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MULT!-CLADDING OPTICAL FIBER WITH MODE FILTERING THROUGH DIFFERENTIAL
BENDING LOSSES

FIELD

[0001] The present invention generally relates to optical fibers. More specifically, the
present invention is concerned with multi-cladding optical fibers used in the context of fiber

amplifiers and fiber lasers.
BACKGROUND

[0002] High-energy pulsed narrow-linewidth diffraction-limited rare-earth doped power
amplifiers in the 950 to 1100 nm wavelength range and in the nanosecond regime generally require
large mode area (LMA) fibers to mitigate Stimulated Brillouin scattering (SBS). However, typical
LMA fibers with mode-field diameters larger than 20 um are inherently multimode. To achieve a
diffraction-limited output, several techniques are available such as low core numerical aperture,

fiber coiling and selective doping.

[0003) High peak power amplification in rare-earth doped fibers suffers from nonlinear
effects such as Stimulated Raman Scattering (SRS) and Stimulated Brillouin Scattering (SBS) [1,2].
Core size and fiber length are the two parameters that are commonly varied to increase the
threshold of these nonlinear effects. in the case of narrow linewidth and pulse width in the 10-ns
range, SBS is the limiting factor for high peak powers. LMA fibers with core diameters of 10-15 ym
yield nearly diffraction-limited output but their relatively small effective area (<200 pmz) allows only
moderate high peak power leveis. Core diameters greater than 20 ym are interesting but since the
number of modes supported by the LMA fiber increases with the core diameter, the output of such a

fiber becomes multimode. Lowering the numerical aperture of the
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core, defined as NA = \/nz ~ M ewane  + N TEPTESENting the refractive index,

core

will reduce the number of modes, although a good control of the NA lower than
0.05 is a challenge for the MCVD (Modified Chemical Vapor Deposition)
process.

[0004] Mode filtering by fiber bending is the most commonly used
method to reduce the number of propagating modes in the fiber [3]. However,
100% higher-order mode suppression by this method is hard to obtain and the
beam quality stays sensitive to variation in the mechanical and thermal

stresses applied to the fiber.

[0005] A problem arises when relatively large core fibers are used.
Indeed, the bending radii must be tightly controlled when the core size is
relatively large (more than 30 microns for a typical core designed with a core
numerical aperture in the range of about 0.05 to about 0.08) to minimize the
bending losses of the first mode.

[0006] Another way to favor single-mode operation is to use
selective doping [4-6]. In this case, the fundamental mode takes advantage of a

higher gain compared to higher-order modes.

[0007] Short fiber lengths require a high concentration of rare-earth
doping to achieve high gain amplification. This is often problematic since rare-
earth doping increases the index of refraction. B,O3 or F can be incorporated to

lower the refractive index to keep a low core NA.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] In the appended drawings:
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[0009] Figure 1, which is labeled “prior art’, is a sectional view of a
multi-cladding optical fiber conventional multi-cladding optical fiber with a stair-
like index profile;

[0010] Figure 2A, which is labeled “prior art’, illustrates the refractive
index profile of the core and of the first cladding of the optical fiber of Figure 1,
assuming a circular symmetry; the core diameter of 20 microns is shown with a
core NA of 0.07;

[0011] Figure 2B, which is labeled “prior art”, illustrates bending
losses of the LPyy and LP{1 modes as a function of the bending radius of the
fiber of Figure 2A,

[0012] Figure 3A, which is labeled “prior art”, illustrates the refractive
index profile of the core and of the first cladding of optical fiber of Figure 1,
assuming a circular symmetry; the core diameter of 30 microns is shown with a
core NA of 0.07;

[0013] Figure 3B, which is labeled “prior art”, illustrates bending
losses of the LPg¢ and LP41 modes as a function of the bending radius of the
fiber of Figure 3A;

[0014] Figure 4 is a sectional view of a multi-cladding optical fiber
provided with a depressed first cladding according to a first illustrative

embodiment of the present invention;

[0015] Figure 5A illustrates the refractive index profile of the core
and of the first cladding of the optical fiber of Figure 4, assuming a circular

symmetry; the core diameter of 30 microns is shown with a core NA of 0.07;
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[0016] Figure 5B is a graph illustrating the bending losses of the
LPos and LP4y modes as a function of the bending radius of the fiber of Figure
5A,

[0017] Figure 6 is a sectional view of a non-circular multi-cladding
optical fiber provided with a depressed first cladding according to a second

illustrative embodiment of the present invention;
[0018] Figures 7A to 7C illustrate various cladding geometries;

[0019] Figure 8 is a sectional view of a multi-cladding optical fiber
provided with a depressed first cladding and an offset core according to a third
illustrative embodiment of the present invention, along with a corresponding

stair-like index profile;

[0020] Figure 9 is a sectional view of a generally non-circular multi-
cladding optical fiber provided with a depressed first cladding and an offset

core according to a fourth illustrative embodiment of the present invention;

[0021] Figure 10 is- a sectional view of a multi-cladding optical fiber
provided with a depressed first cladding and a graded-index core according to
fifth illustrative embodiment of the present invention, along with a

corresponding stair-like index profile; and

[0022] Figure 11 is a sectional view of a triple-clad optical fiber
provided with a depressed first cladding according to a sixth illustrative
embodiment of the present invention, along with a corresponding stair-like

index profile.
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DETAILED DESCRIPTION

[0023] In accordance with an illustrative embodiment of the present

invention, there is provided a multi-cladding optical fiber including:

a longitudinal core having at least a portion thereof that is
rare-earth doped; the core having a core refractive index;

a first cladding surrounding the longitudinal core; the first
cladding having a first cladding refractive index lower than the core refractive

index;

a second cladding surrounding the first cladding; the second
cladding having a second cladding refractive index higher than the first cladding

refractive index; and

an external cladding surrounding the second cladding.Other
objects, advantages and features of the present invention will become more
apparent upon reading of the following non-restrictive description of illustrative
embodiments thereof, given by way of example only with reference to the

accompanying drawings.

[0024] The present description refers to other documents listed at
the end of the present disclosure. These documents are hereby incorporated

by reference in their entirety.

[0025] The use of the word “a” or “an” when used in conjunction with
the term “comprising” in the claims and/or the specification may mean “one”,
but it is also consistent with the meaning of “one or more”, “at least one”, and
“one or more than one”. Similarly, the word “another” may mean at least a

second or more.
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[0026] As used in this specification and claim(s), the words
“comprising” (and any form of comprising, such as “comprise” and
“comprises”), “having” (and any form of having, such as ‘have” and “has”),
“including” (and any form of including, such as ‘include” and “includes”) or
“containing” (and any form of containing, such as “contain” and “contains’), are
inclusive or open-ended and do not exclude additional, unrecited elements or
process steps.

[0027] Generally stated, illustrative embodiments of the present
invention are concerned with an optical fiber including a rare-earth doped core
into which the signal field is to be amplified. The doped core is surrounded by
multiple claddings that guide the pump field to be absorbed by the reactive core
material. A first cladding surrounds the core to adjust the core NA [6-9]. The
core NA can be kept as low as 0.05 even at high rare-earth concentrations
(greater than about 4 wt %). The approach used herein in illustrative
embodiments of the present invention increases the differential bending losses
between the first mode and the higher-order modes to allow mode filtering and
favor a single-mode output. Generally, this is achieved by using a first cladding

having a refractive index lower than the refractive index of the second cladding.

FIBER DESIGN

[0028] A schematized section view and a schematic refractive index
profile for a conventional multi-cladding optical fiber 20 are shown in Figure 1.
The refractive index of the first cladding 22 is adjusted to the refractive index of
the core 24 (which generally depends on the rare-earth concentration thereof)
to obtain the desired core NA, typically between about 0.05 and about 0.07.

REPLACEMENT PAGE
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[0029] To favor a si'ngle-mode output, one can rely on the commonly
used approach based on differential bending losses to filter out higher-order
modes. Indeed, inter-modal coupling, such as a bend-induced coupling for
example, may give rise to excitation of higher-order modes from perturbations
to the fundamental mode along the fiber and a final mode filtering might be

necessary to improve the output beam quality.

[0030] However, the filtering efficiency of the differential bending
losses technique is greatly reduced as the core size increases, simply because
the higher-order modes are more and more confined within the core as the
latter enlarges. Figure 2A illustrates a typical index profile for a multi-cladding
fiber with a core diameter of 20 ym and core NA of 0.07. For illustration
purposes, only the core and the first cladding are shown. Figure 2B depicts the
bending losses of such a fiber design. According to Figure 2B, this fiber would
provide a margin of ~ 3 cm in bending radius to impart significant bending
losses to the LP11 mode while keeping these losses below 1 dB/m for the LPy;
mode, thus favoring a single-mode output. But, as shown in Figures 3A and 3B,
enlarging the core to 30 um would reduce this margin to less than 1 cm, which
is more critical. Moreover, as discussed in Laperle et al. [6], the small bending
radius required for the mode filtering makes the large core design more prone

to higher-order modes excitation caused by bend-induced modal coupling.

[0031] Figure 4 illustrates a schematized cross sectional view and a
schematic refractive index of a multi-cladding optical fiber 200 according to a
first illustrative embodiment of the present invention. It includes a core 202, a
depressed first cladding 204, a second cladding 206, an intermediate cladding
in the form of a third cladding 208 and an external fourth cladding 210.
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[0032] As can be seen from this figure, the first cladding 204 has a
refractive index lower than the refractive index of the second cladding 206. This

is referred herein as a depressed cladding.

[0033] The third cladding 208 constitutes an intermediate cladding.
One skilled in the art will understand that more than one such intermediate
cladding can be provided between the second cladding 206 and the external
fourth cladding 210. These intermediate claddings are generally made out of
glass and can be used to guide some of the high pump power thus limiting the

pump power interacting with the external cladding 210.

[0034] The external fourth cladding 210 is generally made out of a
low refractive index polymer.

[0035] Figure 5A reproduces a portion of the depressed-cladding
refractive index of Figure 4 which takes advantage of the mode-dependent
penetration depth of the evanescent field. Only the refractive indexes of the
core 202 and the first two claddings 204 and 206 are illustrated in Figure 5A.
The core diameter is 30 um and the core NA is 0.07. Figure 5B illustrates the

bending losses of this fiber with respect to the bending radius.

[0036] As can be seen in Figure 5B, by appropriately choosing the
depressed-cladding thickness, the difference in penetration depth can be
optimized so as to increase the differential bending losses between the modes.
In spite of a core NA which is the same as in the design of Figure 3A, the
depressed-clad design gives rise to significantly increased bending losses for
the higher-order modes whose evanescent wave extends farther into the

cladding.
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[0037] Of course, the same graph shows that the fundamental mode
also suffers increased bending losses, but the end result is a greatly improved
margin of ~ 6 cm in bending radius (in comparison with ~ 1 cm for Figure 3B)
within which one can filter out the higher-order modes with limited impact on
the LPy; mode. The required larger bending radius for limiting the fundamental
mode power loss might first appear as a drawback. But the possibility of
filtering the higher-order modes at a larger bending radius might actually prove
even more advantageous as it reduces bend-induced inter-modal coupling, as

discussed in Laperle et al. [6].
PREFORM AND FIBER FABRICATION

[0038] The fabrication of the multi-cladding fiber 200 where the rare
earth dopant of the core 202 is ytterbium (Yb) will now be briefly described.

[0039] The fabrication of the multi-cladding fiber 200 can be done
using the conventional MCVD process or other technique such as outside
vapor deposition (OVD), .plasma—assisted deposition or nanoparticle
technology.

[0040] The host material of the core and claddings is glass; silica
being the most commonly used material. Other host materials may include
fluoride glass or chalcogenide glass. While ytterbium has been mentioned
hereinabove as the rare-earth dopant of the core of the fiber, other rare-earth
elements, alone or in combination can be used and confined or not within the
core. These rare-earth elements include erbium, neodymium, thulium and
praseodymium, for example. To obtain the desired refractive index of the core
and the claddings, other elements can be added. These elements may include
aluminum, germanium, phosphorous, boron, and fluorine, for example. Finally

the fourth external cladding 210 may include glass or low refractive index
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polymer. Index control can also be achieved by using the microstructure fiber
technology. Hence, instead of a low-index polymer or Fluosil® glass, so-called

air cladding can be considered as discussed in reference [10.]

[0041] Turning now to Figure 6 of the appended drawings a multi-
cladding fiber 300 according to a second illustrative embodiment of the present
invention will be briefly described. As can be seen from this figure, the core
302 and the first depressed cladding 304 have a circular cross section while the

second, third and fourth claddings 306-310 have a generally oval cross section.

[0042] The non-circular shape of the second, third and fourth
claddings as depicted in Figure 6 serves to increase pump mode mixing and

thus improve the pump power absorption by the core 302.

[0043] Figures 7A to 7C are schematic cross-sections illustrating
multi-cladding fibers having non-circular third claddings. More specifically, the
fiber of Figure 7A has a D-shape third cladding; the fiber of Figure 7B has a
hexagonal-shape third cladding and the fiber of Figure 7C has an octagonal-
shape third cladding. One skilled in the art will understand that other irregular
shapes can be used. The non-circular third claddings of Figures 7A to 7C
increase the pump mode mixing and thus improve the pump power absorption
by the core [11].

[0044] The multi-cladding fiber 400 of Figure 8 is similar to the fiber
300 of Figure 6. The main difference is the off-center location of the core 402
and the depressed first cladding 404. This off-center core 402 and first
cladding 404 also favors higher pump absorption as discussed in reference
[12].
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[0045] The multi-cladding fiber 500 of Figure 9 is similar to the fiber
400 of Figure 8. The main difference is the oval shape of the core 502 and

depressed first cladding 504 that further enhances pump mode mixing.

[0046] It is to be noted that the core index profile is not limited to a
step-index like dopant distribution. In other words, the uniform refractive index
profile of the core illustrated in Figures 4 to 9 could be varied. A core having a
parabolic refractive index profile or, more generally, a graded refractive index
profile, for example, could also benefit from a depressed-cladding design.
Figure 10 illustrates a multi-cladding fiber 600 where the core 602 has a graded
refractive index profile. The principal interest for such a graded refractive index
profile is to limit the distortion in beam shape imparted to the fundamental

mode by coiling the fiber, as discussed by Fini [13].

[0047] It is to be noted that the number of claddings surrounding the
core could be varied depending on the intended application of the fiber. For
example, a triple-clad fiber, illustrated in Figure 11, would also benefit from the

new depressed clad design for enhancing differential bending losses.

[0048] More specifically, Figure 11 illustrates a triple-clad fiber 700
provided with a core 702, a first depressed cladding 704, a second cladding
706 and an external third cladding 708.

[0049] Furthermore, any of the fibers discussed hereinabove could
be polarization maintaining. Known techniques to induce birefringence in the
fibre, such as an elliptic core, an elliptic cladding, the panda configuration and
the bow-tie configuration, for example, can be used. If some stress-applying
parts are used, they can be contained inside a single cladding or they can span

more than one cladding.
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[0050] The depressed-cladding design described hereinabove improves the

standard multi-cladding design by extending the applicability of mode filtering through

bending losses to larger core sizes.

[0051] Furthermore, the geometry of the illustrative embodiments of the
present invention is well suited to tailor the optical and acoustic properties of the fiber.
By using the right dopants in the core and first cladding, the overlap between the optical
and acoustic fields distributions can be reduced significantly, thus increasing the SBS

threshold as discussed in references [2,14].

[0052] It is to be understood that the invention is not limited in its
application to the details of construction and parts illustrated in the accompanying
drawings and described hereinabove. The invention is capable of other embodiments
and of being practiced in various ways. It is also to be understood that the phraseology

or terminology used herein is for the purpose of description and not limitation.

12
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Claims:

1. A multi-cladding large-core multimode optical fiber comprising:

a longitudinally extending multimode core with low numerical aperture having at least a portion
thereof that is rare-earth doped, the core having a core refractive index and a diameter, the

diameter being at least 30 ym;

a first cladding surrounding the longitudinally extending core, the first cladding having a first
cladding refractive index lower than the core refractive index;

a second cladding surrounding the first cladding, the second cladding having a second cladding
refractive index higher than the first cladding refractive index and lower than the core refractive

index;
at least one intermediate cladding surrounding the second cladding; and

an external cladding surrounding the at least one intermediate cladding, the external cladding

having an external cladding refractive index lower than the second cladding refractive index,

whereby, for a given diameter of the core, a margin is increased between a first bending radius causing a
threshold bending loss in a fundamental mode of the optical fiber and a second bending radius causing
the threshold bending loss in higher-order modes of the optical fiber.

2. The multi-cladding multimode optical fiber of claim 1, wherein the core has a numerical aperture in the
range of about 0.05 to about 0.07.

3. The multi-cladding muitimode optical fiber of claim 1, wherein the longitudinally extending core and the
first cladding have a generally circular cross-section.

4. The multi-cladding muitimode optical fiber of claim 3, wherein the second cladding, the at least one

intermediate cladding, and the external cladding have a non-circular cross-section.

5. The multi-cladding multimode optical fiber of claim 1, wherein the longitudinally extending core and the

first cladding have a generally oval cross-section.

6. The multi-cladding multimode optical fiber of claim 5, wherein the second cladding, the at least one

intermediate cladding, and the external cladding have a generally circular cross-section.

7. The multi-cladding multimode optical fiber of claim 1, wherein the longitudinally extending core is offset

with respect to a longitudinal axis of the optical fiber.
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8. The multi-cladding multimode optical fiber of claim 1, wherein the at least one intermediate cladding has
an intermediate cladding refractive index lower than the second cladding refractive index and higher than
the external cladding refractive index.

9. The multi-cladding multimode optical fiber of claim 1, wherein the at least one intermediate cladding has

a non-circular cross-section.

10. The multi-cladding multimode optical fiber of claim 1, wherein the core is made of glass and comprises

an element selected from the group consisting of aluminum, germanium, phosphorus, boron and fiuorine.

11. The multi-cladding multimode optical fiber of claim 10, wherein the glass is selected from the group

consisting of silica, fluoride glass and chalcogenide glass.

12. The muiti-cladding multimode optical fiber of claim 1, wherein the rare-earth dopant comprises an

element selected from the group consisting of ytterbium, erbium, neodymium, thulium and praseodymium.
13. The multi-cladding multimode optical fiber of claim 1, wherein the first and second claddings are made
of glass and independently comprise an element selected from the group consisting of aluminum,

germanium, phosphorus, boron and fluorine.

14. The multi-cladding multimode optical fiber of claim 13, wherein the glass is selected from the group
consisting of silica, fluoride glass and chalcogenide glass.

15. The multi-cladding multimode optical fiber of claim 1, wherein the external cladding includes a low

refractive index polymer.

16. The multi-cladding multimode optical fiber of claim 8, wherein the at least one intermediate cladding

comprises an element selected from the group consisting of glass and low refractive index polymers.

17. The multi-cladding multimode optical fiber of claim 1, wherein the core refractive index has a generally
uniform profile.

18. The multi-cladding muitimode optical fiber of claim 1, wherein the core refractive index has a generalfly

graded profile.
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19. The muiti-cladding multimode optical fiber of claim 1, wherein the core refractive index has a generally
parabolic profile.

20. The multi-cladding multimode optical fiber of claim 1, wherein the fiber is configured as to be
polarization maintaining using a configuration selected from the group consisting of an elliptic core, an

elliptic cladding, a panda configuration and a bow-tie configuration.
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