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Abstract: Numerical simulation technology was investigated by using the optical software GLAD to
design Gradient Index (GRIN) lens based miniature probes for imaging of Optical Coherence Tomo-
graphy (OCT). Firstly, the basic features of the GRIN lens were overviewed,and design methods for
GRIN lens based optical probes were discussed. Then, the probe model consisting of a single mode fi-
ber, a glass rod spacer and a GRIN lens were simulated. The simulating results show that the numeri-
cal simulation technique using GLLAD can provide an intuitive and effective method for design of minia-
turized probes and verification of their optical performance. In addition, the spacer can improve the
optical properties of the GRIN lens based optical probes for there exists a suitable range of the spacer
lengths in the glass rod. It shows that the working distance of the probe will be greater than 1.0 mm
and the focus spot size less than 40 pm when the constant length of GRIN lens is to be 0. 1 mm and the
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spacer length range from 0.8 to 1. 1 mm.
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1 Introduction

Optical biomedical imaging techniques, for ex-
ample, Optical Coherence Tomography (OCT),
are becoming increasingly promising imaging
tools for both diagnosis and guiding surgery be-
cause of its fast imaging speed, high image reso-
lution, non-contact detection, etc'?'. In an
OCT system, the probe is one of the key parts.
The quality and optical parameters of the probe
will directly determine properties of the OCT
system. For example, the focal length and waist
diameter of the beam will determine the working
distance and transverse resolution of the OCT
system, respectively.

In recent years, the Gradient Index
(GRIN) lens has been proposed, and then be-
come a key component in miniaturized probes for
OCT, since it is easy to assemble for its plane
surfaces and good off- and on-axis performance.
In 2002, Swanson et al. proposed the design of
GRIN fibers based miniature optical probes,
which could be used for the imaging of narrow
space in the deep tissues and organs of human

Reed, Jafri et al.
[4-6]

beings and small animals"!,
demonstrated the usages of such probes
However, all of them did not present its per-
formance characteristics in detail. Since 2007,
Dr. Mao You-xin studied the fabrication method
and performance testing method of an ultra-
small fiber probe composed of a Single-mode Fi-
ber (SMF), a No-core Fiber (NCF) and a GRIN
fiber. Dr. Mao investigated the focal length and
waist diameter using the method of ray matrix
transformation of the complex beam parame-
tert™, but it lacked of the analysis of the beam’
s transmission in the internal probe. As a matter

of fact, properties of a probe may not be able to

improve effectively with an improper fiber spacer
(e. g. no-core-fiber). On one hand, if the spacer
length is too short, the working distance can not
be effectively increased because of the failure of
beam expanding. On the other hand, if the use
of the spacer length is too long, some light ener-
gy of the optical beam may overflow from the
spacer side, which will finally reduce the cou-
pling efficiency and the sensitivity of an OCT
system. Therefore, it is necessary to study opti-
cal beam profiles at all locations within the probe
and the influence of a spacer length on the per-
formance of the probe.

For an ultra-small fiber probe, it is very dif-
ficult to detect its internal beam propagation
characteristics experimentally. In this paper, we
proposed a numerical simulation technique to a-
nalysis the optical performance of the GRIN lens
probes. GLAD, a physical optics modeling soft-
ware, was used to solve the intensity distribu-
tion of Gaussian beam along the direction of
propagation in any section of the probe. Be-
sides, we also studied the influence of the glass
rod or spacer on the working distance and trans-
verse resolution of an OCT system. Thus, this
article eventually provides an effective method
for the design and performance verification of the
GRIN lens based miniature probes used in the
OCT system.

2 Fundamental theory of GRIN lens

A GRIN lens has many advantages for the design
of miniature probes used in OCT compared to a
conventional lens. As Fig. 1(a) shown, a con-
ventional lens works in this way: due to big re-
fractive index difference between air and homo-
geneous lens material, an incoming light ray is

first refracted when entering the shaped lens
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surface, then propagates in a direct way within
the homogeneous material, and is refracted again
after emerging through the exit surface of the
lens. The rays focus on a spot and create an im-
age on condition of a well-defined surface shape
of the lens. It is obvious that the fabrication of
the conventional lens surfaces requires high pre-
cision, which limits the miniaturization of the
lenses and raises the costs of production. Unlike
conventional lenses, the focusing performance of
a GRIN lens depends on a continuous change of
the refractive index within the lens material.
Plane optical surfaces are employed instead of
complicated curved surfaces. The light rays are
continuously bent within the lens and finally fo-
cused on a spot as shown in Fig. 1(b). As a re-
sult, we can fabricate miniaturized lenses cost-
effectively and integrate it with other planar op-
tical components easily like optical fibers. The
lens parameters, such as focal length and focus
spot size, can be adjusted simply by changing
the length of the lens.

(a) (b
Fig. 1 Performance comparison between conventional

spherical lens (a) and GRIN lens (b)

In the following, some technical details are
described about the optical design of GRIN lens
based miniaturized probes for the OCT. A radial
refractive index profile of mnearly parabolic
shape, which realizes a continuous cosine ray
trace within a GRIN focusing lens, is expressed
as:

n(r) =n,sech(gr) , [@D)
Where n, represents the refractive index at the
center of the profile, r the radius and g the gra-

dient constant.

The period or pitch length P is given by
P=2xn/g , (2)
Which does not depend on the entrance height
and the entrance angle of the light ray (see Fig.
2).

1/4 pitch
' 122 pitch |
“1 1 pitch

A A A

Y

Fig.2 Ray traces within a GRIN focusing lens with
different pitch lengths

Various lens imaging designs can be realized
using the same index profile by choosing differ-
ent lengths of the lens. A 1/4-pitch lens images
a point source on the entrance surface of the lens
into an infinite or collimated beam. A 1/2-pitch
lens images an object on the entrance surface in-
verted on the exit surface of the lens. A 1-pitch
lens images an object on the entrance surface of
the lens identically on the exit surface. In order
to ensure an optimum imaging quality, the re-
fractive index profile should fit an ideal shape as
accurate as possible. For focusing lenses, the i-
deal shape is described by formula (1). The geo-
metrical gradient constant g characterizes the
steepness of the index gradient, and it deter-
mines the working distance together with the

lens length to some extents.

3 GRIN lens based miniature probes

In OCT imaging, a GRIN lens in the miniatur-
ized probes is used to focus the scanning beam
inside the tissue of interest. A simple small
probe may just consist of a SMF, a small GRIN
lens and a prism. The prism is attached to the
front side of the lens to deflect the scanning spot

of the rotating probe to the side. The surfaces of



5939

WANG Chi,et al. ; Numerical analysis of GRIN lens based miniature--- 2303

the lens and prism can directly touch the medium
of interest (i. e. , the tissue, water or some oth-
er index-matching media) without sacrificing the
lens performance. The focus position with re-
spect to the surface of the lens can be adjusted
by cutting the lens at different thicknesses along
the optical axis. However, due to the exception-
al focusing capabilities of GRIN lenses and small
Mode Field Diameter (MFD) of the SMF, the
focal plane position inside the object medium is
typically limited to a few hundred microns. Fur-
thermore, general bio-tissues have a high ab-
sorption of light, which results in a small cou-
pling efficiency and a low sensitivity of OCT.
One of the effective methods to this problem is
the use of a spacer or a glass rod and fuses it be-
tween the SMF and the GRIN lens (see Fig. 3).
By adjusting the length of the rod, we are able
to control the size, divergence and the position
of the scanning spot by expanding the optical
beam of the SMF.

Fiber Spacer GRIN lens Prism
L —
—— =]

Focal spol/)(

Fig. 3 GRIN lens with a spacer and a prism

From described above, the GRIN Lens can
be used to design many kinds of probes together
with SMFs, prisms and spacer rods. Because of
the high absorptive capacity and high scattering
properties of biological tissues and strong fo-
cused effect of the GRIN lens as well, the probes
have disadvantages on a small working distance
and low coupling efficiency. Theoretically, the
spacer or rod can improve the probe performance
with a longer working distance by means of ex-
panding the optical beam, and it will also reduce
the transverse resolution due to the increase of
the spot size. Furthermore, if the spacer is too

long, there may exist overflowing of some light

energy off the rod side that will finally reduce
beam coupling efficiency and sensitivity of the
OCT system. Therefore, the choice of the spac-
er length should properly balance the working
distance, transverse resolution and the coupling
efficiency, etc. It should be noted that, in order
to ensure minimum back reflection, the indices
of the NCF and the center of GRIN lens should
match to the core index of the SMF.

4 Numerical analysis of optical probes

For a small, especially ultra-small probe, the
measurements of the beam parameters and the
beam profile within the probe path are difficult,
even impossible to achieved in experiments. In
order to overcome the issue, we use the numeri-
cal simulation technology by means of the optical
modeling software, GLAD, to analyze the beam
profile at all locations along the propagation di-
rection in addition to the internal probe, and
thus obtain the influence of spacer or other opti-
cal components on the probe properties.
4.1 Introduction to GLAD
The software, GLAD, has been developed to
model almost any type of laser or physical optical
systems, including full diffraction propagation,
detailed treatment of laser gain, and many other
laser effects. It treats optical beams as complex
amplitude distribution and gives a much more
powerful capability for analysis on ray tracing
programs. The software is able to analyze beam
parameters including the effects of diffraction,
active media, apertures, lenses and mirrors, and
aberration. GLAD has a global coordinate sys-
tem that allows complex systems to be de-
scribed. The physical optical description used in
GLAD and the way GLAD is organized to pro-
vide great generality and flexibility so that a
wide diversity of systems may be modeled.

For an optical probe composed of a SMF, a
glass spacer and a GRIN lens, a fiber-to-focus

GRIN lens coupling system can be modeled in
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the GLAD. According to formula (1), the index
of GRIN lens can be approximately expressed

as:
2
n(r) :nou—%ﬁ). (3)

By assigning relative parameters of light
source and optical components in the GLAD,
one can obtain the through-focus behavior of the
light beam and thus intuitively understand the
optical propagation through the probe.

4.2 Numerical simulation model of the probe

Fig. 4. shows the model of the GRIN lens based
probe investigated in this article. The model
consists of an optical fiber, a fused silica rod, a
GRIN lens, and an air path. Light is output
from a single mode fiber with a wavelength
A=1.32 ym and a Gaussian beam of radius w, =
4.5 pm into a silica rod with an index n=1. 49.
The GRIN lens is placed at the end of the silica
rod., whose index profile is described by formula
(3). The refractive index at the center of the
GRIN lens is n, = 1. 49. L, and L, denote the
length of spacer and the length of GRIN lens re-
spectively. The objective is to scan the beam
profile at all points along the system path and
analyze the impact of the spacer on the optical

performance of the GRIN lens.

Input plane Output plane
1 1 I

Optical fiber | Fusedsilica | GRINIens ! A,
2w
~_»
2an 7
1 -._____..-p/r‘
i _ Z=distance

Core of fiber | Lo : L 17

Fig. 4  Schematic diagram of a GRIN lens based

probe

4.3 Analysis of simulating results

In order to more comprehensively research the
influence of the glass rod on the optical perform-
ance of the GRIN lens, we simulate how the fo-
cal length and waist size of the beam change with
different lengths of the rod on condition of a

constant length of GRIN lens L; =0. 1 mm (see

in Fig. 5). From Fig. 5(a), we can find the re-
lationships between the spacer length and the
working distance (or defined as the length from
the output plane to the focus point of the optical
beam). First of all, the working distance will be
less than 0. 2 mm when the silica length is less
than 0. 6 mm. Secondly, the working distance
may sharply increase to 2. 2 mm when the spacer
length is about 0. 7 mm. Thirdly, the working
distance decreases with the increase of the spacer
length when it is greater than 0.7 mm. Corre-
spondingly, Fig. 5(b) demonstrates impact of
the spacer length on the spot size (defined as the
Full-Width-Half-Maximum of the focus point).
When the rod length increases from 0 to 0. 7
mm, the spot size will increase from 15 pym to a-
bout 80 pm. When the rod length is greater than
0.7 mm, the spot size will decrease with the in-

crease of the rod length.

08F

Working distance/mm

0.4

00 L-_L._L_JE ] ! L | (] ! 1 1 I
0.0 04 0.8 1.2 16 20 24
Ly/mm

(a) Working distance ws. the length of fused silica

Spot size/pum

0.0 04 0.8 1.2 1.6 2.0
Ly/mm

24 26

(b) Spot size ws. the length of fused silica
Fig. 5 Influence of glass rod on the optical perform-

ance of GRIN lens
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In the following, we discuss the way to de-
termine the length of glass rod according to Fig.
5. On one hand., a probe with a working dis-
tance less than 0. 4 mm has a limited imaging
depth for the OCT used in biomedical imaging.
Judging from Fig. 5(a), the rod length will lo-
cate into the range from 0. 7 mm to 1. 1 mm if we
need a working distance greater than 1. 0 mm.
And then the spot size will range from 22 ym to
80 pm as shown in Fig. 5(b) correspondingly.
On the other hand, the spot size greatly deter-
mines the transverse resolution of the OCT sys-
tem. The transverse resolution decreases with
the increase of the spot size. When we design a
GRIN lens with spot size less than 40 pum, the
use of the rod length should be greater than 0. 8
mm according to Fig. 5(b), which means that
the corresponding working distance will be less
than 1. 6 mm. Therefore, to balance the two as-
pects described above, we may use the rod
length within the range of 0. 8~1.1 mm, which
indicates that the working distance will be grea-
ter than 1. 0 mm and that the spot size less than
40 pm. Generally speaking, we tend to design
an OCT system with working distance as big as
possible and the transverse resolution as high as
possible. In order to meet the different require-
ments of the OCT probe, one can obtain useful
data to flexibly balance the lens parameters for
the optimal lens design by using GLAD simula-
tion tool as shown in Fig. 5(a) and Fig. 5(b).

From analyzed above, an example is taken
to show the full profile at the optimized position
by setting the length of the fused silica rod L, =
0.8 mm and the length of GRIN lens L, =0. 1
mm., GLAD ws_5. 5 was used to obtain beam
profiles at all locations along the direction of
light propagation from the output of optical fiber
or input plane (see Fig. 6). Fig. 6 (a) displays
the beam profile as a function of distance from
the surface of the optical fiber to a total distance
of 5. 12 mm. Fig. 6(b) demonstrates the beam

width vs. the axial position. From the two fig-

- Fiber output
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(a) Through-focus display of beam profile
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(b) Beam width ws. axial position
Fig. 6 Characteristics of beam propagation through

the probe

ures shown in Fig. 6, we can acquire the best fo-
cus position at about 2. 47 mm and the minimum
waist at about 40 pm. Obviously, the two [ig-
ures can help us intuitively understand the opti-
cal propagation through the system of GRIN lens
because they display the beam profiles of all
points along the optical path.

5 Conclusions

In recent years, OCTs have been widely investi-
gated in signal analysis, image processing and
but it lacked of

publications about the ultra-small optical probe.

other aspects of researcht'’,

Miniaturization of the optical probes used in
OCT systems is a key issue, which determines
whether the systems could be used to image
deep, narrow biological tissues or organs. In

this paper, we analyzed the basic features of the
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GRIN lens and its application in the design of
optical probes. The software GLAD was used to
simulate the plots of focal length and waist size
with various lengths of the spacer rod. We also
simulated the intensity distribution of the Gauss-
ian beam propagating through such a probe with
a selected length of the fused silica rod and a se-
lected length of the GRIN lens.

According to this paper, the software
GLAD has been demonstrated to be an intuitive
and effective tool to design the GRIN lens based
miniature probes, and particularly verify their
properties of light transmission by simulating
profiles of the beam intensity distribution at any
section along the direction of propagation, which
is very difficult or impossible to achieve experi-
mentally. In addition, we conclude that, there
exists a limited length range of the spacer that
can improve the optical performance of a small

probe for the OCT on condition of a constant
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