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Endoscopic optical coherence tomography of large airways poses unique challenges. A hybrid lens is described
that consists of a section of coreless fiber and graded index fiber (GIF), followed by a ball lens section. This design
produces low numerical aperture beams better suited for large airway imaging. The performance of this lens is com-
pared against conventional GIF and ball lens designs. Forward- and side-viewing probes were modeled, fabricated,
and tested. The impact of a sheath on the beam profile was also investigated. Probes with working distances larger

than 10 mm and depth-of-focus exceeding 12 mm are demonstrated with the proposed design.

© 2021 Optical

Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/A0.431010

1. INTRODUCTION

Endoscopic optical coherence tomography (OCT) systems
equipped with single-mode fiber-optic probes have been shown
to be valuable in a wide range of clinical applications [1,2].
Endoscopic OCT imaging of the nasal cavity, the upper airway,
the trachea, and the mainstem bronchi is a promising approach
for the diagnosis and monitoring of conditions like nasal valve
compromise [3], obstructive sleep apnea [4,5], subglottic
stenosis [0] and central airway obstruction [7]. Unlike other
endoscopic OCT applications, such as intravascular or esopha-
geal imaging, large airway imaging is particularly challenging
owing to the large size of the organs being imaged and the inabil-
ity to center the probe within the lumen using a balloon catheter
or capsule [2], which would relax requirements on the depth of
focus (DoF). Owing to these considerations, probes designed
for large airway OCT imaging usually utilize a side-looking, low
numerical aperture (NA) beam with working distances (WD)
typically greater than 10 mm. To achieve such a beam profile,
a probe design consisting of a bulk gradient refractive index
(GRIN) lens and a glass spacer, combined with a prism to deflect
the beam, has been most commonly employed [4,5].

Probe designs based on bulk glass components, such as GRIN
lenses and glass rods, are very versatile and have been widely
employed in a range of endoscopic OCT applications [2].
However, GRIN lens-based probe elements need to be carefully
aligned and fixed in a manner that allows their alignment to
remain unaffected as the probe rotates [8,9]. A correctly aligned
assembly is typically achieved with some form of housing, which
in turn results in a rigid distal end. Such rigid tips could make
such probes difficult to introduce into sections with tight bends,
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such as the working port of a flexible bronchoscope or a tortuous
luminal organ. The refractive index mismatches at the interfaces
between the elements also result in losses [9,10]. Additionally,
the end faces of the various elements need to be angle-polished
to avoid Fresnel reflections from the interfaces from being
coupled back into the imaging system [2].

An alternative to utilizing bulk glass elements is to use only
fiber-optic components to form the lens at the tip of the OCT
probe. Such all-fiber lenses are constructed using fusion-spliced
segments, which ensures that the lens segments are correctly
aligned, with extremely low-loss interfaces. Such designs also
feature fused elements that are more mechanically robust than
probes formed with bulk glass elements glued together. All-fiber
probes are better suited for applications that require miniature,
flexible probes owing to the smaller dimensions of fiber-optic
elements and the lack of any rigid elements at the probe tip
[2]. A wide range of all-fiber lens designs, based on ball lenses
[11-13], graded index fibers (GIFs) [14—16] or other elements
[14,17,18], have been described in the literature. However, such
designs typically produce imaging beams with short WDs—
typically less than 3 mm, making such probes better suited for
imaging small luminal organs [19,20] or for applications where
the tissue is in contact with the probe [21,22].

In this paper, the design of all-fiber probes suitable for endo-
scopic OCT imaging of large luminal organs is systematically
analyzed. In particular, the design and fabrication of all-fiber
lenses that generate low NA beams is discussed. Such beams
are better suited for applications where the distance between
the probe and the tissue surface is unknown and variable [23].
Three types of all-fiber lenses were designed and fabricated using
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standard, off-the-shelf, 125 um fibers. The first type of design
examined was the combination of coreless fiber (CF) spacer
with a GIE The ball lens probe, formed by splicing a segment
of CF and melting the CF tip to form a ball, was considered
next, Finally, a novel, hybrid design that used a combination of
the first two designs was analyzed. The hybrid design utilizes
an initial segment of CF spacer and GIF to compress the beam
emerging from the single-mode fiber (SMF). A subsequent sec-
tion consisting of another CF spacer with a ball lens tip focuses
the beam.

The lenses were modeled using ABCD transfer matrices,
and their beam profiles were predicted using Gaussian beam
propagation. Several probes, based on each type of design, were
fabricated, and their beam profiles were measured and compared
against the predicted results. Only forward-viewing designs of
the GIF-based lens were examined, while angle polishing of
the ball tip was used to obtain side-viewing beams for the ball
lens and the hybrid designs. Finally, the impact of enclosing
the angle-polished, hybrid probe in a sheath was investigated
by comparing the measured beam profiles and OCT images
acquired with and without the sheath.

2. THEORY
A. ABCD Models and Beam Parameters

The fiber lenses were modeled as paraxial optical systems using
the ABCD matrix method. The GIF lens, ball lens, and the
hybrid lens design schematics are shown in Figs. 1(a)-1(b). In
the figure, ng denotes the SMF core refractive index, the CF sec-
tions have a refractive index of 7, , [ or [ is the length of the CF
segment, the radius of the spherical tip is 74, ng is the refractive
index along the central axis of the GIF, g is the gradient factor
of the GIF, and lg is the length of the GIF section. The length of
the straight segment of the CF spacer in Figs. 1(b) and 1(c), /,, is
givenbyl; = [y — 27,.
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Fig. 1.  All-fiber lens designs. (a) GIF-based lens; (b) ball lens;
(c) hybrid lens with a combination of a CF-GIF segment and a ball

lens segment; (d) common ABCD model for either forward- or
side-viewing hybrid lens.
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The ABCD model for the hybrid lens is given in Fig. 1(d).
The ball lens model may be obtained by setting ¢ =1 and
ly =1y = 0. Similarly, the ABCD model for the GIF lens may
be obtained by setting r, =00 and /[, =0. A side-viewing
probe, based on either the ball lens or the hybrid lens design, is
usually obtained by angle polishing half of the spherical tip and
utilizing either total internal reflection or a metal coating of the
polished face to redirect the beam. Therefore, the ABCD models
for both forward- and side-viewing variants of such lenses are
identical. Only forward-viewing GIF probe designs, as shown in
Fig. 1(a), are considered here.

The ABCD models, along with the Gaussian beam propaga-
tion, using the complex ¢-parameter, can be used to determine
expressions for the WD (the distance between the probe exit sur-
face and the beam waist), the spotsize (SS, twice the beam radius
at the waist), and the beam diameter (BD) versus distance from
the probe tip z,, in ahomogeneous output medium [8,24-26],
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Ty, D+ C npzp
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In the expressions above, A is the wavelength of light in free
space, zg is the Rayleigh range given by zx = mw} /Ao with
wo ¢ being half the mode field diameter (MFD) of the SMF at
Ao, and 7,, is the refractive index of the output medium. 4, B,
C, and D are elements of the ABCD model, where the output
plane is assumed to be at the probe exit surface and A’, B', C’,
and D’ are elements of the ABCD model when the output
plane is situated at distance z,, from the probe exit surface in
the output medium (4'= A+ Cz,,, B'=B+ Dz, C'=C
and, D' = D). The input plane is set to be at the tip of the SMF,
where the Gaussian beam is assumed to have its waist. Analytical
expressions for WD and SS for each lens type may be obtained
by computing the values of 4, B, C, and D by multiplying the
matrices together and then by substitution in Egs. (1) and (2).
The resulting expressions are independent of 72¢.

B. Predicted Beam Profiles

The GIF-based lens design consists of a segment of CF (/;)
spliced to the SMF that acts as a beam expander, followed by
a length of GIF (/) that functions as a lens to focus the beam.
In principle, the lengths of the CF and GIF segments may be
tuned to obtain a range of output beam profiles in a method
similar to that used with bulk GRIN lens designs [25]. However,
such probes, when fabricated from commercially available GIFs
[10,16,27], typically produce beams with a short WD and a
rapidly diverging profile that are not ideal for large airway imag-
ing. However, by appropriate selection of the segment lengths,
the CF-GIF segment can be used to produce a beam with a waist
at the GIF tip and a SS smaller than the MFD of the SME. As will
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be shown below, the compressed SS offered by such a choice is
favorable as a first stage in the hybrid lens design.

The relationship between the probe segment lengths and
the resulting beam profiles for GIF lens designs are visualized
as contour plots of WD and SS, shown in Figs. 2(a) and 2(b),
respectively. The pitch of the GIF segment, p, = g/, /(27),
is used instead of /, due to the periodic nature of the beam
trajectory in the GIF core. The maximum length of the spacer
segment, /g, is set to limit the beam to the GIF core. Probe
designs along the dashed curve in Fig. 2(a) yield the largest
possible WD, while probe designs along the dashed curve in
Fig. 2(b) result in the longest DoF (defined to be twice the
Rayleigh range), which scales with SS according to Gaussian
beam theory. While in general, a small SS is desirable to preserve
imaging resolution, here we prefer a large SS, as DoF tends to
be a limiting factor in large airway imaging. The dashed-dotted
curve in Fig. 2(b) is the contour of the minimum SS, and select-
ing CF and GIF lengths that lie along this curve would result in
probes thatyield the smallest SSs.

Similar plots for the ball lens and the hybrid lens are shown in
Figs. 2(c)—(f). The maximum spacer length, /; , for both designs,
is set to ensure that the BD does not exceed the CF diameter.
For the hybrid lens, /;; and /, are kept fixed at 272 and 326 pm,
respectively, to obtain an input BD of ~ 4.4 pm at the input face
of the second CF segment (this is the smallest BD achievable
with the fibers described in the Methods section, while ensuring
that the GIF core fill factor is less than 2/ [27]). The dashed
curves again indicate the contours of the maximum WD or the
maximum SS. Note that an SMF-GIF section alone cannot
produce a beam with a waist size smaller than the MFD of the
SMEF [16,24].

The contours of the maximum WD and maximum SS for all
the designs are parallel to each other. Additionally, the contours
for the ball lens and the hybrid lens designs have the same slope,
but different offsets. In particular, it can be noted that the func-
tion of the CF-GIF segment in the hybrid design is to increase
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the WDs achievable with similar /;, and 7, values, but at the cost
of larger S§Ss. The expressions for these contours can be found in
Ref. [28].

The maximum predicted WD, with the segment lengths
shown in Fig. 2, for the GIF lens, the ball lens, and the hybrid
lens, is ~ 1.2 mm, ~ 5 mm and ~ 19.5 mm, respectively. The
probe designs that were selected to be fabricated and tested are
indicated by the diamond markers on the plots.

C. Angle Polishing

Endoscopic imaging of luminal organs, such as the airway, is
best accomplished using a beam that emerges neatly perpen-
dicular to the axis of the probe, i.c., a side-viewing beam. In
order to determine the optimal polishing angle, consider Fig. 3,
which depicts a Gaussian beam originating at its waist in the
CF and being incident on an interface between the CF and the
medium that is polished at an angle «. Total internal reflection
occurs if the beam incidence angle is greater than the critical
angle 0, = sin"' (n,,/n,). While the angle of incidence for a
ray along the central axis is &, the angle of incidence for the
portions of the beam above the axis is less than «. If the distance
between the beam waist and polished surface is much larger
than the Rayleigh range, then the divergence of the beam may be
characterized using the angle & = Ao/ (wwo#, ). Thus, in order
for all portions of the beam to satisfy the total internal reflection
condition, @ — 6 > 0, or,

.1 "m
a>sin"' [ =2 +
71:

After reflection, the OCT beam emerges from the probe atan
angle B = 2(a — m/4) relative to the plane perpendicular to the
fiber axis. For this side-viewing beam, the z axis is considered to
be in the direction of propagation, the x axis is considered to be
along the length of the probe, and the y axis is considered to be
perpendicular to the probe axis.
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Fig. 2.

Contour plots of the WD and SS. (a) GIF-based lens WD; (b) GIF-based lens SS; (c) ball lens WD; (d) ball lens SS; (e) hybrid lens WD;

(f) hybrid lens SS. Dashed lines indicate the contours of the maximum values; dashed-dotted line in (b) indicates the minimum SS contour. Diamond
markers depict some of the lens designs fabricated and tested. P> GIF pitch; /4, /i, spacer lengths in micrometers; 75, ball radius in micrometers.
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Fig.3. Gaussian beam incident on an angle-polished interface.

Additionally, endoscopic OCT imaging is always performed
with the probe enclosed in a sheath, which may be character-
ized by its internal diameter, 27, the wall thickness, #,, and
the refractive index of the material, 7;. The sheath can be
modeled using different ABCD matrices for each orthogo-
nal direction [25,26]. Due to the cylindrical shape of the
sheath, in the x direction, the waist location is shifted farther by
t,(ny — n,,)/n; and the SS remains the same. However, when
using the sheath described in the Methods section, the beam is
expected to lose its focus in the y direction.

3. METHODS

The all-fiber probes were designed to be compatible with
an endoscopic OCT system suitable for airway imaging
and operating at a central wavelength of 1.3 um [23]. The
OCT system uses standard SMF-28 fiber with a 125 pum
cladding and 9.2 um MFD at 1.3 um (SMF-28, Thorlabs
Inc.) for its sample and reference arms. Therefore, the beam
radius at the tip of the SMF is modeled to be wo s =9.2/2 and
ng = 1.00367ica, Where 74, = 1.4469 is the refractive index
of silica at 1.3 um. The GIF has a 62.5 um core and 125 pm
cladding (GIF625, Thorlabs Inc.), and the fiber parameters
£=06336x 107 um™1, ny =1.4761 [27] were found to
yield ABCD predictions that matched reasonably well with
the measurements. The CF has a diameter of 125 wm and
is made of pure silica (FG125LA, Thorlabs Inc.); therefore,
7 = Ngilicas = Hglica- Measurements with the sheath were
made using a fluorinated ethylene propylene (FEP) sheath with
inner/outer diameter of 540/840 um and nominal refractive
index of n, = 1.34.

A Vytran FFS2000 fiber workstation (Thorlabs Inc.) was
used to strip, cleave, and fusion-splice different elements of the
fiber probes. A dedicated ball lensing system, 3SAE BLS (3SAE
Technologies Inc.), was used to melt the fiber and form spherical
tips [29]. In order to form a spherical tip, the cleaved fiber tip
was positioned below the electrodes and a short (~ 3s) arc dis-
charge was performed. The diameter of the resulting spherical
tip was measured, and the arc discharge was repeated after mov-
ing the fiber tip back to the starting position to increase the ball
size. These steps were repeated manually until the desired ball
diameter was obtained. Smaller adjustments to the ball diameter
were performed by positioning the tip farther away from the
electrodes.

In order to angle-polish the spherical tip, the probe was
mounted on a dedicated fiber holder with an angled ferrule at
its tip. Crystalbond 509 (Ted Pella Inc.) adhesive polymer was
used to mount the ball-tipped fiber on the ferrule. The polishing
angle was estimated using Eq. (4), assuming the wavelength to
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be 1.36 pm (the longest wavelength for a swept laser source with
a sweep range of ~ 120 nm [23]). For the ball lens design, the
polishing angle relation was found to be o> 47.5°, assuming
wp = 9.2/2 pm. For the hybrid lens, the relation wasa> 51.9°,
assuming wy = 4.2/2 pm after the CF-GIF segment. Thus, the
polishing angle was chosen to be 48° for ball lens probes and 52°
for hybrid lens probes. These polishing angles provide a beam
exitangle of 6° or 14°, respectively.

Angle polishing was performed using the Ultrapol Polishing
system (Ultratec Manufacturing Inc.); 50% of the spherical
tip was polished in stages under a slow, steady trickle of water.
First, a6 pm diamond film was used to remove most of the glass,
followed by polishing with 1 and 0.5 pm diamond lapping films
to obtain a smooth polished surface. After polishing, the probe
was unmounted by dissolving the polymer in acetone, and then
cleaned by immersing in acetone, followed by an ultrasonic iso-
propyl bath. The high magnification imaging of the FFS2000
workstation was used to acquire images of the probes at various
stages of the fabrication process. The workstation’s imaging
system has a field of view 0f 480 x 360 pm and the saved images
were 1032 X 776 pixels; therefore, a constant factor of 2.15
was used to convert measurements in pixels to micrometers.
Multiple images were acquired and stitched based on landmarks
to assemble the full probe images, shown in the Results section.
The stitched images were used to measure the dimensions of the
various probe elements. The linear dimensions were measured
using straight lines between visible fiber features such as splice
joints or the SMF core tip, and the diameter of the spherical tip
was measured by manually drawing a best-fitting circle.

Beam profiles were measured with the Nanoscan Ge/9/5 um
(Ophir-Spiricon LLC.) scanning slit beam profiler. The mea-
sured BDs were compared against the ABCD predicted beam
profile using the root mean square error (RMSE) metric. The
measured BDs in the x and y directions are denoted by B D,
and BD, in the Results section. A comparison of predicted
and measured beam profiles from some initial ball lens probes
showed that the measurement method of using the best-fit circle
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Fig. 4.  GIF lens results. (a) Measured and predicted beam profiles;
(b) image of the probe marked T; (c) image of the probe Uj scale bars
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overestimated 7, by ~ 5 pm. Therefore, for ball lens probes, the
measured value of 7, was reduced by 5 pm, and the measured
value of /; was increased by 10 pm, such that the overall length
of the CF segment (/;;) retained its measured value. The ABCD
predictions for ball lens probes were also compared against
results obtained from OpticStudio (Zemax LLC.); the results
of this comparison are presented in the Supplement 1. For the
hybrid lenses, the measured value of 7, was reduced by 10 pum,
and the measured value of /; was increased by 20 um. The
reported values of /; and 7 in the Results section, for both the
designs, are after these corrections. The ABCD predicted beam
profiles, used for comparison with the measured BDs, were also
obtained with ABCD models that used the corrected lengths of
/; and 4 for both designs.

OCT images were acquired with a cart-based swept source
OCT system with a center wavelength of 1300 nm, A-line rate
of 100 kHz, axial resolution of ~ 13 um, peak sensitivity of
~ 106 dB, and an imaging range of 12 mm [23]. Images were
acquired in a rolled paper cylinder with a printed pattern of
alternating black and white, 125 pm, lines, and in an excised pig
trachea.

4. RESULTS

Representative results for forward-viewing GIF lenses are shown
in Fig. 4. The measured and predicted beam profiles for two sets
oflenses are shown in Fig. 4(a). The inset shows an enlarged view
of the predicted beam profile within the lens segments. The table
shown on the figure summarizes the lens segment lengths along
with the predicted WD and SS.

Probes with profiles marked as S and T were designed to
achieve the maximum possible WD, while the probe segment
lengths for probes U and V were chosen to obtain a compressed
SS at the GIF tdp. Figures 4(b) and 4(c) show images of the
probes that produced plots T and U, respectively. The inset in
Fig. 4(a) indicates that the beam waist locations for probes U
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and V are very close to the probe tip and that the waist sizes are
less than the MFD of the SME

Probe S achieved a WD of ~ 1.1 mm with a GIF fill factor of
96.3%, while probe T had a WD of ~ 0.4 mm with a fill factor
of 63.8%. Probe designs denoted by U and V achieve a com-
pressed SS close to 4 pm with a WD of ~ 0 mm, with a fill factor
of 66.5% and 96.4%, respectively. In order to achieve better
agreement with ABCD predictions, the fill factor was limited to
63.7% [27], and the target /;, /, lengths for the hybrid design
were chosen to be 272 and 326 pum.

Ball lens-based probe results are shown in Fig. 5; (a) to (c)
illustrate the various beam profiles that may be obtained and
images of forward-viewing probes, while (d) to (f) present
results from a side-viewing probe. Figure 5(a) shows the mea-
sured and ABCD predicted beam profiles for probes shown
in Figs. 5(b) and 5(c) along with two other beam profiles, S
and U. The inset shows the measured beam intensity profile of
the probe marked V, in the xy plane, at a position close to the
waist. The table in the figure again summarizes the lens segment
lengths and the predicted WD and SS. A WD > 3.8 mm with
an SS of 81 pm could be achieved using a 520 pum tip ball lens,
shown in Fig. 5(c) (design V).

Figure 5(d) compares the beam profiles of a ~2.9 mm
WD probe, before and after angle polishing. The insets show
the beam intensity profiles of the forward- and side-viewing
probes at a position close to the waist. The WD and SS for the
side-viewing probe specified in the table were found by using
a best-fit Gaussian to the measured beam profile. An image
of the probe before angle polishing is shown in Figs. 5(e), and
5(f) depicts the same probe after angle polishing. The pol-
ishing angle was 48°, and the measured beam exit angle was
B =6.37 = 0.3°. The beam profiles before and after polishing
matched closely, the WD for both the probes was ~ 2.9 mm,
with an SS of ~ 72 um. The beam intensity profiles, shown as
insets in Fig. 5(d), also match, except for a slight astigmatism,
visible on the side-viewing beam intensity profile.

(d) 300
s r WD SS

(um) () Gmm) (am)

Forward 336 230 2.939 76
Side 336 230 2973 68

200 - ESXAtiull z=2.78 mm

[0 BD, measured
YV BD, measured
— ABCD predicted
= = - Gaussian fit

beam diameter (um

Ball lens results. (a) Measured and predicted beam profiles for forward-viewing probes; (b) image of probe with a WD of ~ 1.8 mm and SS

45 pm, marked T; (c) image of probe with a 520 pm diameter ball tip, profile marked V; (d) comparison of beam profiles before and after angle pol-
ishing a 460 pum ball lens probe; () image of the forward-viewing probe, with profile shown in part (d); (f) image of the probe shown in part (e) after

angle polishing at 48°; scale bars are 100 pm.


https://doi.org/10.6084/m9.figshare.14829468

6390 Vol. 60, No. 22 / 1 August 2021 / Applied Optics

The increased WD and DoF enabled by the hybrid design are
illustrated using results from forward-viewing hybrid probes in
Fig. 6. Beam profiles shown in Fig. 6(a) demonstrate thata WD
aslarge as ~ 3.97 mm may be achieved usinga 290 pm diameter
ball tip. Figure 6(b) shows the image of a hybrid probe with a
472 um spherical tip that produces a roughly collimated beam
with a WD of ~ 12.3 mm (marked as V). The group of results
in Figs. 6(c)—6(f) illustrates the properties of a hybrid lens with
a 14.35 mm WD and a ~27.9 mm DoFE The probe image is
shown in Fig. 6(c), and the measured, predicted beam profiles
are given in Fig. 6(d). The beam intensity profiles shown in the
insets in Fig. 6(d) as well as in Figs. 6(e) and 6(f) show that a
beam produced by this type of probe is approximately Gaussian
in nature.

Figure 7 demonstrates the use of the hybrid lens for OCT
imaging. This probe was designed to have a WD of ~ 6 mm, in
order to obtain a roughly uniform BD over a 12 mm imaging
range [23]. Figure 7(a) compares beam profiles of the forward-
looking probe before angle polishing, the side-viewing probe
after polishing and the side-viewing probe enclosed in the FEP
sheath. In this case, the WD and the SS for the side-viewing
probe (~ 5.75 mm and 48 pum, respectively), determined using
the best-fit Gaussian, were identical to the forward-viewing
profile. Figures 7(b) and 7(c) show images of the probes before
and after angle polishing at 52°. The beam exit angle for the
side-viewing probe was measured to be g =13.15=+0.25°.
The beam intensity profiles for the forward- and side-viewing
probes, at a position close to beam waist, are shown in Figs. 7(d)
and 7(e).

When comparing the beam profiles of the side-viewing probe
with and without the sheath, shown in Fig. 7(a), it can be seen
that the beam characteristics in the x direction are approxi-
mately unchanged. However, the beam profile in the y direction
is diverging and without a waist in the output medium. The
astigmatic beam profile caused by the sheath is also illustrated by
the beam intensity profile shown in Fig. 7(f).
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OCT images acquired with the probe shown in Fig. 7(c),
with and without a sheath, are shown in Figs. 7(g)-7(j). The
loss of resolution caused by the use of a sheath is evident from
a comparison of images Figs. 7(g) and 7(i). The impact of the
sheath on images of the trachea is less clear; visually, Figs. 7(h)
and (j) appear similar and seem to represent the airway shape
and the underlying structures equally well.

5. DISCUSSION

The results obtained for the three types of all-fiber probes were
consistent with the predictions obtained using the ABCD
model and the Gaussian beam propagation method. The agree-
ment between the ABCD predictions and the measured BDs
for the GIF-based lenses was modest. It was found that a larger
fill percentage of the GIF core and a longer GIF section were
associated with a greater discrepancy between the predicted and
measured results. The RMSE for plots S, T, U, and V were 19.7,
3.6,61.1, and 231.9, respectively. Owing to these observations,
the target CF and GIF dimensions for the hybrid lens were
chosen to keep the fill factor less than 2/7 [27]. For the ball
lens designs shown in Fig. 5(a), the average RMSE between the
measured and predicted BDs was 4.6 pm. For the hybrid lens
results shown in Fig. 6(a), the average RMSE was 7.5 um. Thus,
the ABCD method was found to be adequately suited for the
design of ball lens and hybrid lens probes.

The ball lensing procedure described here utilized a dedicated
ball lensing system, as opposed to a fusion splicer used by pre-
vious studies [11-13,19,20,22]. This enabled the fabrication
of larger spherical tips and consequently longer WD ball lens
probes than have been reported. In the process described here,
the ball tip is formed gradually using multiple arc discharges.
Heat is transferred to the fiber tip by radiation and convection
[29], and the molten glass naturally forms a sphere due to surface
tension. The resulting spherical tips are highly symmetrical and
produce nearly perfect Gaussian beam profiles, as illustrated in

Fig. 5(a).
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Fig.6. Forward-viewing hybrid lens probe results. (a) Measured and predicted beam profiles for four designs; (b) image of hybrid lens marked as V
in (a); (c) image of 514 pm hybrid probe with 14.35 mm WD; (d) beam profiles for the probe shown in (c); the insets show beam intensity profiles at
the z positions indicated in mm. (e), (f) Beam intensity profiles for the probe shown in (c) in the xz and y z planes; scale bars are 100 [tm, unless noted.
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Side, without sheath

Side, with sheath

Side-viewing hybrid lens with ~ 5.75 mm WD. (a) Measured and predicted beam profiles for the forward-viewing probe, side-viewing

probe, and side-viewing probe enclosed in a sheath; (b), (c) images of the probe before and after angle polishing; (d), (¢), (f) beam intensity profilesata
position close to the waist for the forward-viewing probe, side-viewing probe, and side-viewing probe enclosed in a sheath, respectively; (g), (h) OCT
images acquired with the side-viewing probe in a rolled paper cylinder with 125 pum lines and an excised pig trachea, respectively; (i), (j) OCT images
acquired with the side-viewing probe enclosed in a sheath of the same samples as (g) and (h); scale bars are 100 pm, unless noted.

The angle polishing process, presented in the Methods sec-
tion, was robust and produced a single, well-defined beam by
total internal reflection alone. As demonstrated in Figs. 5(d)
and 7(a), the beam profiles, before and after angle polishing,
matched closely. The measured beam exit angle was also con-
sistent with predictions. However, the total internal reflection
condition can be hampered by several factors, and this makes
the angle-polishing process the most challenging aspect of the
entire fabrication procedure. In order to ensure predictable
results, care must be taken to ensure that the lens tip is clean, the
polishing angle is correct, the extent of polish (i.e., the amount
of spherical tip polished) is close to 50%, and that the polished
surface is perfectly smooth. Any imperfection will result in
multiple leaked beams or a grossly distorted main beam.

The results presented in Figs. 6 and 7 demonstrate that beams
with significantly longer WDs may be produced with the hybrid
lens design as compared to any other all-fiber design presented
in the literature. The initial CF-GIF section produces a rapidly
diverging beam within the second CF segment and allows better
use of the limited aperture of the straight CF segment and the
spherical tip. In the context of endoscopic OCT imaging, the
use of a compound lens, with one segment employed to generate
a compressed SS, was first demonstrated using bulk GRIN
lenses and spacers by Fu et al. [30]. The hybrid lens presented
here is an all-fiber realization of the same concept. The com-
bination of a CF ball lens segment with a GIF section has also
been proposed by Shiraishi ez 4/. in the context of fiber-optic
coupling [31]. Although the hybrid lens design utilizes some of
the same elements, the principle of operation is different. Thus,
the hybrid lens design approach presented here is novel, to the
best of our knowledge.

As illustrated by Fig. 7, the sheath can dramatically alter the
beam profile and decrease the image quality if not compensated

for. However, the pair of images shown in Figs. 7(h) and 7(j)
indicate that the astigmatism produced by the sheath might
not be very detrimental for the anatomical imaging of the large
airways. Nevertheless, it is preferable to mitigate the impact of
the sheath in order to improve resolution, and to reduce sensi-
tivity roll-off over the imaging range. One approach to mitigate
beam astigmatism is by the use of ellipsoidal ball lens designs
[19,20,22]. While the ball-lensing procedure used here can only
form spherical tips, the hybrid lens design can be used to obtain
long WDs with relatively small tip sizes. Therefore, it should
be feasible to fabricate low NA, long WD, hybrid probes with
elliptical tips using a combination of the methods described here
and the use of a fusion splicer to form the tip [19].

6. CONCLUSION

A novel, all-fiber lens design, suitable for endoscopic OCT
imaging of the large airways, was demonstrated. This hybrid
design achieves longer WDs and greater DoF than any other
reported design thus far. Three all-fiber lens topologies were
examined, and detailed modeling and fabrication notes for each
type of design were also presented.

It is hoped that the details provided here will be of con-
siderable help for designers of fiber-optic lenses, not only for
endoscopic OCT imaging but also for fiber-optic coupling
applications.
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