers Optical

website: http : //www.emsdiasum.com/Summers/Optical/cements/default.htm

Specifications are in Figure A.8 and the transmission spectrum is in Figure A.9.

Multi Mode Illumination Fibers

(http : //www.polymicro.com/products/opticalfibers/productsopticalfibersfsuf lu.htm)

The attenuation of the Illumination fibers are shown in Figure A.10. These are high

NA fibers with a Teflon clad. Thus we need a license to use them for biomedical

research. The license is in Figure A.11.

Lambertian Standard

The reflectance of Spectralon varies with thickness. The reflectance curves are given

in Figures A.12 and A.13.

Specifications for Polarizers

see Figures A.14, A.15,A.16 for the specifications of the pellicle beamplitter, polarizing

beamsplitter, and generator/analyzer as well as their transmission spectra overlaid

with the spectra of the Dolan Jenner green color filter.
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A.5 Additional Information on Design of

Illumination and Detection

1. Metal Halide Lamp in Illuminator: I prefer this source as the arc radiates across

the visible more uniformly. Halogen sources tend to be shifted toward the red

end of the spectrum. Only downfall is warm-up period 15 minutes to fully

stabilize.

2. Liquid Light Guide: Image of source on fiber bundle is uniform, rather than the

pixelated image obtained with fiberoptic light guide.

3. collimating lens: f=50/25 mm diameter lens. Prefer a maximum diameter of

25 mm as this is the diameter of the polarizing beamsplitter. f=50 is nice for

magnification purposes.

4.

m =
f ′

f
=

10

50
= 0.2 (A.2)

NA′ =
NA

m
=

0.25

0.2
= 1.25 (A.3)

but NA limited to 0.42 by objective at fiber bundle. Usable NA from light guide

is 0.084.

5. nice beamsplitters for our purposes. perform as they claim over the entire

visible.

6. Long WD objective: heavy, but long working distance (23 mm) needed for NA

sharing system
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Figure A.1: Spectral Transmission of Metal Halide Lamp
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Figure A.2: Transmission of Green Colored Glass Filter

Figure A.3: Dimensions of Dolan Jenner Ringlight A3739P
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Figure A.4: Typical Attenuation of Sumitomo Coherent Fiber Bundle

Figure A.5: Normalized Propagation vs Normalized Frequency for the first few LP
modes of a circular step-index waveguide.[28, page 153]
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Figure A.6: Transmission as a Function of Angle Data for Coherent Fiber Bundle
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Figure A.7: Transmission Through the grin lens as a function of angle. This is a
relative illumination plot in Zemax

TYPE VTC-2

Type VTC-2 is a single component, water white, ultraviolet curing polymer. Type VTC-2 

can be used as an adhesive or a coating material. VTC-2 has been used as a coating for 

electronic parts, to prevent light pass in some acrylic optical fibers and also to bond face 

plates or filter plates to ferruled optical fibers. Lens Bond Type VTC-2 cures by exposure 

to long wave ultraviolet light 365nm. Type VTC-2 exhibits excellent adhesion to glass, 

ceramics, and various metals. Its high viscosity aids in holding placement on optical 

fibers being bonded to Grin lenses. Its high viscosity also helps in silk screen pattern 

cementing.

The composition of Lens Bond Optical Cement Type VTC-2 contains no hazardous or 

special hazardous chemicals. The flashpoint of VTC-2 is greater than 200°F and therefore 

is not considered a regulated material by the D.O.T. Type VTC-2 is a 100% solids 

material containing no solvents.

12660 Lens Bond Type VTC-2

bottle w/applicator tip

1oz $30.00

Approximate Curing Times

Pre-Cure Full-Cure

Room temperature 22°C (72°F) using 

longwave radiation (365nm) 

approximately 1" above the element. (15 

watt light source)

Room temperature 22°C (72°F) using 

longwave radiation (365nm) 

approximately 1" above the element. (15 

watt light source)

5-10 seconds between elements 1 hour between elements

20-30 seconds when used as an 

embedding medium, sealant or coating. 

(100 watt light source)

1 hour when used as an embedding 

medium, sealant, or coating. (100 watt 

light source).

NOTE: Cure time presupposes at least 75% to 85% transmission of the elements being 

bonded.

For more information on our ultraviolet curing lamps please see our cementing 

department supply section of our web site.

Instructions For Use

Preparation of Elements: Other than normal cleaning procedures, no special preparation 

is required. The best final cleaner is reagent grade or C.P. Acetone.

Preparation of Cement: There is no mixing or measuring with Type VTC-2. However, it 

is advantageous to have the elements on a white background during pre-cure and full-cure 

cycles. If this cannot be done due to a centering machine, witness pieces should be tried 

to ascertain the repeatable pre-cure time. The user should always check with the glass 

manufacturer for the transmission characteristics at 365nm of the elements being bonded. 

Less than 85% transmission at this wavelength will lengthen cure times.

Application and Curing of Type VTC-2: Squeeze a few drops of Type VTC-2 from the 

convenient dispenser bottle onto the concave surface, and place the convex surface there 

on. Press down firmly and gently until LENS BOND completely wets the matching 

surfaces. Then, with a slow rotary motion and light pressure, force air bubbles from 

between the lenses. Excess cement can be removed with a cloth slightly moistened with 

alcohol or acetone. (Excess solvent will remove cement from between the cemented 

components.) After pre-curing with an ultraviolet light, holding devices may be removed 

and the components carefully cleaned. Before environmental testing, however, the lenses 

must be fully cured.

Full-cure time is in addition to the pre-cure time. If there is any doubt about curing being 

achieved, allow components to cure for a longer period of time. The cement will not 

overcure.

Safety: Although LENS BOND Type VTC-2 is quite safe to use, some persons may be 

sensitive to the chemicals comprising the formulation. For them, the use of finger cots or 

gloves is recommended. Adequate ventilation should be provided.

Notes: If the cemented doublets will be subjected to hostile environmental tests, allow 24 

to 78 hours between full-cure and testing. You may also wait 12 hours after full-cure is 

attained and then subject the bonded elements to 70°C for 1 hour and then another 12 

hours at room temperature for best results.

Specifications

Viscosity.........................6000 cps. to 10000 cps. 

Refractive Index (full-cured).....1.50 

Refractive Index (uncured)........1.49 

Operational Temperature Range.....-20°C to 85°C 

Youngs Modulus....................1.8 x 105psi 

Tensile Shear.....................2500 to 3000 psi 

Shrinkage on Cure.................<.5% 

pH................................4.4 

Specific Gravity..................1.2 

Elongation........................10-15% 

Shore D. Hardness.................65 to 75 

Surface Tension...................38 dynes/cm 

Glass Transition (Tg).............33°C 

Shipping and Storage..............Type VTC-2 needs no special handling 

                                  or storage. It should, however, be 

                                  kept away from intense light and 

                                  elevated temperatures. 

Shelf Life........................12 months from date of manufacture at 

                                  room temperature. 

Size..............................30 gm (1oz)

Successful Application

VTC-2 has been used to bond a sapphire window to mild steel. The bond was exposed to 

60,000psi successfully. Although the pressure was placed against a window/frame 

configuration, this did prove strong adhesion resistance, and high leakproof qualities of 

Type VTC-2.

*For technical data on adhesion properties, solvent and thermal resistance as well as 

transmission studies, please go to our technical data section on this site. !

Figure A.8: Basic Specifications for VTC2 Optical Cement from Summers Optical.
Full Specifications are in file:vtc2.specifications.pdf
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Transmission Studies

of Lens Bond Optical Cements J-91

Common Technical Problems

Common

Problems

Encountered

in Bonding

Elements

Overview:

1. The most common problem reported to us is failure of the cement to
cure within the specified time. This problem is caused usually by one
of the following problems:

1. Wrong catalyst ratio: the instructions are misread or misapplied
concerning the proper catalyst:cement ratio. Follow carefully the

Figure A.9: Transmission Curve of VTC-2 Optical Cement from Manufacturer for a
2.54 µm thickness: Red line indicates 90%. Transmission of cement used in calcula-
tions is 99% over the visible wavelengths. According to the manufacturer, this data
was sent out to another company. However, this cement is routinely used for laser
applications in which a high absorption coefficient would be detrimental. Thus they
attribute most of the 6% loss to reflections at the interfaces.

Figure A.10: Attenuation of Ilumination Fibers.
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Figure A.11: Copy of 2006 License with Dupont (2 years): This license was valid
throughout the mouse esophagus study. Should these fibers be required for a new
gavage needle fiberscope the license would need to be renewed.
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A GUIDE TO REFLECTANCE COATINGS AND MATERIALS

10

SRM-99S space-grade Spectralon exhibits
the same high reflectance and extremely

lambertian profile as optical-grade
Spectralon. Space-grade Spectralon,

however, is fabricated under an advanced
manufacturing process to ensure that the

material is of the highest purity and
cleanliness, essential for space applications.

2.1  Reflectance Data of Optical-, Laser- and Space-Grade Spectralon Reflectance Materials

Wavelength SRM-99O SRM-99L   SRM-99S

  250 0.950 0.929 0.950
  300 0.985 0.970 0.985
  400 0.990 0.987 0.990
  500 0.991 0.987 0.991
  600 0.992 0.989 0.992
  700 0.992 0.987 0.992
  800 0.991 0.986 0.991
  900 0.991 0.987 0.991
1000 0.993 0.988 0.993
1100 0.993 0.987 0.993
1200 0.992 0.985 0.992
1300 0.992 0.985 0.992
1400 0.991 0.982 0.991
1500 0.991 0.982 0.991
1600 0.991 0.982 0.991
1700 0.988 0.977 0.988
1800 0.989 0.976 0.989
1900 0.981 0.968 0.981
2000 0.976 0.957 0.976
2100 0.953 0.924 0.953
2200 0.973 0.944 0.973
2300 0.972 0.934 0.972
2400 0.955 0.926 0.955
2500 0.950 0.902 0.950

Figure 6 - Optical-Grade Spectralon Material

Typical 8! Hemispherical Reflectance- SRM-990

Figure 7 - Laser-Grade Spectralon Material

Typical 8! Hemispherical Reflectance- SRM-99L

Figure 8 - Space-Grade Spectralon Material

Typical 8! Hemispherical Reflectance- SRM-99S

For a 7 mm minimum thickness Source: Labsphere, "A Guide to 
Reflectance Coatings and Materials"

Figure A.12: Reflectance of Spectralon[19]

Source: Labsphere, "A Guide to 
Reflectance Coatings and Materials"

A GUIDE TO REFLECTANCE COATINGS AND MATERIALS

12

2.4 Reflectance Properties of Thin Sections of Spectralon

The reflectance of Spectralon decreases with decreasing thickness over most of the spectrum. Thin sections of Spectralon, less than
4 mm, may be doped with barium sulfate to maintain high reflectance and diffuse properties. The figures below illustrate the
reflectance properties of thin sections of Spectralon and barium-sulfate-doped Spectralon.

325 nm Doped 450 nm Doped
Thickness Spectralon Spectralon Thickness Spectralon Spectralon

1.0 0.934 0.943 1.0 0.937 0.956
1.5 0.944 0.951 1.5 0.951 0.966
2.0 0.959 0.958 2.0 0.962 0.972
2.5 0.966 0.961 2.5 0.969 0.977
3.0 0.970 0.957 3.0 0.973 0.977
3.5 0.967 0.961 3.5 0.973 0.977
4.0 0.973 0.956 4.0 0.977 0.978
4.5 0.978 0.956 4.5 0.988 0.978
5.0 0.988 0.956 5.0 0.992 0.978
5.5 0.987 0.956 5.5 0.992 0.978
6.0 0.985 0.956 6.0 0.991 0.978
6.5 0.984 0.956 6.5 0.990 0.978
7.0 0.985 0.956 7.0 0.991 0.978

555 nm Doped 720 nm Doped
Thickness Spectralon Spectralon Thickness Spectralon Spectralon

1.0 0.933 0.955 1.0 0.928 0.956
1.5 0.949 0.966 1.5 0.948 0.961
2.0 0.960 0.973 2.0 0.958 0.971
2.5 0.968 0.978 2.5 0.967 0.974
3.0 0.972 0.98 3.0 0.970 0.976
3.5 0.973 0.979 3.5 0.973 0.978
4.0 0.976 0.980 4.0 0.976 0.977
4.5 0.986 0.980 4.5 0.984 0.977
5.0 0.989 0.980 5.0 0.988 0.977
5.5 0.989 0.980 5.5 0.988 0.977
6.0 0.989 0.980 6.0 0.987 0.977
6.5 0.989 0.980 6.5 0.988 0.977
7.0 0.990 0.980 7.0 0.989 0.977

850 nm Doped 1060 nm Doped
Thickness Spectralon Spectralon Thickness Spectralon Spectralon

1.0 0.922 0.955 1.0 0.916 0.943
1.5 0.946 0.959 1.5 0.942 0.958
2.0 0.956 0.969 2.0 0.954 0.966
2.5 0.966 0.973 2.5 0.964 0.973
3.0 0.969 0.975 3.0 0.968 0.975
3.5 0.972 0.979 3.5 0.971 0.977
4.0 0.976 0.983 4.0 0.974 0.978
4.5 0.983 0.983 4.5 0.982 0.978
5.0 0.985 0.983 5.0 0.986 0.978
5.5 0.985 0.983 5.5 0.987 0.978
6.0 0.986 0.983 6.0 0.986 0.978
6.5 0.986 0.983 6.5 0.987 0.978
7.0 0.987 0.983 7.0 0.988 0.978

Figure 10

Figure 11

Figure 12
Figure A.13: Reflectance of Spectralon for Thin Slices[19]
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Pellicle Beamsplitters

Order base (or post) separately

Ultra-thin beamsplitter

Extremely lightweight

Uncoated for beam sampling

Coated for beamsplitting

Specifications

Specifications
 Material  5 mm thick polymer film membrane, n=1.47 at 550 nm

 Wavelength Range  375–2400 nm

 Thickness Tolerance  ±0.06 fringes/ mm

 Temperature Range  -40 °C-70 °C

 Durability  Hygroscopic film, keep from high humidity

 Cleaning  Gently blow dust off only, do not touch or immerse membrane

 Damage Threshold  Uncoated: 2 W/cm2 CW, 1 J/cm2 with 10 nsec pulses, typical

Back To Top
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Pellicle Beamsplitters

Order base (or post) separately

Ultra-thin beamsplitter

Extremely lightweight

Uncoated for beam sampling

Coated for beamsplitting

Product Detail

Pellicle beamsplitters are ultra-lightweight components that virtually eliminate multiple reflections commonly associated with thicker glass
beamsplitters. Pellicles are manufactured by stretching a 5 mm thick polymer membrane over a flat metal frame. The extreme thinness

eliminates secondary reflections by making them coincident with the original beam. Multiple wavelength versatility is an added benefit of an
ultra-thin reflective membrane.

We offer pellicle beamsplitters either coated or uncoated. Uncoated pellicles yield an average reflectivity of 8% from 375–2400 nm. They are
well suited for beam sampling applications. Coated pellicles provide equal reflectance and transmission over the same range by means of a
neutral, semi-absorbing coating. The R/T curves below show average values, eliminating the often confusing sinusoidal oscillation due to
interference. A ±5% wavelength dependent oscillation is superimposed on all curves.

Vibration Effects

The extreme thinness of pellicles provides many advantages in reducing losses and ghost images. However, the polymer membrane can
resonate due to vibrations in the environment. Stiff posts or riser blocks should be used in mounting pellicles to an optical table (see Posts
and Post Holders and Slotted Bases). Applications subject to air currents or acoustical noise should use glass beamsplitters.

Interference Effects

Interference effects due to thin membranes should be considered when using pellicles. Monochromatic interference between the front and
back surfaces can introduce unwanted fringes into a transmitted or reflected beam. Secondly, pellicles act as low finesse interferometers.
Over any wavelength range, a ±5% sinusoidal oscillation is superimposed on the transmission and reflection graphs. The oscillation values
change very rapidly with wavelength and averages to the values are shown below.
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Figure A.14: Transmittance of Pellicle Beamsplitter over the visible wavelengths [26]

Figure 4.6: Reflectance Curve for AR Coating on GRIN lens

value for the transmission of the grin lens was determined via measurement
(see Appendix). Those rays that escape the lens, will likely exit through the
side of the fiberscope and are unlikely to contribute in any meaningful way
to the background signal. Those rays that do undergo TIR will degrade the
quality of the illumination beam, but also will not contribute to the background
signal.

Distal Face of GRIN Lens

Some light reaching the distal face of the grin lens will be reflected (Rg.ar)
at the AR coated surface of the lens. The metal halide source in the fiber
optic illuminator depicted in Figure 4.1 emits wavelengths from the UV to the
IR. However the optimal performance of the coating is over the range 450-625
nm (average 0.89%). A visible absorptive filter was placed after the source to
limit the transmitted wavelengths to 450-650 nm. Over this range, the curve
in Figure 4.6 predicts an average reflectance of 0.96%. The actual performance
was measured to be 0.94%. The details of that measurement will be presented
in a later section. For analysis of the single channel fiberscope, the measured
value of

Rg.ar = 0.094 (4.38)

will be used for the residual reflectance from the grin/air interface. FiXme: double
check AR

measured value
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Broadband Polarizing
Cube Beamsplitters

SPECIFICATIONS:
BROADBAND POLARIZING CUBE BEAMSPLITTERS

Transmitted Wavefront Error:  
<l/4 at 632.8 nm over clear aperture

Optical Material:  BK7
Clear Aperture:  90% of central area
Transmission (Ratio of Total Output to Total Unpolarized

Input):  48%
Extinction Ratio (H90) for Closed (Crossed) Polarizer Pair:  

0.01
Principal Transmittance:  

>95% for p-polarization; <1% for s-polarization
Principal Reflectance:  

>99% for s-polarization; <5% for p-polarization
Beam Deviation:  5 arc minutes
Entrance/Exit Surface Flatness:  

<l/8 at 632.8 nm over clear aperture
Coating:  

Broadband multilayer antireflector <0.5% R on all entrance 
and exit faces

Edge Dimensions:  A80.2 mm
Surface Quality:  20-10 scratch and dig

Broadband Polarizing Cube Beamsplitters

A PRODUCT 
(mm) NUMBER

5.0 03 PBB 009
10.0 03 PBB 001
12.7 03 PBB 002
20.0 03 PBB 003
25.4 03 PBB 005
38.1 03 PBB 007

5.0 03 PBB 019
10.0 03 PBB 011
12.7 03 PBB 012
20.0 03 PBB 013
25.4 03 PBB 015
38.1 03 PBB 017
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Broadband polarizing cube beamsplitter for 650–850 nm
wavelength

Wavelength Range 450–680 nm
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Broadband polarizing cube beamsplitter for 450–680 nm
wavelength

Wavelength Range 650–850 nm

Broadband polarizing cube beamsplitters separate the s- and
p-polarized components of an incident beam into two highly
polarized output beams separated by a 90-degree angle.
$ A 50/50 split in laser energy is achieved for unpolarized inci-

dent light.

$ Broadband coatings are offered for operation for 450 to
680 nm and 650 to 850 nm.

$ These are ideal for use in white light and polychromatic
beam-combining applications.
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Broadband Polarizing
Cube Beamsplitters

SPECIFICATIONS:
BROADBAND POLARIZING CUBE BEAMSPLITTERS

Transmitted Wavefront Error:  
<l/4 at 632.8 nm over clear aperture

Optical Material:  BK7
Clear Aperture:  90% of central area
Transmission (Ratio of Total Output to Total Unpolarized

Input):  48%
Extinction Ratio (H90) for Closed (Crossed) Polarizer Pair:  

0.01
Principal Transmittance:  

>95% for p-polarization; <1% for s-polarization
Principal Reflectance:  

>99% for s-polarization; <5% for p-polarization
Beam Deviation:  5 arc minutes
Entrance/Exit Surface Flatness:  

<l/8 at 632.8 nm over clear aperture
Coating:  

Broadband multilayer antireflector <0.5% R on all entrance 
and exit faces

Edge Dimensions:  A80.2 mm
Surface Quality:  20-10 scratch and dig

Broadband Polarizing Cube Beamsplitters

A PRODUCT 
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Broadband polarizing cube beamsplitter for 450–680 nm
wavelength

Wavelength Range 650–850 nm

Broadband polarizing cube beamsplitters separate the s- and
p-polarized components of an incident beam into two highly
polarized output beams separated by a 90-degree angle.
$ A 50/50 split in laser energy is achieved for unpolarized inci-

dent light.

$ Broadband coatings are offered for operation for 450 to
680 nm and 650 to 850 nm.

$ These are ideal for use in white light and polychromatic
beam-combining applications.
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Broadband Polarizing
Cube Beamsplitters

SPECIFICATIONS:
BROADBAND POLARIZING CUBE BEAMSPLITTERS

Transmitted Wavefront Error:  
<l/4 at 632.8 nm over clear aperture

Optical Material:  BK7
Clear Aperture:  90% of central area
Transmission (Ratio of Total Output to Total Unpolarized

Input):  48%
Extinction Ratio (H90) for Closed (Crossed) Polarizer Pair:  

0.01
Principal Transmittance:  

>95% for p-polarization; <1% for s-polarization
Principal Reflectance:  

>99% for s-polarization; <5% for p-polarization
Beam Deviation:  5 arc minutes
Entrance/Exit Surface Flatness:  

<l/8 at 632.8 nm over clear aperture
Coating:  

Broadband multilayer antireflector <0.5% R on all entrance 
and exit faces

Edge Dimensions:  A80.2 mm
Surface Quality:  20-10 scratch and dig

Broadband Polarizing Cube Beamsplitters
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Broadband polarizing cube beamsplitter for 650–850 nm
wavelength
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Broadband polarizing cube beamsplitter for 450–680 nm
wavelength

Wavelength Range 650–850 nm

Broadband polarizing cube beamsplitters separate the s- and
p-polarized components of an incident beam into two highly
polarized output beams separated by a 90-degree angle.
$ A 50/50 split in laser energy is achieved for unpolarized inci-

dent light.

$ Broadband coatings are offered for operation for 450 to
680 nm and 650 to 850 nm.

$ These are ideal for use in white light and polychromatic
beam-combining applications.
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a)

b)

Figure A.15: a) Specifications for Polarizing Beamsplitter[23] b)Transmission of Po-
larizing Beamsplitter Marked with Limits of Visible Filter Used on Light Source
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High-Contrast
Polarizers

SPECIFICATIONS:
HIGH-CONTRAST POLARIZERS

Optical Material:  Soda Lime
Acceptance Angle:  820°
Polarization Axis:  < 82° to indicated edge
Clear Aperture (CA):  90% of diameter
Damage Threshold (cw):  

1 W/cm2 for polarization perpendicular to the orientation of
the plate 
5 W/cm2 for polarization parallel to the orientation of the
plate

Transmission (Ratio of Total Output to Total Unpolarized
Input)*:  
Ultraviolet: ! (k1=k2)>25% 
Visible: !(k1=k2) >35% 
Near Infrared: !(k1=k2) >40%

Straight-Through Transmission for Open Pair (H0), Assuming
Unpolarized Input:  
Ultraviolet: >12.5% 
Visible: >24.5% 
Near Infrared: >32%

Diameter:  f =0/40.2 mm
Thickness:  2.080.2 mm
Operating Temperature:  420°C to =120°C

*k1=transmittance of a polarized beam parallel to the orientation
of the plate; k2=transmittance of a polarized beam perpendicular
to the orientation of the plate.

High-contrast polarizers are thin foil-like dichroic glass polar-
izers made of prolated silver spheroids embedded in soda-lime glass.
These thin polarizers are in turn laminated on a thicker soda-lime
substrate with a matching refractive index with the substrate and
the foil to ensure no change in the polarizer’s spectral characteris-
tics. Thus, the polarizers are less fragile in handling and feature a
low wavefront distortion of l/4. These polarizers are offered with
no coating.

$ High-contrast polarizers are available in the ultraviolet, visi-
ble, and infrared regions.

$ Contrast ratios are as high as 100,000:1, acceptance angles
are as high as 820 degrees, and transmission is greater than
48 percent with unpolarized light.

$ These polarizers are resistant to cleaning solvents, most acids
and bases, and ultraviolet radiation.

$ High contrast polarizers are excellent candidates for optical
communication, data storage, sensing, and instrumental
applications such as microscopy, ellipsometry, and
spectroscopy.

polarization axis

marking

Dot marking indicates direction of polarization axis
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Figure A.16: Specifications for Broadband High Contrast Polarizer[23]
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Appendix B

Transmission Characterization of

Polarizing Optics

Figure B.1 is the list of data and measurements acquired for the transmission charac-

terization of the polarizing optics. Layouts and images along with the signal values

are displayed in this Appendix for some of the transmission values:

• Layout and image along with the signal value for distal illumination with all

polarizing optics removed. Figure B.2

• Beamsplitter:

– Unpolarized Layout and image along with the signal value for distal

illumination with beamsplitter. Figure B.3

– Polarized Layout and image along with the signal value for distal illumi-

nation with generator open to s and beamsplitter. Figure B.4

• Layout and image along with the signal value for distal illumination with gen-

erator open to s and beamsplitter. Figure B.5
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Figure B.1: List of Polarizer Transmission Measurements in the Order They Were
Acquired

• Layout and image along with the signal value for distal illumination with gen-

erator open to p. Figure B.6

• Layout and image along with the signal value for distal illumination with gen-

erator open to p and beamsplitter. Figure B.7
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Figure B.2: Distal Illumination with No Beamsplitter
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Figure B.3: Distal Illumination with Beamsplitter

The following transmissions were substituted into a system of equations to determine

the combined transmission of the polarizing beamsplitter and analyzer:

• transmission of the generator to unpolarized light
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visible filter 450-650 nm
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Figure B.4: Distal Illumination with Generator Open to S

• transmission of the generator and crossed analyzer

• transmission of the beamsplitter to unpolarized light

• transmission of the beamsplitter to the DOP achieved by the generator when

rotated to pass the s state

• transmission of the beamsplitter and analyzer (open to the p state) to the DOP

achieved by the generator when rotated to pass the s state

• transmission of the beamsplitter and analyzer (open to the p state) to the DOP

achieved by the generator when rotated to pass the p state

Each equation described the light path from the output of the fiber bundle to the

camera for each of the above measurements. Solving those equations, I obtained the

values for the DOP of the generator for the measurements above and the combined

transmission of the beamsplitter and analyzer to the s and p states:
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Figure B.5: Distal Illumination with Generator Open to S and Beamsplitter

• DOP of the generator in open state: 0.998

• p transmission of the pair: transmission of the beamsplitter and analyzer 0.593

• s transmission of the pair: transmission of the beamsplitter and analyzer 0.000655
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Figure B.6: Distal Illumination with Generator Open to P
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Figure B.7: Distal Illumination with Generator Open to P and Beamsplitter
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Appendix C

BSDF Data

Figure C.1[3] is the BSDF of clean polished glass plotted as a function of sin(θs) −

sin(θr), where θs is the scatter angle and θr is angle of the specular reflection.1 In this

view, the shape of the BSDF is independent of the angle of incidence. To determine an

average value for the BSDF, I created a spreadsheet listing the scatter angles collected

for each angle of incidence (intervals of 4 degrees). I integrated the weighted BSDF

over the incident angles as described by equation 5.19, and then over the scattered

angles using the trapezoidal rule. Please contact the Gmitro Lab (Biomedical Imaging

Lab) for the full details and data.

C.1 BSDF of White Paper

White paper has a BRDF that is almost Lambertian. Figure C.2 demonstrates that

paper exhibits Lambertian-like behavior for scatter angles above 13 degrees. This

1Breault encourages measuring the BSDF independently as the scattering properties of each
sample can vary. However, I am only using their data to give me a ballpark value for what we
expect from a polished glass surface.
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Figure C.1: Bidirectional Scatter Distribution Function of Polished Glass

BSDF data is from Stover [34] on page 203. However, the distribution at lower angles

is better approximated by a cosine series.
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Figure C.2: BSDF of White Paper
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Appendix D

Expected Performance of

AR-Coating on GRIN Lens
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Figure 4.6: Reflectance Curve for AR Coating on GRIN lens

value for the transmission of the grin lens was determined via measurement
(see Appendix). Those rays that escape the lens, will likely exit through the
side of the fiberscope and are unlikely to contribute in any meaningful way
to the background signal. Those rays that do undergo TIR will degrade the
quality of the illumination beam, but also will not contribute to the background
signal.

Distal Face of GRIN Lens

Some light reaching the distal face of the grin lens will be reflected (Rg.ar)
at the AR coated surface of the lens. The metal halide source in the fiber
optic illuminator depicted in Figure 4.1 emits wavelengths from the UV to the
IR. However the optimal performance of the coating is over the range 450-625
nm (average 0.89%). A visible absorptive filter was placed after the source to
limit the transmitted wavelengths to 450-650 nm. Over this range, the curve
in Figure 4.6 predicts an average reflectance of 0.96%. The actual performance
was measured to be 0.94%. The details of that measurement will be presented
in a later section. For analysis of the single channel fiberscope, the measured
value of

Rg.ar = 0.094 (4.38)

will be used for the residual reflectance from the grin/air interface. FiXme: double
check AR

measured value
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Figure D.1: Overlay of Filter Spectrum and Reflectance Curve of GRIN lens AR
Coating
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Wavelength %T Filter %T Normalized %R GRIN AR %Tnorm * %R

450 0.02 0.036 0.18 0.00655
475 0.18 0.33 0.017 0.00556
500 0.4 0.73 0.012 0.00873
525 0.55 1 0.009 0.009
550 0.5 0.91 0.0065 0.00591
575 0.32 0.58 0.0045 0.00262
600 0.15 0.27 0.0045 0.00123
625 0.07 0.13 0.007 0.000891
650 0.05 0.091 0.0175 0.00159

0.00467

1/e^2 * Tmax.lamp = 1/e^2 * 0.55 = 0.07

averaged over two angles of incidence: 0 and 30 degrees

Figure D.2: Data For Expected Average Value of GRIN AR Coating Reflectance
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Appendix E

Catheter Assembly

This is the assembly used in general. The last catheter was constructed on 10.24.08.

1. align ar illumination path

2. measure ar-coatings using confocal E.1

3. determine which side to use using process described E.1, take images for verifi-

cation of side to match with confocal using oblique illumination (darkfield) in

the single channel system

4. polish the other side reasonably well following the basic steps in E.2

5. verify alignment of ar illumination path

6. perform bare fiber measurements for ar-coated fiber E.3

7. repolish distal tip following ?? strictly

8. align NA share system using distances in Figure E.2

9. set up benchtop for cementing E.5
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10. measure ar-coating on grin lens E.4

11. perform distal reflectance measurements in E.5

12. cement grin lens to fiber and cure following E.5

13. image AFBT with external illumination

14. cement tubing following E.6

15. allow 5 days from initial cure to test

16. perform measurements for ar-coated fiberscope

17. polish off proximal ar-coating following E.2 strictly in conjunction with E.7

18. perform measurements for NA Sharing fiberscope

19. perform measurements for crossed-polarizer fiberscope

20. Before storing or using for animal imaging, route entire catheter through pro-

tective tygon tubing. Starting with proximal fiber end. This is a two person

job.

E.1 Measure Residual Reflectance of AR-Coating

Using Nikon Confocal

I measured the ar-coated fiber and an uncoated fiber using a commercial confocal

microscope (Nikon E600 with confocal attachment). We expected the residual re-

flectance for the ar-coated fiber to be no more than 1% over the visible 450-700 nm

wavelength range. The fiber bundle was placed inside a fiber positioner mounted on
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10x objective
 (NA=0.25) 

AR Coated 
or Uncoated 

Coherent 
Fiber Bundle

Confocal 
Fluorescence 
Microscope

Figure E.1: Schematic and Example Image of AR Coating Reflectance Measurements
Using Confocal Microscope

the microscope stage as shown in Figure E.1. The emission filters were taken out of

the cubes leading to the PMTs. Measurements were taken for two magnifications:10x

(0.25) and 20x (0.5). This underfilled and overfilled the NA of the fiber bundle (0.35).

In addition 2 wavelengths were used: red and green HeNe (632.8 and 543.5 nm). The

gain was set using the uncoated fiber, as the signal coming back from the AR coated

fiber should be less (gain settings 25 68 24). An open pinhole was used to collect the

most signal. However initial focus was performed using the small pinhole. Two areas

of interest were chosen: one inside the active area of the fiber and one outside the

fiber bundle to determine the background levels. To analyze the back-reflected signal

leaking through the dichroics, the following channels were looked at: red 632.8 nm

excitation - channel 3: 595/50 dichroic (575-620) green 543.5 nm excitation - channel

1: 515/30 dichroic (500-530) just like we asked for but chipped. We measured an
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average reflectance of 0.0094 from the ar-coated surface, thus we expect to measure

a combined reflectance and scatter value of

Rfb.ar = (0.0094 + 0.0001) ∗ Tbs = 0.0079 (E.1)

from the proximal surface of the fiber bundle in later measurements using a bare fiber

dipped in oil.
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E.2 Fiber Polishing for Single Channel System

The single channel fiberscopes are very sensitive to surface contaminants. In addition,

the fiber face must be cleaned on a regular basis. Those who have cleaned a fiber

face before know that this can easily introduce more contamination that one began

with. The results are greatly dependent on the quality of the polish on the fiber. The

following process has been successful in the past in producing easy-to-clean surfaces

with no scratches.

Rule 1: A transmission test is not sufficient. The face must be inspected under darkfield (oblique illumination) between each grit.

Rule 2: Clean the fiber with forced air between grits.

Rule 3: Clean all of the polishing equipment before beginning, even the inside of the insert. Otherwise your spectacular polish will come out of the insert with garbage all over it.

I get the best results with this process. It’s a little anal but it works and only

takes half an hour set-up to finish:

1. remove necessary amount of black sheath (typically around 3-5 mm) with ace-

tone. WIPE ACETONE OFF WITH WATER FOLLOWED BY ETHYL AL-

COHOL. An acetone film left on buffer will damage the buffer and the fiber

bundle tip will chip upon removal from the insert.

2. clean the bench area to be used for polishing and assembly

3. setup polishing equipment

4. clean plate with water, clean with alcohol, clean with water, blow fibers from

towel off plate
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5. clean the inside of the insert and puck with alcohol followed by forced air

6. clean off the fiber bundle tip including sides before inserting into insert and

puck.

7. spray tap water on plate and lay down first grit of lapping film (blue 9 µm)

such that few bubbles are trapped underneath film

8. use a few drops of deionized water on top of film. Tap water has contaminants

that can become problematic at finer grits.

9. use figure-8 motion for polishing. I do 2-3 rounds (well-used film sheets) before

moving to next step (white 5 µm).

10. use forced air to blow water off surface of fiber. inspect with monoscope using

a 20x objective under darkfield illumination. An illuminator with a rigid light

guide positioned for oblique illumination works well. The fiber face should

already be black with relatively few large scratches and large dust particles.

11. next step (white 5 µm). 1 round of this is sufficient

12. clean and inspect fiber. should be a cleaner version of the last step

13. next step (yellow 3 µm). 2-5 rounds depending on fiber state in last step.

14. clean and inspect fiber. fiber face should have only medium-fine scratches and

few medium dust particles.

15. next step (pink 1 µm). This is a critical step. I recommend a minimum of

3 rounds regardless of how clean the fiber appears at this point. It is also

advisable to clean the plate again before using this grit.
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16. clean and inspect fiber. should look as if you are done with perhaps some very

fine scratches.

17. next step (white 0.5 µm). 1 round is usually sufficient and necessary.

18. clean and inspect fiber. should look as if you are still done with perhaps some

very fine scratches. (yes this is a repeat of the last grit. but still accurate)

19. next step (blue 0.3 µm). 2-5 rounds depending on fiber state in last step.

This will remove any remaining very fine scratches and all dust. Including this

step ensures that the surface smooth compared to the blue region of the visible

wavelength range.

20. clean and inspect fiber. it should be pristine.

21. pull fiber out of insert slowly with great care as to not damage the tip.
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E.3 Perform Bare Fiber Measurements for

ar-coated Fiber

This is a list of the measurements taken with a bare fiber along with example values

that are typical for the power measurements.

1. verify alignment of ar illumination path

2. iris fully open so can compare between the systems

3. spectralon.ar: nd1

4. mirror.ar

nd2

5. noFB.ar (illumination background)

6. proximal power with power meter.ar

wavelength 550 nm

power prox: 209.5 nW, std dev.:0.993 nW

power background: 5.665 nW, std dev.:0.039 nW

7. bare fiber in air ar

8. distal power bare fiber ar

wavelength 550 nm

power prox: 65.52 nW, std dev.:0.785 nW

power background: 10.56 nW, std dev.:0.061 nW
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9. bare fiber in oil ar

nice demonstration of crosstalk and clad/core coupling

10. beamsplitter measurements ar: performed last to verify exact position used and

don’t want to touch bs if can avoid it.

wavelength 550 nm

power prox: 16.79 nW, std dev.:0.158 nW

power background: 4.194 nW, std dev.:0.033 nW

E.4 AR Coating Measurements with Nikon C1

Confocal

1. Set up microscope area for working with grin lenses

2. Take out the 640 LP emission filter

3. Turn on the red and green HeNe as well as lamp

4. clean 2 microscope slides with ethyl alcohol. Create a T mount using the slides

and 1 layer of double stick tape.

5. check alignment of stage with T-mount using 20x objective

6. Holding the grin lens with a vacuum pen, use oblique illumination to visually

check which side of the grin lens has an ar-coating. Write it down

7. blow dust off slides and place the grin lens as near to the T-junction as possible.

This ensures that atleast half of the grin lens and a reasonable section of the

slide will be in the FOV of the 20X objective.
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Table E.1: GRIN Lens AR-Coating Reflectance Measurements on Nikon Confocal:
Dataset for Catheter Assembled 08.20.2009

AOI Channel 2 Channel 3

side 1 at slide
grin 25.3 29.0
slide 3774.4 28.9

background 24.9 29.1
side 1 at grin lens

grin 438.5 29.0
slide 24.5 29.0

background 23.8 28.8
side 2 at slide

grin 25.8 29.0
slide 3764.7 28.8

background 24.7 29.1
side 2 at grin lens

grin 3000.5 28.8
slide 24.5 28.8

background 23.6 28.8

8. gently place the T-mount on the stage.

9. view with lamp first. Use dichroic and 20X objective.

10. switch to confocal, use red HeNe because grin lens fluorescence is minimal

11. In software, set NA for 20X objective and select 2 equal AOIs: 1) grin lens, 2)

background 3) slide

12. Locate the surface of the grin lens by maximizing signal on grin lens collected

through a small pinhole

13. Write down z position

14. Locate surface slide with same procedure
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15. Set the gains just below saturation using the slide signal collected through a

small pinhole. Double check for a 3 µs dwell time used during data collection.

16. Check the gains for grin lens surface

17. Acquire data for grin surface through a large(?) pinhole. Average over 10 with

a 3 µs dwell time.

18. Record data for each AOI in both channels as shown in Table E.1.

19. Repeat for slide

20. Flip over the grin lens and repeat the process.
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E.5 Process for Cementing grin lens to Coherent

Fiber Bundle

fig:cementlayout

1. setup for cementing as shown in Figure ref:cementlayout

2. Take VTC-2 cement out of refrigerator. It must be brought to room temperature

before curing.

3. Place mount beneath fiber. Check that there is sufficient translation distance

on micrometer before locking down.

4. Adjust x,y and tip/tilt. To adjust y, need to rotate plate 90 degrees. Align

the 2 cylinders and the slit between the two surfaces. Upon x,y translation the

surfaces should move parallel to each other.

5. Turn on illuminator and connect ringlight guide for NA sharing.

6. If the fiber and grin lens are properly aligned the fringes should indicate min-

imal tilt with some spherical due to rounding of the fiber during polishing.

7. Acquire an image with FB/grin in contact and no cement.

8. Place a drop of cement on a clean microscope slide near the top-center. Use an

oil dropper to place a small drop from that drop in the center of the slide.

9. Bring this latter drop into contact with the FB. There should be a very small

amount of cement on the FB. It will require high magnification to be visible.

10. Acquire an image of the FB/cement through the single channel.
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11. Bring the fiber down slowly until the cement contacts grin lens

12. Acquire an image

13. Bring the FB down until it stops. Want good contact between fiber and grin

lens but too much pressure will cause the cement to be squeezed out of center

of FOV.

14. Acquire an image with both external illumination and through single channel.

15. Turn on UV lamps.

16. Put up signs warning of vibration sensitive curing in progress.

17. Allow to cure for 24 hours.

18. Turn off lamps. Allow to cool for 15 minutes

19. Open vice on grin lens. Translate until distal end is above vice. Allow to cool

1 hour.

20. Check junction quality with text object and external illumination. Note working

distance.

21. If have time, wait 24 hours and acquire an image of AFBT for contrast testing

using external and single channel illumination.

E.6 Process for Cementing Protective Tubing

1. Cut section of polyimide tubing just under the combined length of grin lens

and exposed sheath.



210

2. The edges should be clean, straight, and as smooth as possible.

3. Use the vacuum pen to place the tube section in mount.

4. Align x,y and tip/tilt with grin lens and fiber bundle

5. Use slow set epoxy. Apply along length of fiber bundle and 3/4 of the way to

the tip of the grin lens. Try to deposit uniformly.

6. Translate FB/grin into tube. Stop to wipe off epoxy as needed. Release vice

before reach vice, about 1/2 way into tube.

7. Raise tube and place text object on mount surface.

8. Bring the tube into contact with the text object. Continue translating down

until grin lens contacts object.

9. Raise the assembled tip. View under high magnification to verify that grin lens

is flush with the tubing. The grin lens surface must be accessible for cleaning.

10. Take an image of text object and AFBT with external illumination and through

single channel.

11. Allow to cure for 24 hours.
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E.7 Align NA share Illumination Path

The illumination path of the single channel fiberscope is very sensitive to alignment.

It is an iterative process, but this is the procedure to begin with.

1. adjust mirror tip/tilt such that screws in midrange, then adjust tip/tilt top of

mount level with table.

2. adjust mirror position to be 29 mm from baffle mount

3. shadow projected by fiber on mount should be circular with approximately 11

mm diameter. adjust mirror position to adjust diameter. adjust tip/tilt to

adjust circularity and centricity on through hole for fiber.

4. attach black felt with central hole onto fiber mount with double stick tape.

5. cut stainless steel tube

6. smooth out edges

7. paint black

8. insert into fiber chuck

9. insert fiber into chuck with stainless steel tube with black paint

10. pull tube back into chuck to avoid bending tube

11. polish fiber

12. insert into fiber mount

13. place output of bundle in index-matched oil

14. black tube should be out of illumination, no strong reflections from tip
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15. position fiber tip 12 mm from mirror. use distances in autocad drawing shown

in figure E.2 to align mirror with respect to objective, fiber and ringlight source.

16. focus objective

17. adjust xy on mirror for uniform illumination on bundle

18. center of bundle should have counts lower than surroundings
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Dimensions in millimeters

Vertical Side View
NA Share
Optics and hardware

Angelique Kano
Radiology Research Lab
626-4500
akano@optics.arizona.edu

17.17

8.8

17.88

9.7

27.8

13.65

Figure E.2: Distances for Optimal Alignment of NA Share Illumination Scheme
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Appendix F

Simultaneous Diffuse Reflectance

and Fluorescence Imaging

A system for simultaneous white-light reflectance and fluorescence imaging has been

constructed. This system exploits the split-pupil capabilities of the Quad-View Imag-

ing System [27]. This device splits different spectral images onto four quadrants of

a CCD detector. Our system has red, green, and blue channels for color white-light

reflectance imaging and a near IR channel for fluorescence imaging using indocyanine

green (ICG). Figure F.1 shows a diagram of the spectral properties of the system.

We are currently integrating the IR illumination into our single channel system

systems. An IR diode laser operating at 808 nm has been purchased and tested. A

notch beamsplitter has been purchased that will allow us to merge the IR laser with

the existing illumination path (Figure F.3). Figure F.2 shows the planned layout.

Illumination from the diode will be collimated and then reflect off the dichroic notch

beamsplitter. The objective will focus the beam onto the fiber bundle. Fluorescence

from the ICG collected at the tissue plane will be transmitted through the notch



215

Figure F.1: Spectral Regions Selected for Dichroics in Quadview System

beamsplitter. For white-light reflectance imaging, illumination in the visible region

of the spectrum will be provided by either the NA sharing or crossed polarizer tech-

niques. The diffuse reflectance signal and the fluorescence signal will simultaneous

enter the Quad-View module and be separated into red, green, blue, and an infrared

fluorescence channel. We are now developing a phantom containing the fluorophore

indocyanine green (ICG)[37] for testing the fluorescence capability of the multimodal

portion of the project.
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808 nm 
diode

Objective
Camera

Lens
Reflective

Notch
Beamsplitter

Coherent Fiber Bundle

GRIN Lens

collimating lens

C
C
D

Illuminator

Generator

pinhole
~0.5 mm

collimating lens

Illuminator

Figure F.2: Layout for incorporating the quadview into the NA share or crossed
polarizer single channel system
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Red:  quadview filter
Green: 808 dichroic notch filter

Figure F.3: ICG Emission and Excitation Spectra [37] with Overlay of Dichroic Pass-
bands
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Figure F.4: Laser Safety Certification
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The University of Arizona
Institutional Animal Care & Use Committee

certifies that

Angelique Kano
has on this date

July 31, 2003
successfully completed the required

certification program on

Laws & Regulations
Introduction to Animal Hazards Program

Rodent Handling, Restraint & Techniques

 
                                                               

Leslie P. Tolbert
Vice President for Research

6354

Figure F.5: IACUC Certificate
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