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(57) Abstract: A fiberoptic device achieves a substantially longer focal length by placing a beam expander between the terminal
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end of an optical fiber and a gradient-index (GRIN) lens to simulate free space therebetween. In one embodiment, afiberoptic de-
vice comprises an optical fiber having a fiber core and an end through which alight beam emits from the fiber core; a beam ex -
pander having afirst end coupled to the end of the optical fiber and having a second end, the beam expander permitting the light
beam emitting from the fiber core to pass from the first end to the second end and to expand from the first end to a larger size at
the second end; and a gradient-index fiber lens coupled to the second end of the beam expander to receive the light beam from the
beam expander and focus the light beam.
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FIBEROPTIC DEVICE WITH LONG FOCAL LENGTH GRADIENT-INDEX
OR GRIN FIBER LENS

BACKGROUND OF THE INVENTION
[0001] The present invention relates generally to fiberoptic devices and, more
specifically, to fiberoptic devices with long focal length GRIN (gradient-index or -
graded refractive index) fiber lens.
[0002] A GRIN lens has arefractive index whose value varies with radial
distance from the axis of thelens. The nontrivial variation in refractive index causes
light refraction and gives the GRIN lens focusing capabilities. See, e.g., U.S. Patent
No. 6,542,665, the entire disclosure of which isincorporated herein by reference.
Many optical devices use lensesto focus, collimate, or expand light beams. When a
GRIN fiber is cut into a specific length, the short length GRIN fiber can focus alight
beam. For example, when a GRIN lensisfused to aterminal end of an optical fiber,
it can focus the light beam emitted by the optical fiber. See, e.g., William A. Reed et
a., "Gradient-index fiber-optic microprobes for minimally invasiVe in vivo low-
coherence interferometry,” Optics Letters, Vol. 27, No. 20, October 15, 2002, the
entire disclosure of which isincorporated herein by reference. However, the focus
length of the GRIN lensisvery short (typically around 0.35 mm), which seriously

restricts its applications.

BRIEF SUMMARY OF THE INVENTION
[0003] In various applications such as OCT (Optical Coherence Tomography)
imaging for imaging biological tissue or the like, it is desirable to achieve arelatively

long focal length that is longer than that provided by a GRIN Iéns.
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[0004] Exemplary embodiments of the invention provide afiberoptic device
that uses aGRIN lens for focusing alight beam emitted by an optical fiber, but
achieves a substantially longer focal length than that of a GRIN lens aone by placing
abeam expander between the terminal end of the optical fiber and the GRIN lensto
simulate free space therebetween.

[0005] In accordance with an aspect of the present invention, afiberoptic
device comprises an optical fiber having afiber core and an end through which alight
beam emits from the fiber core; abeam expander having afirst end coupled to the end
of the optical fiber and having a second end, the beam expander permitting the light
beam emitting from the fiber core to pass from the first end to the second end and to
expand from the first end to alarger size at the second end; and a gradient-index fiber
lens coupled to the second end of the beam expander to receive the light beam from
the beam expander and focus the light beam.

[0006] In some embodiments, the optical fiber is asingle mode fiber. The
beam expander comprises a solid piece of glass such as, for example, ano core fiber
(NCF) or apiece of step-index multimode fiber (SI-MMF). The gradient-index fiber
lens has a core surrounded by a cladding, the core having arefractive index that varies
with aradial distance from an axis 6f the gradient-index fiber lens, decreasing radially
outwardly toward the cladding. The gradient-index fiber lens has arefractive index

profile expressed as

n(p) = nl,grin l—2(p/a)2A (p < a)
n‘Z,grin (p > a)
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[0007] where aisaradius of the core of the gradient-index fiber lens, N gin is

arefractive index of the core of the gradient-index fiber lens, and n, , isarefractive

index of the cladding of the gradient-index fiber lens, 0 < p < a represents aradius of

light trace, and aparameter A isexpressed as

2 2
A= nigrin N 2,grin _ NAgrin2
2n, 2 2n, 2
l,grin 1,grin
[0008] where NA, - isanumerical aperture of the gradient-index fiber lens.
[0009] In specific embodiments, the core of the gradient-index fiber lens has a

diameter D in, which is not larger than an outer diameter of the beam expander. The
core of the gradient-index fiber lens has adiameter D g,; and the beam expander has a

length between the first end and the second end, L__ , which is determined by

BE '’

D, =D, +2L, tan(8,;)

core

[0010] where D, isabeam diameter which is approximately equal to the

diameter Dgnn of the gradient-index fiber lens, the optical fiber has acladding and a
core with a core diameter of D e and @, isadivergent angle of the light beam
exiting the optical fiber. Furthermore,

Qe =asin(NA/N z;)

[0011] where n__ isarefractive index of the beam expander , and NA isa

numerical aperture of the optical fiber, NA =4/n,2- n,2 , ni isarefractive index of

the core of the optical fiber, and n, is arefractive index of the cladding of the optical
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fiber. The gradient-index fiber lens focuses the light beam with arange of focal

length/which is approximated by an expression

2 2
f<{l__l?) _l—— _M—_Dgrin +Dcore
244A | nyAI2A

2 2 2
—nz,grin _ NAgrin

2 - 2
2n’\,grr'n

A= nl,grin
2nl,gn"n

[0012] where n, ., isarefractive index of the core of the gradient-index fiber

lens, and n isarefractive index of the cladding of the gradient-index fiber lens,

2,9rin

NA ., isanumerical aperture of the gradient-index fiber lens, A is awavelength of

grin

the light beam in vacuum, and A = 1- -1{ ~ 86.5% . For agivenfoca length/and a
e

given Dcore, the expression is used to estimate Dgnn-

[0013] In accordance with another aspect of the invention, adevice for
focusing alight beam emitting from an end of an optical fibér comprises abeam
expander having afirst end to be coupled to the end of the optical fiber anql having a
second end, the beam expander permitting the light beam emitting from the optical
fiber to pass from the first end to the second end and to expand fromthefirst endto a
larger size a the second end; and a gradient-index fiber lens coupled to the second
end of the beam expander to receive the light beam from the beam expander and focus
the light beam.

[0014] In accordance with another aspect of the invention, afiberoptic device
comprises an optical fiber having afiber core and an end through which alight beam
emits from the fiber core; means coupled to the end of the optical fiber for emulating

4
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free space thereby allowing the light beam to expand from the fiber core at the end of
the optical fiber to alarger size; and a gradient-index fiber lens coupled to the means
for emulating free space to receive the larger size light beam and focus the light beam.
[0015] In accordance with another aspect of the invention, afiberoptic device
comprises an optical fiber having afiber core and an end through which alight bearh
emits from the fiber core; abeam expander having afirst end coupled to the end of
the optical fiber and having a second end, the beam expander permitting the light
beam emitting from the fiber core to pass from the first end to the second end and to
expand from the first end to alarger size at the second end, the beam expander
comprising astep-index multimode fiber; and a gradient-index fiber lens coupled to
the second end of the beam expander to receive the light beam from the beam
expander and focus the light beam.

[0016] These and other features and advantages of the present invention will
become apparent to those of ordinary skill in the art in view of the following detailed

description of the specific embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0017] FIG. lisacross-sectional view of afiberoptic device in which abeam

expander and aGRIN lens are placed at the end of an optical fiber.

[0018] FIG. 2illustrates an optical schematic of aparallel beam focused by a
lens.

[0019] FIG. 3illustrates an optical schematic of alight emitting from a single
mode fiber.

[0020] FIG. 4 is atable showing the divergent angles of alight beam emitting

from asingle mode fiber passing through different materials.
5
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[0021] FIG. 5illustrates an optical schematic of lights propagation along a
GRIN fiber, showing periodical beam focusing.

[0022] FIG. 6 illustrates an optical schematic of lights propagating along a
GRIN fiber, showing that a quarter period length could collimate abeam into a
parallel beam if the diffraction could be ignored.

[0023] FIG. 7 isatable showing experimental results of the focal length for a
GRIN fiber spliced onto asingle mode fiber and the focal length for a GRIN fiber
having ano core fiber as abeam expander spliced between the GRIN fiber and a
single mode fiber.

[0024] FIG. 8isaschematic illustration of an example of afiberoptic device
in which the dimensions of ano core fiber as abeam éxpander and aGRIN lens that
are placed at the end of an optical fiber are selected to achieve acertain long focal
length.

[0025] FIG. 9isaschematic illustration of another example of afiberoptic
device in which the dimensions of ano core fiber as beam expander and a GRIN lens
that are placed at the end of an optical fiber are selected to achieve adifferent long
focal length.

[0026] FIG. 10(a) isadiagram of measurement setup for power reflection, and
FIG. 10(b) illustrates the measured power reflection _With respect to the distance
between amirror and the GRIN fiber lens for three different configurations, including
the fiberoptic device of FIG. 9.

[0027] FIG. 1lisaschematic illustration of an example of afiberoptic device
in which the dimensions of alarge core step-index multimode fiber and a GRIN lens
that are placed at the end of an optical fiber are selected to achieve avery long focal

length.
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DETAILED DESCRIPTION OF THE INVENTION
[0028] In the following detailed description of the invention, reference is
made to the accompanying drawings which form apart of the disclosure, and in which
are shown by way of illustration, and not of limitation, exemplary embodiments by
which the invention may be practiced. | In the drawings, like numerals describe
substantially similar components throughout the several views. Further, it should be
noted that while the detailed description provides various exemplary embodiments, as
described below and as illustrated in the drawings, the present invention is not limited
to the embodiments described and illuétrated herein, but can extend to other
embodiments, as would be known or as would become known to those skilled in the
art. Reference in the specification to "one embodiment," "this embodiment,” or
"these embodiments’ means that aparticular feature, structure, or characteristic
described in connection with the embodiment isincluded in at least one embodiment
of the inventi on, and the appearances of these phrases in various places in the
specification are not necessarily all referring to the same embodiment. Additionaly,
in the following detailed description, numerous specific details are set forth in order to
provide athorough understanding of the present invention. However, it will be
apparent to one of ordinary si<i|| in the art that these specific details may not al be
needed to practice the present invention. In other circumstances, well-known
structures, materials, circuits, processes and interfaces have not been described in
detail, and/or may beillustrated in block diagram form, so asto not unnecessarily
obscure the present invention.
[0029] In the following description, relative orientation and placement

terminology, such as the terms horizontal, vertical, left, right, top and bottom, is used.
7
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It will be appreciated that these terms refer to relative directions and placement in a
two dimensional layout with respect to a given orientation of the layout. For a
different orientation of the layout, different relative orientation and placement terms
may be used to describe the same objects or operations.

[0030] Exemplary embodiments of the invention, aswill be described in
greater detail below, provide apparatuses and methods for using a GRIN lens to focus
alight beam emitted by an optical fiber with the help of abeam expander between the
terminal end of the opticalr fiber and the GRIN lensto achieve a substantially longer
focal length than that of a GRIN lens alone.

[0031] FIG. lisacross-sectional view of afiberoptic device 10 in which a
beam expander 12 and a GRIN lens 16 are coupled to the end of an optical fiber 18.
In specific embodiments, the beam expander 12 is spliced between the end of the
optical fiber 18 and the GRIN lens 16. Of course, any suitable way of coupling the
beam expander 12 with the optical fiber 18 on one side and the GRIN lens 16 on the
other side may be employed. In FIG. 1, the beam expander 12, GRIN lens 16, and
optical fiber 18 are co-axial when they are fused together by using afusion splicer. In
the embodiment shown, they have similar or equal outer diameters. In other
embodiments, they may have different outer diameters, as discussed bel oW. The
length of the beam expander 12 and the length of the GRIN Iéns 16 are selected to
achieve the desired focal length, as described in detail below.

[0032] The optical fiber 18 has afiber core 22 surrounded by a cladding 24.
The core size of the fiber core 22 is selected in part based on a single mode operation
for the wavelength of the light beam. Standard telecommunication optical fibers
which have core diameters of ~9 um may be used. The cladding 24 istypically made

of pure silicon and the fiber core 22 typically is made largely of silicon doped with a
8
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germanium concentration to raise the refractive index to form awaveguide. In
specific embodiments, the optical fiber 18 is a single mode fiber with a core diameter
of about 8-10 uni and acladding diameter of about 125+2 um.
[0033] | The beam expander 12 is asolid fiber with preferably uniform and
constant properties to emulate free space. Examples of abeam expander include no
core fiber (NCF) and step-index multimode fiber (SI-MMF). A NCF has no doped

- core and istypically asolid piece of glass or pure silicafiber. A SI-MMF has acore
with aconstant refractive index and acladding of sightly lower refractive index
surrounding the core, and the core is used as abeam expander. The beam expander
12 alows the light beam to expand or diverge to a desirable size before the light beam
reaches the GRIN lens 16. The length of the beam expander 12 determines the
amount of expansion of the light beam for agiven divergent angle g,E, and is selected
to achieve the desired expansion. Advantageously, because the beam expander- 12
(e.g., NCF or SI-MMF) is spliced to both the optical fiber 18 and the GRIN lens 16, it
isautomatically aligned and no mechanical fitting isrequired to align the beam
expander 12 axially with the dptical fiber 18 and the GRIN lens 16. Besides a solid
piece of glass, other examples of emulating free space include the placement of
another medium or material with preferably uniform and constant properties between
the optical fiber 18 and the GRIN fiber lens 16. To provide an actual free space
occupied by air, amechanical fixture isneeded to align the optical fiber 18 and the
GRIN fiber lens 16 and to fix their relative positions. The use of a solid beam
expander 12 is more desirable than air for several reasons. The solid beam expander
12 provides better temperature stability, there isno need to provide wavelength
related coating on the optical fiber 18 and the GRIN fiber lens 16 to reduce surface

reflections since splicing a solid beam expander 12 between the two automatically
9
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reduces surface reflection by better than 60 dB for all wavelength, which isdifficult to
achieve by antireflection coating, and the solid beam expander 12 (e.g., NCF or SI-
MMF) is automatically aligned with both thé optical fiber 18 and the GRIN lens 16
during manufacturing. Nonetheless, it isunderstood that avariety of other materials
and mediums may be used to emulate free space between the optical fiber 18 and the
GRIN lens 16 to achieve alonger focal length in accordance with the present
invention.

- [0034] The GRIN lens 16 has acircular cylindrical core 26 and an annular
cladding 28. In the core 26, the refractive index varies with the radial distance from
the axis of the GRIN lens 16. Typically, the core refractive index decreases almost
parabolically and radially outwardly toward the cladding 28. In the cladding 28, the
refractive index is constant and has alower value than in the core 26. For beam
focusing, the GRIN lens 16 isreferred to as an axial GRIN lens with flat surfaces that

can focus light just as anormal lens with curved surfaces does.

[0035] 1. Focal Length
[0036] FIG. 2illustrates an optical schematic of aparallel beam focused by a

lens. A parallel beam can be focused by alens and the size of the focal poi ntis
normally determined by the aberration of lenses. For ano aberration ideal lens, the
light diffraction plays the main role and needs to be considered. The well-known

Rayleigh diffraction angleis expressed as

AS = 1.224 (1)
A.D
[0037] The full divergent angleisthen2Ad , where D isthe light beam

diameter, A = 1- -~ ~ 86.5% isused to count the effective beam diameter when the
e

10
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intensity reduces to 13.5% of the maximum intensity, and A isthe light wavelength in

vacuum. The geometry convergent angle of the focused beam is smply calculated as

on A-D/2 2
f
[0038] InEq. (2),/is thefocal length, the distance between foca point and the
main plane of lenses. Clearly, the convergent angle must be larger than the divergent

Rayleigh angle (A©@> A3 ). Therange of the focal length isthen obtained as

1) D? ©)
f < 1_—2_
e’ ) 2AAL
[0039] 2. Divergent Angle of Single Mode Fiber
[0040] FIG. 3illustrates an optical schematic of alight emitting from asingle

mode fiber, which is a step-index single mode fiber. The core and cladding indexes
are n, and n,, respectively. When alight beam is emitting from afiber core a an
angle of @, , and the diffraction light isincident onto the boundary of fiber core and

cladding at acritical angle, the two reflection equations are expressed as

Ry sin(8,; )= n, sin(a) “4)
n, cos(@)=n,

[0041] Simplifying the above equations produces the following

n12 - n22 =Ngg Sin(aBE) )
[0042] NA =,/n2- n,?2 isdefined asthe single mode fiber (SMF) numerical
aperture, and the divergent angle of the emitting beam is obtained as

Oy - ..in{NA/n__) (6)

11
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[0043] For astandard telecommunication fiber, this angle islisted in the table
shown in FIG. 4, which lists the divergent angles of alight beam emitting from a
single mode fiber passing through different materials. Note that the numerical for

fiber Corning SM28 is 0.14 when the intensity reduces to 1%, while it is only 0.09 at

11 €*. When the single mode fiber is spliced onto a short length beam expander, the
beam diameter D; at the end face of the beam éxpander, as shown in FIG. 3, is

caculated as

(7)

D, =D, +2L, tan{d, )

core

wherein D_reisthe core diameter of the single mode optical fiber 18, and L, isthe

length of the beam expander.

[0044] 3. Gradient-Index (GRIN) Lens

[0045] FIG. 5illustrates an optical schematic of lights propageation along a
GRIN fiber, showing periodical beam focusing. FIG. 6 illustrates an optical
schematic of lights propagating along a GRIN fiber, showi ng'that aquarter or three

quarters period length can collimate abeam into aparallel beam if the diffraction can

beignored. If the incident beam is apoint size, the t% i—)A length istheoretically

the best length for the GRIN lens to collimator abeam, where k —0,1,2,.... A isthe
period of the GRIN fiber. Because an actua incident beam has a significant beam
diameter rather than apoint source, the actual length to use for the GRIN fiber will be
shorter than the quarter period. Itisworth to note that since the period (A ) isrelated
to the incident angle, alarge number k will significantly degrade the performance of

the focusing. When the incident beam is close in size to the diameter of GRIN fibers,

12
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simulations and experiments show that the length of the GRIN fiber to use will be
much shorter than the quarter period length (k = 0).

[0046] The index profile of aGRIN fiber isusually expressed as

)
n(p)= {nl,grin 1—'2(,0/61) A (,D < a)

nz,grin (p > a)

[0047] where a, n, ¢rin and n are the radius of the fiber, and indexes of

2¢rin
core and cladding, respectively. 0<p < a represents the radius of light trace. The

parameter A isexpressed as

9)
2 2 2
A= nhgrin - nz,grin _ NAgrin
- 2 2 - 2 2
rl\,grin nl,grin
[0048] where NA . isthe numerical aperture of the GRIN fiber. When a

light isincident into the core of the GRIN fiber at an angle of 6, this light will turn

its direction (©= 0) at the maximum radius and light equation isexpressed as

(10)
Ny i €OS06) = Ny /1 - 200 1 0)2A
[0049] In general, the radius of the light incident at an anglé of © with respect
to the axial position (2) can be expressed as
(11)
p(z)= aj%‘g)sin[m't -Z/—Zm\/g&)}

13
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[0050] where, - 6, < 6 < 6, describes the range of the incident angle. Clearly,

Eg. (11) shows that the GRIN fiber can periodically focus the incident beam. The

period isexpressed as

(12)
27 cos(6)
A= (-6,<6<86,)
[‘-—ZA 0 0
[0051] Since the period isrelated to the incident angle, the self focusing effect

will wash out by averaging (- 8, < 6 < 6,) when the length of GRIN fiber islonger

than L,, as
(13)
I _ - nl,grin COS gﬂ
max NAgrin I 'COQ) ao GRIN
[0052] For typical parameters of D o =100 pni, 8,= 8", NA_, =0.29,

»vgin = 1-47 ,Eq. (13) gives L_,, ~ 160 mm. Considering a Gaussian profile power
distribution with respect to the incident angle, the real maximum length is dlightly

longer than this value.

[0053] When z = (g . %)A , the maximum radius is obtained from Eq. (11) as
(14)
o = asin(ﬂo)
™ 42aA
[0054] Eq. (14) agrees with the value given by Eq. (10).
[0055] Considering the fiber diameter D ., and substituting Eq. (5) into Eq.

(14), the maximum diameter 2 =2p . +D isthen obtained as

core

(15)
14
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_ NA

D max D rin +D core
noN2A 8

[0056] wherep .. isthe GRIN fiber core diameter. Substituting Eqg. (6) and

grin

Eq. (15) into Eq. (3), the focal length of GRIN lenses without the beam expander is

obtained as
2
o) M, e
e?) 2444 ny2A T
[0057] FIG. 7 is atable showing experimental results of the focal length for a

GRIN fiber spliced onto a single mode fiber and the focal length for aGRIN fiber
having abeam expander spliced between the GRIN fiber and a single mode fiber.

For the fibers with parameters of NA =0.09, NAgrin =0.29, n =1.487,

L,grin
Dgin =1004m , the maximum beam diameter is about 40 uni when a single mode

fiber is spliced onto aGRIN fiber. The focal length is obtained from Eq. (16) as 0.38
mm, which explains why the longest focal length isaways around 0.35 mm in
experiments. Experiments also show that the focal length is dlightly longer for asingle
mode fiber with dlightly larger NA, which agrees with Eq. (16).

[0058] In order to obtain along focal length, the effective way as shown in

Eq. (3) isto expand the beam diameter by splicing a short piece of beam expander
(e.-g., NCF or SI-MMF) between the single mode fiber and the GRIN fiber as afree
space. When a0.65 mm long no core fiber is spliced between the GRIN fiber and the
single mode fiber, the beam diameter is given by Eq. (7) as 87 um, and Eq. (3) gives a
theoretical focal length of 1.78 mm. A focal length of 1.76 mm is obtained in

experiment, which agrees with theoretical calculation, isthe longest experimental

15
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focal length achieved to the inventor's knowledge and which is substantially longer
than the experimental focal length of 0.35 mm obtained without the no core fiber.
[0059] FIG. 8isaschematic illustration of an example of afiberoptic device
in which the dimensions of ano core fiber and a GRIN lens that are placed at the end
of an optical fiber are selected to achieve acertain long focal length. FIG. 9isa
schematic illustration of another example of afiberoptic device in which the
dimensions of ano core fiber and a GRIN lens that are placed at the end of an optical
fiber are selected to achieve adifferent long focal length. In the configuration of FIG.
9, the length of the no core fiber, L ncr, is 0.65 mm and the length of the GRIN fiber is
0.17 mm. This produces the experimental result shown in FIG. 10(b) of along focaln
length equal to 1.76 mm. In the configuration of FIG. 8, the length of the no core
fiber is0.3 mm instead of 0.65 mm, while the length of the GRIN fiber is 0.26 mm
instead of 0.17 mm. The measured focal length for the configuration of FIG. 8is0.62
mm, which is smaller than the focal length of 1.76 mm for the configuration of FIG. 9
because the beam diameter is smaller for the shorter no core fiber in FIG. 8. When
the length of the no core fiber, the diameters of the GRIN fiber, and the no core fiber
are doubled, the theoretical focal length would be increased by four times, could be a
few millimeters long. For large dimension fibers, a special designed fusion splicer
rather than the regular one may have to be used.

[0060] FIG. 10 (a) illustrates the measurement setup for power reflection, and
FIG. 10(b) shows the measured power reflection with respect to the distance between
amirror and the GRIN fiber lens for three different configurations, including the
fiberoptic devices of FIG. 8 and FIG. 9. Asseenin FIG. 10(b), the maximum power
reflection is measured. The 1.76 mm focal length has been achieved when the lengths

of no core fiber and GRIN fiber are 0.65 mm and 0.17 mm, respectively. The
16
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measured p.ower reflection with respect to the distance between amirror and the

"~ GRIN fiber lensis shown for: (1) f=0.62 mm for LBE=0.3 mm, LGRIN=0.26 mm; (2)
f=1.21 mm for LBE=0.6 mm, LGRIN=0.19 mm; (3) f=1.76 mm for LBE=0.65 mm,
LGRIN=0.17 mm.
[0061] - The manufacturing process of the fiberoptic device may employ a
mechanical system that renders it repeatable. After splicing ano core fiber onto the
optical fiber, the mechanical system cuts the no core fiber to the required length and
then splices a GRIN fiber onto the no core fiber. Fi naIIy, the mechanical system cuts
the GRIN fiber to the specified length. The mechanical system may be employed a
computer-controlled motor and a digital microscope to accurately determine the
length.
[0062] For agivenfocal length/and agiven core diameter D of the optical
fiber, Eq. (3) can be used to estimate the GRIN fiber core diameter Dgn-n. Itisa
theoretical estimate that has been shown to be within about 20% of the actual
experimental value. Eq. (7) can then be used to estimate the length L g (in this case
L yG) of the no core fiber by assuming that the beam diameter Di is approximately
equal to the GRIN core diameter Dgrin. For OCT imaging, afocal length of about 3
mm may be desirable. The above procedure can be used to estimate the dimensions
of the no core fiber and GRIN fiber lens.
[0063] FIG. 11lisaschematic illustration of an example of afiberoptic device
in which the dimensions of alarge core step-index multimode fiber and a GRIN lens
that are placed at the end of an optical fiber are selected to achieve avery long focal
length. Either ano core fiber (NCF) or a step-index multimode fiber (SI-MMF) can
be used as beam expander to expand the beam size before the GRIN lens. The NCF

has adiameter that is equal to or larger than (typically slightly larger than) the GRIN
17



WO 2012/003103 PCT/US2011/041035

core diameter. Likewise, the SI-MMF has acore diameter that is equal to or larger
than (typically slightly larger than) the GRIN core diameter. When atypical
core/cladding diameters of 200/220 prn SI-MMF is used to expand the beam and a
core diameter of 200 um GRIN fiber is used to fabricate GRIN lenses, the focal length
could be afew millimeters long (e.g., about 7 mm).
[0064] In the description, numerous details are set forth for purposes of
explanation in order to provide athorough understanding of the present invention.
However, it will be apparent to one skilled in the art that not all of these specific
details arerequired in order to practice the present invention. Additionally, while
specific embodiments have been illustrated and described in this specification, those
of ordinary skill in thé art appreciate that any arrangement that is calculated to achieve
the same purpose may be substituted for the specific embodiments disclosed. This

‘ disclosure isintended to cover any and dll adaptations or variations of the present
invention, and it isto be understood that the terms used in the following claims should
not be construed to limit the invention to the specific embodiments disclosed in the
specification. Rather, the scope of the invention isto be determined entirely by the
following claims, which are to be construed in accordance with the established
doctrines of claim interpretation, along with the full range of equivalents to which

such.claims are entitled.
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WHAT IS CLAIMED Is:

1 A fiberoptic device comprising:

an optical fiber having afiber cbre and an end through which alight beam
emits from the fiber core; |

abeam expander having afirst end coupled to the end of the optical fiber and
havi ng asecond end, the beam expander permitting the light beam emitting from the
fiber core to pass from the first end to the second end and to expand from the first end
to alarger size at the second end; and

agradient-index fiber lens coupled to the second end of the beam expander to
receive the light beam from the beam expander and focus the light beam;

wherein the core of the gradient-index fiber lens has adiameter D gdn’

wherein the beam expander has alength between the first end and the second

end, L

BE ’

which is determined by

D, =D

core

+2L,, tan(6,;)

where D, is abeam diameter which is approximately equal to the diameter D gin of the

gradient-index fiber lens, the optical fiber has acladding and a core with a core |

diameter of D, and @, iSadivergent angle of the light beam exiting the optical
fi‘ber; and
wherein
@y =asin{NA/n__)
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where n,. isarefractive index of the beam expander , and NA is anumerical

aperture of the optical fiber, NA = y/n,” - n,? , ni isarefractive index of the core of

the optical fiber, and n, isarefractive index of the cladding of the optical fiber.

2. The fiberoptic device of claim 1,

wherein the optical fiber is asingle mode fiber.

3. The fiberoptic device of claim 1,
wherein the beam expander comprises ano core fiber or a step-index

multimode fiber.

4. The fiberoptic device of claim 1,
wherein the gradient-index fiber lens has a core surrounded by a cladding, the
core having arefractive index that varies with aradia distance from an axis of the

gradient-index fiber lens, decreasing radially outwardly toward the cladding.

| 5. The fiberoptic device of claim 4, wherein the gradient-index fiber lens has a

refractive index profile expressed as

g 1-2(p1a) A (o<a)
n(p)=
n2,grin (p > a)

where aisaradius of the core of the gradient-index fiber lens, n, .. isarefractive

index of the core of the gradient-index fiber lens, and n, ;, isarefractive index of

20
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the cladding of the gradient-index fiber lens, 0<p < a represents aradius of light

trace, and aparameter A isexpressed as

2 2 2
A= nl,grin _nz,grin _ NAgrm
2n _* 2n, 2

1,grin 1,grin

where NA,, isanumerical aperture of the gradient-index fiber lens.

6. The fiberoptic device of claim 1,
wherein the core of the gradient-index fiber lens has adiameter Dg;,, which is

not larger than an outer diameter of the beam expander.

7. The fiberoptic device of claim 1,
wherein the gradient-index fiber lens focuses the light beam with arange of

focal length/ which is approximated by an expression

2 2
1 1 NA
<{l-—| ——|——==D_, +D,.
f ( 32) 244/1 |:n0 (2A grin cme:|

2 _ 2 2
A _ n\,grin n2grin NAgrin
2 - 2
2n1 ,grin 2n‘i,gn h

where n, . isarefractive index of the core of the gradient-index fiber lens, and

n2gin 15 @ refractive index of the cladding of the gradient-index fiber lens, NA,,, isa

numerical aperture of the gradient-index fiber lens, A is awavelength of the light

beam in vacuum, and A = 1— 12— = 86.5% ; and
e
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wherein for agiven focal length/ and agivenp the expression isused to

core’

estimate Dgriy,.

8. A devicefor focusing alight beam emitting from an end of an optical fiber,
the device comprising:

abeam expander having afirst end to be coupled to the end of the optical fiber
and having a second end, the beam expander permitting the light beam emitting from
the opti cal fiber to pass from the first end to the second end and to expand from the
first end to alarger size at the second end; and

agradient-index fiber lens coupled to the second end of the beam expander to
receive the light beam from the beam expander and focus the light beam;

wherein the core of the gradient-index fiber lens has adiameter Dgn ,;

wherein the beam expander has alength between the first end and the second

end, L, , which is determined by

D, = D, + 2Ly dan{f,.)

where D ; isabeam diameter which is approximately equal to the diameter b g4, Of the
gradient-index fiber lens, the optical fiber has acladding and acore with acore
diameter of D -, and 6, isadivergent angle of the light beam exiting the optical
fiber; and

wherein

Gy = asin(NA/n ;)
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where n_ isarefractive index of the beam expander ), and NA is anumerical

aperture of the optical fiber, NA = /n,”> ~n,* , n, isarefractive index of the core of

the optical fiber, and n, isarefractive index of the cladding of the optical fiber.

9. The device of claim 8,
wherein the beam expander comprises ano core fiber or a step-index

multimode fiber.

10. The device of clam 8,
wherein the gradient-index fiber lens has a core surrounded by acladding, the
core having arefractive index that varies with aradia distance from an axis of the

gradient-index fiber lens, decreasing radially outwardly toward the cladding.

11. The device of claim 10, wherein the gradient-index fiber lens has arefractive

index profile expressed as

(o) | mg1=2(p/a) A (p<a)
(p) {nZ,grin (,0>a)

where g isaradius of the core of the gradient-index fiber lens, n, , isarefractive
index of the core of the gradient-index fiber lens, and Ny grin isarefractive index of

the cladding of the gradient-index fiber lens, 0<p < a represents aradius of light,

and aparameter A isexpressed as
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n 2 -n 2 2
A_ 1,grin 2,grin arin

2 2
2rll,grin 2rl\,grin -

where NA,, isanumerica apert'ure of the gradient-index fiber lens.

12. The device of claim 8,

wherein the core of the gradient-index fiber lens has adiameter b g;n, which is

not larger than an outer diameter of the beam expander.

13. The device of claim 8,

wherein the gradient-index fiber lens focuses the light beam with arange of

focal length/which is approximated by an expression

2 2
1 1 NA
f<(1_ ) |i Drin+Dcare:|
e’ ) 2444 n,N2A °

2 2 NA 2

A = nl,grin - nz,grin Drin

2n. . % 2n- °

\,grin l_,grin

where n, . isarefractive index of the core of the gradient-index fiber lens, and

n, ... isarefractiveindex of the cladding of the gradient-index fiber lens, NA,_,, isa

- grin
numerical aperture of the gradient-index fiber lens, A is awavelength of the light

beam in vacuum, and A = 1— lE.z 86.5% ; and

€
wherein for agiven focal length/ and agiven D_ ., the expression is used to

estimate bgnn-
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14. A fiberoptic device comprising:

an optical fiber having afiber core and an end through which alight beam
emits from the fiber core;

means boupled to the end 6f the‘optical fiber for emulating free space ther.eby
allowing the light beam to expand from the fiber core at the end of the optical fiber to
alarger size; and

agradient-index fiber lens coupled to the means for emulating free space to
receive the larger size light beam and focus the light beam;

wherein the core of the gradient-index fiber lens has a diameter bgriy;

wherein the means for emulating free space has a length between afirst end

coupled to the end of the optical fiber and a second end coupled to the gradient-index

fiber lens, L. , which isdetermined by -

D, =D

core

+2L,, tan(BBE)

where D j isabeam diameter which is approximately equal to the diameter bgnn of the
gradient-index fiber lens, the optical fiber has acladding and acore with acore
diameter of D ., and G, isadivergent angle of the light'beam exiting the optical
fiber; and |

wherein

Qe = asin(NA/ ng;)

where n,. isarefractive index of the means for emulating free space as beam

expander, and NA is anumerical aperture of the optical fiber, NA = +/n,® =1, , ny is
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arefractive index of the core of the optical fiber, and n, is arefractive index of the

cladding of the optical fiber.

15. The fiberoptic device of claim 14,

wherein the optical fiber is a single mode fiber.

16. The fiberoptic device of claim 14,

wherein the gradient-index fiber lens has a core surrounded by a cladding, the
core having arefractive index that varies with aradia distance from an axis of the
gradiént-index fiber lens, decreasing radially ou_twardly toward the cladding; and

wherein the gradient-index fiber lens has arefractive index profile expressed

_ 1 grin m (p<a)
n(p) o one)

where ais aradius of the core of the gradient-index fiber lens, 4, g 1sarefractive
index of the core of the gradient-index fiber lens, and N in is arefractive index of

the cladding of the gradient-index fiber lens, 0<p < a represents aradius of light

trace, and aparameter A isexpressed as

2 2 2
A= nI,grin - n2,grin _ NAgrin
2n, 2 2n 2

1,grin 1,grin

where NA_ . isanumerica aperture of the gradient-index fiber lens.
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17. The fiberoptic device of claim 14,
wherein the gradient-index fiber lens focuses the light beam with arange of

focal length/which is approximated by an expression
1) 1 NA | ’
<{l-—| ——|——==D,, +D
/ ( ez) 2.44ﬂ|:n0\/2A s m}

2 2 2
A= n\,grin _nz,grin _ NAgrin

2n, .2 2n

lgnn

i, grin

where n, . is arefractive index of the core of the gradient-index fiber lens, and

,gro

Ragin 15 @ refractive index of the cladding of the gradient-index fiber lens, NA,,; isa

numerical aperture of the gradient-index fiber lens, A\ is awavelength of the light

beam in vacuum, and A = 1- LL =~ 86.5% ; and
e

wherein for a given focal length/ and agiven b _r,, the expression isused to

estimate D gin-

18. A fiberoptic device comprising:

an optical fiber having afiber core and an end through which alight beam
emits from the fiber core;

abeam expander having afirst end coupled to the end of the optical fiber and
having a second end, the beam expander permitting the light beam emitting from the
fiber core to pass from the first end to the second end and to expand from the first end
to alarger size at the second end, the beam expander comprising a step-index

multimode fiber (SI-MMF); and
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agradient-index fiber lens coupled to the second end of the beam expander to

receive the light beam from the beam expander and focus the light beam.

19. Thefiberoptic device of claim 18,

wherein the gradient-index fi ber lens has a core surrounded by acladding, the
core having arefractive index that varies with aradial distance from an axis of the
gradient-index fiber lens, decreasing radially outwardly toward the cladding; and

wherein the gradient-index fiber lens has arefractive index profile expressed -

2
A1- <
n(p)= nl,grm 1 2(p/a) A (p == a)
n2,grin (p > a)
where aisaradius of the core of the gradient-index fiber lens, n . isarefractive
index of the core of the gradient-index fiber lens, and n,,, isarefractive index of

the cladding of the gradient-index fiber lens, 0 < p < a represents aradius of light

trace, and aparameter A isexpressed as

2.n 2 NA 2

A_ nl,grin ‘2,grin grin
2
2n’l,grin

- 2
2n i, grin

where NA, . isanumerical aperture of the gradient-index fiber lens.

20.  Thefiberoptic device of claim 18,

wherein the core of the gradient-index fiber lens has adiameter D,yyp;
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wherein the beam expander has alength between the first end and the second

end, L., which isdetermined by

D =D, +2L, tan(HBE)

core

where D i isabeam diameter which is approximately equal to the diameter bgdn of the
gradient-index fiber lens, the optical fiber has acladding and a core with acore
diameter of D , e and Q. isadivergent angle of the light beam exiting the optical
fiber;

wherein

0, =asm{NA/n__)

where n_ isarefractive index of the beam expander , and NA is anumerical

aperture of the optical fiber, NA = /N’ - n22 , 01 isarefractive index of the core of

the optical fiber, and n, is arefractive index of the cladding of the optical fiber;
wherein the gradient-index fiber lens focuses the light beam with arange of

focal length/which is approximated by an expression
2
re(i-5) sl My
e2 244/1 no 2A grin core

2 2 2
A= nl,g'r n nz,grin _ NA’zsrin

2 - 2
2n\,grr’n 2n

i,gn'n

where n, . isarefractiveindex of the core of the gradient-index fiber lens, and

nogin 15 2 refractive index of the cladding of the gradient-index fiber lens, NAgrin isa

29



WO 2012/003103 PCT/US2011/041035

numerical aperture of the gradient-index fiber lens, A isawavelength of the light

beam in vacuum, and A - 1- é ~ 86.5% ; and

wherein for agiven focal length/ and agivenD___, the expression isused to

core’

estimate o gin.
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NA at Angle Full angle

Angle Full angle

index 1/e"2 (Degree) (Degree) NAat1% (Degree) (Degree)
in air : 1 0.09 5.16 10.33 0.14 8.05 16.10
in water 1.33 0.09 3.88 7.76 0.14 6.05 12.09
in glass 1.467 0.09 3.52 7.03 0.14 548 10.96

FIG. 4

FIG. 6

LBE

‘ Diamet experiment
(mm) um nO NA n1  NA2 D(um) delta er(um) f{mm) (mm)
0 85 1.467 0.09 1.487 0.29 100 0.019017 39.96 0.38 0.35
0.65 87.00 1.78 1.5

FIG.7
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