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(57) Abstract: The present invention relates to articles comprising micro-structured, hollow-core fibres, and methods of their splic-
ing and connectorization. It is an object of the invention to provide a scheme for optically coupling an article comprising a mi-
cro-structured, hollow-core optical fibre to other optical fibres or components with a relatively low return loss. The object is fulfilled
by providing an article comprising a micro-structured, hollow-core optical fibre with an optical window made of an optical material
& of refractive index n,,, the optical fibre having an even end face forming an angle 6 with a plane perpendicular to a longitudinal
& direction of the optical fibre, the optical window being of length I, in the longitudinal direction and having a first face parallel to
and contacting the end face of the optical fibre, wherein the angle 0 is different from 0°. The invention further relates to methods
of optical coupling a hollow-core fibre to other micro-structured, hollow-core or non-micro-structured optical fibres by means of an
optical connector or a splice and to a fibre laser or amplifier comprising an article according to the invention. The invention may be
used in all applications of hollow-core optical fibres, where return loss in of importance, e.g. in optical communications systems.
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ARTICLES COMPRISING MICRO-STRUCTURED, HOLLOW-CORE
FIBRES, AND METHODS OF THEIR SPLICING, CONNECTORIZATION
AND USE

DESCRIPTION

BACKGROUND OF THE INVENTION

The present invention relates to articles and assemblies comprising micro-
structured, hollow-core fibres, and methods of their manufacturing. The
invention further relates to methods of splicing a hollow-core fibre to other
micro-structured, hollow-core or non-micro-structured optical fibres. It further
relates to a fibre laser or amplifier comprising an article according to the
invention.

The invention further relates to use -of such articles or optical fibre
assembilies or fibre lasers or amplifiers in various applications.

The Technical Field

For mény applications of micro-structured optical fibres in optical fibre
systems, return loss is a critical parameter that must be controlled or reduced
to make the system work. Examples of such applications are:

Optical Time Domain Reflectometry (OTDR) typically works by sending a
short optical pulse down through an optical fibore and measures the time
delay and the intensity of the reflected pulses. In this way, e.g. point scat-
terers, fibre defects, and reflections from splice interfaces can be measured.
A reflection from a glass-air interface typically creates a very intense
reflection that will bleach out or saturate the fast photd detector, thus making
the measurement impossible.

Optical communication systems are typically very sensitive to reflections as
they can travel backward through the optical path and degrade the
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performance of the system. Even a reflection (return loss) as little as =30 dB
(0.1%) can have detrimental consequences.

Pigtailing of lasers typically have to be done very carefully to avoid feedback.
Many lasers (e.g. gas lasers or semiconductor lasers) can become unstable
with too much reflected light, as such reflections can induce multi transverse
mode and/or longitudinal mode lasing.

Single-pass fibre amplifiers are spliced or free space coupled with a fibre
laser. Often, the output coupler of the laser is a low reflectivity mirror defined
by Bragg gratings written into the fibre laser. Again in this case, reflected
light can induce instability of the laser. Also, even small levels of reflections
within an amplifier can induce lasing, which will severely degrade amplifier
performance.

The term ‘micro-structured optical fibre’ or ‘photonic crystal fibre’ is in the
present application taken to mean an optical fibre comprising a multitude of
longitudinally extending elements dispersed in a back ground material. The
term ‘a multitude of longitudinally extending elements’ is in the present
context taken to mean more than 2, such as more than 4, such as more than
6, such as more than 8, such as more than 12 longitudinally extending
elements in a given cross section perpendicular to a longitudinal direction of
the optical fibre. The longitudinally extending elements may be distributed in
a periodic or non-periodic pattern when viewed in a cross section
perpendicular to a longitudinal direction of the optical fibre. A micro-
structured, hollow-core optical fibre is taken to mean a micro-structured
optical fibre comprising a hollow core for guiding light.

DISCLOSURE OF THE INVENTION

OBJECTS OF THE INVENTION:

It is an object of the present invention to provide articles comprising micro-
structured, hollow-core fibres suitable for optical coupling to other optical
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waveguides or optical components. It is a further object to provide optical
devices, e.g. fibre lasers or amplifiers based on such articles. It is a further
object to provide optical fibre assemblies based on the optical coupling of
one or more of such articles with each other or another article.

It is a further object of the present invention to provide a method of splicing
micro-structured, hollow-core fibres to other optical fibres in general with low
return loss. It is a further object to provide a method of splicing micro-
structured, hollow-core fibres to standard optical fibres with low return loss. It
is a further object of the invention to provide use of the articles or optical fibre
assemblies or fibre lasers or amplifiers in various applications.

Further objects appear from the description elsewhere.

SOLUTION ACCORDING TO THE INVENTION

An article comprising a micro-structured, hollow-core optical fibre:

One or more objects of the invention are fulfilled by an article comprising a
micro-structured, hollow-core optical fibre for propagating a light beam
comprising light of a wavelength A in a longitudinal direction of the optical
fibre and an optical window made of an optical material of refractive index
N, the optical fibre having an even end face forming an angle 6 with a plane
perpendicular to a longitudinal direction of the optical fibre, the optical
window being of length |, in said longitudinal direction and having a first face
parallel to and contacting said end face of said optical fibre, wherein said
angle 6 is different from 0°.

This has the advantage of providing an article that enables coupling of a
micro-structured, hollow-core optical fibre to other optical fibres or optical
components at a relatively low return loss.
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The term ‘different from 0° is in the present context taken to mean
intentionally different from 0°. In an embodiment, 6 is larger than 1°such as
larger than 2°, such as larger than 5°.

In an embodiment, the refractive index n,,, and the angle 8 are adapted to
prevent a majority of the reflected light from being coupled back into the
hollow core of the micro-structured optical fibre.

The term ‘a majority of the reflected light' is in the present context taken to
mean more than 50%, such as more than 80%, such as more than 95% of
the intensity of the reflected light. '

In an embodiment, the angle 8 is adapted to the numerical aperture of the
optical fibre and/or to the mode field diameter of the light beam of the optical
fibre.

In an embodiment, the angle 8 is adapted to the numerical aperture of the
optical fibre and/or to the mode field diameter of the light beam to reduce the
back reflection from the end face of the optical fibre. In an embodiment, the
back reflection is reduced to levels below -30 db, such as below -40 db, such
as below -50 db.

In an embodiment, the refractive index n,,, the angle 6 and the length |,, are
adapted to control the spatial displacement dgg, of the light beam in the
optical window from a centre line of the hollow core. This has the advantage
of providing design freedom with respect to the location of the light beam at
the second face of the optical window.

In an embodiment, the location of the centre line of the hollow core is
displaced relative to a centreline of the optical fibre (as determined by its
outer boundary). In an embodiment, the refractive index n,,, the angle 6 and
the length |, are adapted to facilitate the coupling of the light beam into the
core region of another optical fibre. In an embodiment, the refractive index
n,,, the angle 8 and the length |,, are adapted to provide the light beam to be
centrally located at the second face of the optical window.
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In an embodiment, the optical window comprises a Bragg grating. This has
the advantage of providing the possibility to select a wavelength to be
reflected by the optical window, e.g. in connection with a laser, e.g. a fibre
laser.

In an embodiment, the first and/or the second faces of the optical window
comprise an antireflective (AR) coating or a high-reflection (HR) coating. This
has the advantage of providing the possibility to select a wavelength or
wavelength range to be reflected by the optical window, e.g. in connection
with a laser, e.g. a fibre laser.

In an embodiment, the article further comprises an (external) optically
reflective element. This may be optically coupled to the optical window via a
free space region and/or via an optical lens. This may be useful in
connection with the use of the article in a laser arrangement, e.g. in a fibre
laser.

The term ‘optically coupled’ is in the present context taken to mean either,
physically integrated with, directly butt-coupled to, joined to by any
appropriate method including glue, splicing, index-matching material, etc.,
coupled to via a free space region (e.g. air), possibly via an optical
component such as a lens. Preferably, ‘optically coupled’ means a low loss
coupling, e.g. a splice or a butt-coupling of carefully aligned faces, e.g. in an
optical connector.

In an embodiment, the optical window is made of silica. This has the
advantage of being an appropriate material for a large number of commonly
used optical fibres (micro-structured as well as non-micro-structured). In
general, the physical properties of the optical window should preferably be
adapted to those of the hollow-core micro structured fibre and to a possible
second optical fibre to which the article is to be coupled.

In an embodiment, the micro-structured, hollow-core optical fibre is a silica
based optical fibre.
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In an embodiment, the micro-structured, hollow-core optical fibre is a hollow
core PCF from BlazePhotonics (Bath, Great Britain), e.g. the HC-1550-02
fibre or an air guiding fibre from Crystal Fibre A/S (Birkergd, Denmark), e.g.
the AIR-10-1550 fibre.

In an embodiment, the micro-structured, hollow-core optical fibre and the
optical window are spliced together.

In an embodiment, the optical window is constituted by a length of a non-
micro-structured optical fibre. This has the advantage of providing an article
that comprises an optical coupling between a micro-structured, hollow-core
optical fibre and a non-micro-structured optical fibre. In an embodiment, the
micro-structured, hollow-core optical fibre and a non-micro-structured optical
fibre are optically coupled via a connector or spliced together (cf. FIG. 4).

In an embodiment, the optical window comprises a second face substantially
paralle! to the first face. This has the advantage of facilitating coupling to

another optical fibre, e.g. by including an optical connector in the article.

A fibre laser or amplifier:

One or more objects of the invention are fulfilled by a fibre laser or amplifier
comprising an article according to any one of the embodiments described
above under the heading “An article comprising-a micro-structured, hollow-
core optical fibre” or in the corresponding claims wherein the micro-
structured, hollow-core fibre comprises an optically active material such as a
rare-earth ion (e.g. Er and/or Yb). '

In an embodiment, the hollow-core of the optical fibre comprises an optically
active material in fluid form, such as a gas. This has the advantage that the
optically active material can be added after the production of the hollow-core
fibre and that the optical window can serve the dual purpose of enclosing
(sealing) the fluid in the hollow core (and/or in other possible hollow elements
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of the micro-structured fibre) and ensuring an appropriate optical coupling to
another optical component of fibre (including a reduced back reflection).

In an embodiment, the angle 8 is substantially equal to Brewster's angle.
This has the advantage of facilitating the discrimination of TM and TE
polarised light, thereby enabling single frequency operation of the laser. In
an embodiment, 6 is within 10° of Brewster's angle, such as within 5°, such
as within 1°.

An optical fibre assembly comprising two optically coupled hollow-core
optical fibres:

One or more objects of the invention are fulfilled by an optical fibre assembly
comprising first and second articles as described above under the heading
“An article comprising a micro-structured, hollow-core optical fibre” or in the
corresponding claims, the articles being optically coupled to each other via
the second faces of the optical windows wherein the angle 8 is substantially
identical for both the first and second articles. This has the advantage of
providing a scheme for optically coupling two micro-structured, hollow-core
optical fibres to each other with a relatively low return loss.

In an embodiment, the angles 8 of the first and second articles are within 5%
of each other, such as within 2%, such as within 1%.

In an embodiment, the centre lines of the hollow cores of the micro-
structured fibres are displaced in opposite radial directions from a centre line
of the joined optical fibre assembly (as illustrated schematically in FIG. 5c).
This has the advantage of enabling a low loss coupling (e.g. via an optical
connector or a splice) of two micro-structured hollow-core optical fibres. The
determination of an appropriate radial displacement in dependence of the
angle 8, the refractive index n,, and the length |, of the optical window is
outlined below.

In an embodiment, the second faces of the optical windows of the first and
second articles are joined via an optical connector or a splice.
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An optical fibre assembly comprising a hollow-core optical fibre optically

coupled to a non-micro-structured optical fibre I:

'One or more objects of the invention are fulfilled by an optical fibre assembly

comprising first and second articles as described above under the heading
“An article comprising a micro-structured, hollow-core optical fibre” or in the
corresponding claims, wherein - in the second article - the micro-structured,
hollow-core optical fibre is substituted by a non-micro-structured optical fibre,
and the first and second articles are optically coupled to each other via the
second faces of the optical windows wherein the angles 6 of the end faces
are substantially identical. This has the advantage of providing a scheme for
optically coupling a micro-structured, hollow-core optical fibre to a non-micro-
structured optical fibre with a relatively low return loss (e.g. via an optical
connector or a splice).

In an embodiment, the second faces of the optical windows of the first and
second articles are joined via an optical connector or a splice.

In an embodiment, the non-micro-structured optical fibre is a silica fibre, e.g.
a single mode fibre, such as a SMF28 fibre.

A method of manufacturing an article comprising a micro-structured, hollow-

core optical fibre:

One or more objects of the invention are fulfilled by a method of
manufacturing an article comprising a micro-structured, hollow-core optical
fibre, the method comprising the steps of

a) providing the optical fibre with an even end face forming an
angle 6 with a plane perpendicular to a longitudinal direction of the optical
fibre wherein the angle 6 is different from 0°;

b) providing an optical window made of an optical material of
refractive index n,,, and having a length |,,, in the longitudinal direction;

c) providing the optical window with a first face parallel to the end
face of the optical fibre;
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d) providing that the end face of the fibre and the first face of the
optical window are joined.

This has the advantage of providing a method for manufacturing an article
suitable for optical coupling to a micro-structured, hollow-core optical fibre to
other optical fibres or optical components at a relatively low return loss.

In an embodiment, the refractive index n,,, and the angle 6 are adapted to
prevent a majority of the reflected light from being coupled back into the
hollow core of the optical fibre.

In an embodiment, in step a) the end face of the optical fibre is formed by
cleaving and/or polishing or laser cutting.

In an embodiment, in step d) the end face of the fibre and the first face of the
optical window are joined by abutment, by splicing or by means of an
adhesive material or an index matching material.

In an embodiment, in step a) the optical window is provided with a second
face substantially parallel to the first face.

A method of splicing a micro-structured, hollow-core optical fibre to another
optical fibre:

One or more objects of the invention are fulfilled by a method of splicing a
micro-structured, hollow-core optical fibre to a second optical fibre, the
method comprising the steps of

a) providing a fist article comprising a micro-structured, hollow-core
optical fibre by a method described above under the heading “A method of
manufacturing an article comprising a micro-structured, hollow-core optical
fibre” and in the corresponding claims;

b) providing a second article comprising a second optical fibre, the
method comprising the sub-steps of;
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b1) providing the second optical fibre with an even end
face forming an angle 8, with a plane perpendicular to a longitudinal direction
of the second optical fibre wherein the angle 6, is different from 0°;

b2) providing an optical window made of an optical
material of refractive index n,,, and having a length 1, in the longitudinal
direction;

b3) providing the optical window with first and second
faces substantially parallel to the end face of the second optical fibre;

b4) providing that the end face of the second optical
fibre and the first face of the optical window are joined.
c) providing that the angles 6 and 6, are substantially equal;
d) axially aligning the first and second articles to allow optical

coupling of light between the articles via the second faces of sad optical
windows ensuring that the angled surfaces are parallel; and
e) splicing the first and second articles together.

This has the advantage of providing a method for splicing a micro-structured,
hollow-core optical fibre to another optical fibre at a relatively low return loss.

In an embodiment, the micro-structured, hollow-core optical fibre of the first
article is an air guiding fibre from Crystal Fibre A/S (Birkergd, Denmark), e.g.
the AIR-10-1550 fibre.

In an embodiment, the other optical fibre is a micro-structured fibre.
In an embodiment, the other optical fibre is a micro-structured fibre, e.g. a
double clad fibre, e.g. a DC-150-28-Yb fibre or an LMA-15 fibre from Crystal

Fibre A/S, (Birkerad, Denmark).

In an embodiment, the other optical fibre is a non-micro-structured fibre, such
as an SMF28 fibre from Corning Inc.



WO 2004/111695 PCT/DK2004/000439

10

15

20

25

30

11

A method of splicing a micro-structured, hollow-core optical fibre to a non-

micro-structured optical fibre:

One or more objects of the invention are fulfilled by a method of splicing a
micro-structured, hollow-core optical fibre to a non-micro-structured optical
fibre, the method comprising the steps of

a) providing a first micro-structured, hollow-core optical fibre;
b) providing a second non-micro-structured optical fibre;
c) providing each of the first and second optical fibres with an even

end face forming an angle 8 with a plane perpendicular to a longitudinal
direction of the optical fibres wherein the angle 6 is different from 0°;

d) axially aligning the first and second optical fibres to allow optical
coupling of light between the optical fibres ensuring that the angled end
faces are parallel; and

e) splicing the optical fibres together.

This has the advantage of providing a method for splicing a micro-structured,
hollow-core optical fibre to a non-micro-structured optical fibre (e.g. a

standard SMF28-fibre) at a relatively low return loss.

In an embodiment, the angle 8 is in the range from 1° to 25°, such as in the
range 5° to 15°, such as in the range 8° to 12°.

An optical fibre assembly comprising a hollow-core optical fibre optically

coupled to a non-micro-structured optical fibre II:

One or more objects of the invention are fulfilled by an optical fibre assembly
comprising

a) a first micro-structured, hollow-core optical fibre;

b) a second non-micro-structured optical fibre;

c) the first and second optical fibres each having an even end
face forming an angle 8 with a plane perpendicular to a longitudinal direction
of the respective optical fibre wherein the angle 6 is different from 0°;
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d) the first and second optical fibres being axially aligned to
allow optical coupling of light between the optical fibres ensuring that the
angled end faces are parallel;

This has the advantage of providing an optical fibre assembly adapted for
coupling a micro-structured, hollow-core optical fibre to a non-micro-
structured optical fibre (e.g. a standard SMF28-fibre) at a relatively low return
loss.

In an embodiment, the angle © is in the range from 1° to 25°, such as in the
range 5° to 15°, such as in the range 8° to 12°.

In an embodiment, the end faces of the first and second optical fibres are
joined by splicing or by an optical connector.

Use of articles, efc.:

One or more objects of the invention are fulfilled by the use of an article as
described above under the heading “An article comprising a micro-
structured, hollow-core optical fibre” and in the corresponding claims, or of a
fibre laser or amplifier as described above under the heading “A fibre laser or
amplifier” and in the corresponding claims, or of an optical fibre assembly as
described above under the heading “An optical fibre assembly comprising
two optically coupled hollow-core optical fibres” and in the corresponding
claims, or of an optical fibre assembly as described above under the heading
“An optical fibre assembly comprising an hollow-core optical fibre optically
coupled to a non-micro-structured optical fibre-I” and in the corresponding
claims, or of an optical fibre assembly as described above under the heading
“An optical fibre assembly comprising an hollow-core optical fibre optically
coupled to a non-micro-structured optical fibre-1l” and in the corresponding
claims.

In an embodiment, use is made in an optical reflectometry system, in an
optical communications system, in a laser system or in a fibre amplifier
system.
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It should be emphasized that the term “comprises/comprising” when used in
this specification is taken to specify the presence of stated features, integers,
steps or components but does not preclude the presence or addition of one
or more other stated features, integers, steps, components or groups
thereof.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows an OTDR measurement of 100 m air core PBG fibre (solid).
Also shown in the figure is the measured response when no fibre is

connected (dash-dot).

FIG. 2a shows a photo of angle cleaved photonic crystal fibre according to
the present invention (left) aligned to SMF28 (right), cleaved at 10.5 degrees;

FIG. 2b shows a photo of angle cleaved photonic crystal fibre according to
the present invention (left) aligned to SMF28 (right), cleaved at 8.1 degrees;

FIG. 2c shows a photo of the above angle cleaved photonic crystal fibre
according to the present invention (left) spliced to SMF28 (right);

FIG. 3 shows a schematic illustration of angle cleaved fibre according to the

present invention;

FIG. 4 shows a schematic illustration of angle cleaved fibres, spliced

according to the present invention;

FIG. 5a shows a schematic illustration of angle cleaved fibre connectorized

according to the present invention;
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FIG. 5b shows a schematic illustration of an angle cleaved micro-structured
fibre with a radially displaced hollow core connectorized according to the

present invention;

FIG. 5c shows a schematic illustration of angle cleaved fibre-to-fibre

connection according to the present invention;

FIG. 6 shows a schematic illustration of an output coupler of a PBG fibre gas

laser according to the present invention with Brewster window. Brewster
angle: 6, = 56°. Refracted angle: &, = 34°. Beam diversion: a = 56° - 34° =
22°;

FIG. 7 shows power reflection coefficients for the two polarizations of a plane

wave incident from air onto a glass surface, i.e. n,=1andn,=1.45. The

Brewster angle is indicated;

FIG. 8 shows a calculation of power in reflected light coupled back into the

core; and

FIG. 9 shows a calculation of minimum connector angle vs. NA for a desired
Return Loss (RL) of —50 dB.

DETAILED DESCRIPTION

In order to present the invention, the proceeding description shall be based
on examples. The examples act to illustrate the concepts and design ideas
that underlie the invention. It is to be understood that the examples are
merely illustrative of the many possible specific embodiments which can be
devised from the present invention as well as there exists many possible
applications that may be devised from the principles of the invention. The
presented examples are not intended to limit the scope of the invention.
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Splicing

Splicing conventional, solid fibres together will normally result in minimal
reflection from the splice interface, as there is no significant change in index
of refraction between the two fibres. For splicing micro-structured optical
fibres to solid fibres, return loss can be a serious problem. If the two fibres
have significant differences in core sizes, in mode sizes and/or in effective
refractive index for the modes, significant reflections can occur.

One class of micro-structured optical fibres is the photonic bandgap (PBG)
fibre, where the light is guided in air (also denoted air-core or hollow-core
fibres). For this class of fibre, these reflections can be a particular problem. If
the fibre end is spliced or butt coupled to a silica core fibre (solid or micro
structured), the light propagating down the fibre experiences a large index
change at the splice interface. Since the core material changes from air to
silica, the refractive index changes from 1 to ~1.45, which will cause a
Fresnel reflection of 4% (-14 dB) for normal incidence.

FIG. 1 shows an OTDR measurement of 100 m air core PBG fibre 11 (solid).
Also shown in the figure is the méasured response 12 when no fibre is
connected (dash-dot). This corresponds to the case where no reduction of
the back reflection is performed. The large reflection 121 is seen to bleach
out the response from the connected fibre, thereby destroying the

measurement.

The present invention solves this by preventing the reflected light to be
guided backwards in the fibre system. In preparing both fibres for the splice
they should preferably be cleaved or cut at substantially the same angle (see
FIGs. 2 and 3). When aligning the fibres 41, 42 for the splice, the fibres
should preferably be rotated relative to each other so that the angled facets
are parallel. After the splice, the splice interface 43 defines an angle being
substantially identical to the cleaved or cut angle 0 (see FIG. 4).
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FIG. 2a shows a photo of an angle cleaved photonic crystal fibre, here a
hollow-core optical fibre 21 according to the present invention (left) aligned to
a non-micro-structured optical fibre, here an SMF28 fibre 22 (right). The end
faces 211 and 221 of the respective optical fibres 21, 22 are both cleaved at
10.5°. This represents an appropriate angle for a silica non-micro-structured
optical fibre 22 to avoid back reflection from its end facet 221 into the core of
the micro-structured, hollow-core optical fibre 21. The fibres 21, 22 are
axially aligned in preparation to a connectorization or a splicing.

FIG. 2b shows a photo corresponding to that of FIG. 2a with the only
difference that the cleaving angles of the end faces 211, 221 of the optical
fibres 21, 22 are 8.1° instead of 10.5°.

FIG. 2c illustrates a splice 23 of the optical fibres 21, 22 of FIG. 2b, the end
faces 211, 221 of the optical fibres being cleaved at an angle of 8.1°, axially
aligned (ensuring that the two end faces 211, 221 are parallel) and
subsequently spliced using a conventional cleaving and splicing apparatus.

Connectorisation

For connectorized fibres, the problem with optical reflections can be
especially severe, as the Fresnel reflections at the fibre ends are high and
powerful. For conventional, solid fibre technology (with silica-based core),
this has been solved by the development of angled polished fibre
connectors, such as APC. Here, the connector end and thus the fibre facet is
polished at an angle. This typically reduces the return loss to below —60 dB
(0.0001%).

In a previous patent application (WO-03/032039, “Hermetically sealed optical
fibre with voids or holes, method of its production, and its use”), we have
developed a method for connectorising photonic crystal fibres, which is
incorporated herein by reference. In this patent application, we describe how

the holes are hermetically sealed and then connectorised. To avoid
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reflections from e.g. a connectorized air-core fibre, it will not be sufficient to
angle polish such a connector, as the internal interface will result in a strong
reflected signal. As shown schematically in FIG. 5, by splicing onto this air-
core fibre 51 a “stud” 52, an optical window made of e.g. pure silica, which is
angle cleaved or cut before splicing as described above (for FIG. 3, 4) to
provide end face 511 of the optical fibre and first and second faces 521, 522,
respectively, of the optical window, the air-core fibres can be connectorized

with much reduced return loss.

Equipment for performing these steps may be bought commercially through
the company Vytran (Vytran Corporation, Morganville, NJ 07751, USA). A
suitable exemplary equipment is the Vytran FFS 2000 splicing and cleaving
machine. Appropriate setting of cleaving and splicing parameters of the
equipment (e.g. temperature, time, etc.) may be adapted depending on

materials, dimensions, hole distribution, etc.

Note that none of the above solutions reduce or remove Fresnel reflections.
It merely makes sure that the reflected light is coupled out through the side

of the fibre and not back into the core.

As illustrated by FIG. 5b, also note that since the core refractive index of a
hollow core PBG fibre 53 is close to that of vacuum, the light 54 emitted
through a stud 55 will propagate parallel to the hollow core fibre. For free
space coupling, this is an important advantage over solid fibre, where a facet
angle will cause the light to be refracted, and the coupling apparatus thus
needs to be rotated accordingly. The spatial displacement d, of the beam

given by the stud of length / and angle & can be calculated as:

N/
ax=0- arcsm[ir— sin 9}

50,

. R, . Rgo, — Ny
d g, =1tana =[tan| 6 —arcsin| —4=-sin@ | |~ ] ——=- |0
"sio, Msio0,
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In the embodiment of Fig. 5b, comprising a the centre line 591 (shown
dotted) of the hollow-core 59 of the non-micro-structured optical fibre 53 is
radially displaced relative to the centre line 531 (shown dotted) of the optical
fibre to achieve that the light beam 54 is leaving the second face 552 of the
optical window (stud) 55 substantially following the centre line 531 of the
optical fibre (assuming that the hollow-core and the environment ‘outside’ the
article comprise materials having substantially identical refractive indices
(e.g. consist of air)). As indicated by the arrows on light beam 54, the

direction of light may be out of as well as into the article (stud)..

A numerical example

A fibre connector with @ = 8° and / = 100 um will result in a beam
displacement of ~5 pm. Such a displacement is enough to significantly
reduce the coupling from one fibre 56 to the other 57 if the fibre core is
situated in the centre of the fibre. To solve this, the PBG fibre 57 can be
designed to have the core 58 placed a few microns away from the centre.
The length of the stud can then be defined to make sure that the beam is
centralised at the facet. This technique can also be used to couple light from

one air-core fibre 56 to another 57, cf. FIG. 5c.

Fibre preparation

The technology for angle cleaving fibres is well developed and applies to
most phonic crystal fibres. The typical approach to make an angle cleave is
to apply torque as well as tension in the fibre at the same time as scorching
the side of the fibre with a blade. Due the torque, the stress lines will cause
cleaving to occur at an angle. Again, a Vytran FFS 2000 splicing and

cleaving machine may be used.

Note that an angled fibre end can also be achieved using e.g. a CO, laser to
cut the fibre.
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Application: gas-filled fibre laser or amplifier

In a preferred embodiment, an air-core PBG fibre is filled with gas (or have a
portion of the glass rare-earth doped) and used in a fibre-based laser or
amplifier. Preferably, the fibre core is filled with gas, and a hermetic sealing
is needed to keep the gas inside the fibre. This can be done by splicing a
stud 61 like the one described in FIG. 6 onto the fibre 62. The “internal”
angle 6, could now be made so large that it will be close to or preferably
equal to the Brewster angle. In this case the reflection coefficient for the two
states of linearly polarised light will be very different and thus the roundtrip
loss different for TM and TE polarised light.

For plane waves incident on an interface between two materials the field
reflection coefficients are given by (TE and TM polarization, respectively)
(See e.g. Fundamentals of Photonics, Bahaa E. A. Saleh and Malvin Carl
Teich, Wiley, 1991):

_ n.cos(6,)-n, cos(d,)

- n, cos(8,) +n, cos(6,)
_ n,co8(6,)-n, cos(6,)
- n, cos(6,) +n, cos(b,)

TE

Ty

Here »,,n, are the refractive indices of the two materials, and 6,0, is the

incident and refracted angle, respectively. To calculate the reflected power
these coefficients should be squared. The Brewster angle is calculated:

0, = arctan(ﬁJ
n
For an air/silica (n=1.45) interface this angle is 55°. At this angle,

lrne| =0 and |1y | =12.6%
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For such a device the reflection at both sides of the laser cavity can now be
defined in the solid glass stud. This can be done in at least two ways: a
Bragg reflector can be written into the stud, thus providing well-defined
reflection back into the laser cavity. Alternatively, the outer facet of the stud
can be coated with an AR or HR coating. In either case, there are no moving
parts in the laser cavity, and one is left with the task of coupling pump light
into the fibre and capturing the emitted laser light.

It should be noted that an external mirror also could be used. In this
configuration the glass stud acts as the Brewster window commonly used in

traditional gas lasers.

For coupling pump light into the fibre, a polarising beam splitter can be used.
Most laser gain media may be pumped with the polarization orthogonal to
the laser light. Also, since the laser light is emitted in a single linearised
polarisation, such beam splitter will add no extra loss to the system.

Calculation of angles

To significantly decrease the level of reflected light, the angle needs to be
large enough to prevent the majority of the reflected light to be coupled back
into the core. In many cases, two fibre-to-fibre connectors are mounted face
to face. Thus, there is no glass-air interface and the Fresnel reflections are
much reduced. In the case of free space coupling in and out of the fibre end,
the light has to travel across a glass-air interface and the reflections are thus
larger. In the following, we will treat the case of free space coupling in and

out of the fibre end.

For standard telecommunication fibre (lke SMF28 from Corning), the
Numerical Aperture (NA) at 1550 nm is 0.12. This means that the Far Field
(FF) intensity (from a perpendicular cleave or polish) has falien to 5% at 6.9°.
This angle is also called the “acceptance angle”, as it describes which
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incident light beams that will be coupled into the fibre. The APC standard is
to polish the connecior end to an angle of 8.0°, which means that the
reflected light is diverted by 16°. This is enough to reduce the back reflection
levels to below —50 dB.

Clearly, the necessary connector angle depends on the NA and acceptance
angle. For large Mode Field Diameter (MFD) fibres, the NA can be as small
as 0.03 or smaller. In these cases, the connector angle can be chosen to be

just a few degrees and still maintain the same low level of back reflection.

In the Gaussian approximation, the relation between the MFD and the NA is
given by (Niels Asger Mortensen, Jacob Riis Folkenberg, Peter M. W.
Skovgaard, and Jes Broeng, IEEE Photonics Technology Letters, vol. 14, no.
8, August 2002):

MFD =2 @ =2 sin| arctan ln_20 A zO.78i
2 x-NA NA

where the MFD is defined as the 1/e* width in intensity.

To show a numerical example, please refer to FIGs. 7 and 8. In FIG. 8, the
level of reflected light coupled into the fibre is theoretically calculated. For the
calculation, the following equations are used (see e.g. ref: Introduction to
Fibre Optics, A. Ghatak and K. Thyagarajan, Cambridge University Press,
1998, p. 168):

2
20,0 Entololo?
T(9)=( e 22) exp(——_0 9 D%
w, +

| TO, 2(5012 +w22)

This equation describes the transmission in an angular misaligned by ¢, but

otherwise perfectly aligned splice.
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This equation can be used to calculate the level of reflection off an angular
cleaved fibre facet. We will assume 4% reflection and assume that all light
being either transmitted or reflected back into the fibre (T+R=1). We can set
o,=n,=0. In the reflection, the connector angle 6 = Y2¢
Then we get:

R (6)=0.04 exp(—k§n292a;2)

Rearranging and expressing in dB, we get:

2
Return Loss (RL) =-14 dB — 10 MFDﬁ
In10 A

where 0 is the connector angle and A is the wavelength in free space. The —
14 dB comes from the fact that at perpendicular incidence only Fresnel
reflection (4%) is reflected from the glass-air interface (note that a certain
connector angle gives twice the angle in the reflected light). For standard
telecommunications fibres, the MFD is typically 10 um and the NA thus 0.12.
The calculated RL is shown as full line in FIG. 8. Also in the same figure, two
fibres with high NA (dashed) and low NA (dotted) are shown.

To illustrate the minimum requirements for the connector angle, the needed
connector angle vs. NA can be calculated. If we fix the allowed RL, then the

minimum connector angle in degrees is given as:

0 (RL-14) NA
20log20
In FIG. 9, this curve is given for an allowed RL of —50 dB.

While the invention has been particularly shown and described with
reference to particular embodiments, it will be understood by those skilled in
the art that various changes in form and details may be made therein without
departing from the spirit and scope of the invention, and it is intended that
such changes come within the scope of the invention.
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An article comprising a micro-structured, hollow-core optical fibre
for propagating a light beam comprising light of a wavelength A
in a longitudinal direction of the optical fibre and an optical
window made of an optical material of refractive index n,,, the
optical fibre having an even end face forming an angle 6 with a
plane perpendicular to a longitudinal direction of the optical fibre,
the optical window being of length |, in said longitudinal
direction and having a first face parallel to and contacting said
end face of said optical fibre, wherein said angle 8 is different
from 0°.

An article according to claim 1 wherein, said refractive index n,,,
and said angle © are adapted to prevent a majority of the
reflected light from being coupled back into said hollow core of
the optical fibre.

An article according to claim 1 or 2 wherein, said angle 0 is
adapted to the numerical aperture of said optical fibre and/or to
the mode field diameter of said light beam of said optical fibre.

An article according to any one of claims 1-3 wherein, said
refractive index n,, said angle 8 and said length |, are adapted
to control the spatial displacement d, of said light beam in said
optical window from a centre line of said hollow core.

An article according to any one of claims 1-4 wherein, said angle
8 is larger than 1°, such as larger than 2°, such as larger than 5°.

An article according to any one of claims 1-5 wherein said optical
window comprises a Bragg grating.
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An article according to any one of claims 1-6 wherein said first
and/or said second faces of said optical window comprise an
antireflective coating or a high-reflection coating.

An article according to any one of claims 1-7 further comprising
an optically reflective element.

An article according to any one of claims 1-8 wherein said optical
window is made of silica.

An article according to any one of claims 1-9 wherein said micro-
structured, hollow-core optical fibre is a silica based optical fibre.

An article according to any one of claims 1-10 wherein said
optical window is constituted by a length of a non-micro-
structured optical fibre.

An article according to any one of claims 1-11 wherein said
optical window comprises a second face substantially parallel to
said first face.

An article according to any one of claims 1-12 wherein said
micro-structured, hollow-core optical fibre and said optical
window are spliced together.

An article according to any one of claims 1-13 further comprising
an optical connector.

A fibre laser or amplifier comprising an article according to any
one of claims 1-14, wherein said micro-structured, hollow-core
fibre comprises an optically active material such as a rare-earth
jon.
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A fibre laser or amplifier according to claim 15 wherein said
hollow-core of the optical fibore comprises an optically active
material in fluid form, such as a gas.

A fibre laser or amplifier according to claim 15 or 16 wherein said
angle 8 is substantially equal to Brewster’s angle.

A fibre laser or amplifier according to claim 15 or 16 wherein said
angle 0 is within 10° of Brewster’'s angle, such as within 5°, such
as within 1°.

An optical fibre assembly comprising a first article according to
claim 12 and a second article according to claim 12 optically
coupled to each other via said second faces of said optical
windows wherein said angle © is substantially identical for both
said first and second articles.

An optical fibre assembly according to claim 19 wherein said
centre lines of said hollow cores of said micro-structured fibres
are displaced in opposite radial directions from a centre line of

~ the joined optical fibre assembly.

An optical fibre assembly comprising a first article according to
claim 12 and a second article according to claim 12 wherein - in
said second article - said micro-structured, hollow-core optical
fibre is substituted by a non-micro-structured optical fibre, and
said first and second articles are optically coupled to each other
via said second faces of said optical windows wherein said
angles 0 of said end faces are substantially identical.
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22. A method of manufacturing an article comprising a micro-
structured, hollow-core optical fibre, the method comprising the
steps of
a) providing said optical fibre with an even end face

5 forming an angle 8 with a plane perpendicular to a longitudinal
direction of the optical fibre wherein said angle 8 is different from
0°;

b) providing an optical window made of an optical
material of refractive index n,, and having a length 1., in said
10 longitudinal direction;
c) providing said optical window with a first face
parallel to said end face of said optical fibre;
d) providing that said end face of said fibre and said
first face of said optical window are joined.
15

23. A method according to claim 22 wherein said refractive index n,,,
and said angle 6 are adapted to prevent a majority of the
reflected light from being coupled back into said hollow core of
the optical fibre.

20

24, A method according to claim 22 or 23 wherein in step a) said end
face of said optical fibre is formed by cleaving and/or polishing or
laser cutting.

25  25. A method according to any one of claims 22-24 wherein in step
d) said faces are joined by splicing or by means of an adhesive
material or an index matching material.

26. A method according to any one of claims 22-25 wherein in step
30 a) said optical window is provided with a second face
substantially parallel to said first face.

27. A method of splicing a micro-structured, hollow-core optical fibre
35 to a second optical fibre, the method comprising the steps of
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a) providing a fist article comprising a micro-structured, hollow-core
optical fibre by a method according to claim any one of claims
22-26;
b) providing a second article comprising a second optical fibre
5 comprising the sub-steps of;
b1) providing said second optical fibre with an even end
face forming an angle 8, with a plane perpendicular to a
longitudinal direction of said second optical fibre wherein said
angle 6, is different from 0°;

10 b2) providing an optical window made of an optical
material of refractive index n,,, and having a length |, in said
longitudinal direction;
b3) providing said optical window with first and second
faces substantially parallel to said end face of said second

15 optical fibre;
b4) providing that said end face of said second optical
fibre and said first face of said optical window are joined.

c) providing that said angles © and 6, are substantially equal;
d) axially aligning said first and second articles to allow optical

20 coupling of light between said articles via said second faces of
sad optical windows ensuring that the angled surfaces are
parallel; and

e) splicing said first and second articles together.

25  28. A method according to claim 27 wherein said second optical fibre
is a micro-structured fibre.

29. A method according to claim 27 wherein said second optical fibre
is a micro-structured fibre, hollow-core fibre.
30
30. A method according to claim 27 wherein said second optical fibre
is a non-micro-structured fibre:
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31. A method of splicing a micro-structured, hollow-core optical fibre
to a non-micro-structured optical fibre, the method comprising
the steps of
a) providing a first micro-structured, hollow-core optical fibre;

5 b) providing a second non-micro-structured optical fibre;
c) providing each of said first and second optical fibres with an
even end face forming an angle © with a plane perpendicular to a
longitudinal direction of said optical fibres wherein said angle 6 is
different from 0°;

10 d) axially aligning said first and second optical fibres to allow
optical coupling of light between said optical fibres ensuring that
the angled end faces are parallel; and
e) splicing said optical fibres together.

15 32 A method according to claim 31, wherein said angle 6 is in the
range from 1° to 25°, such as in the range 5° to 15°, such as in
the range 8° to 12°.

20 33. An optical fibre assembly comprising
a) a first micro-structured, hollow-core optical fibre;
b) a second non-micro-structured optical fibre;
c) said first and second optical fibres each having an even end
face forming an angle © with a plane perpendicular to a
25 longitudinal direction of said respective optical fibre wherein said
angle 6 is different from 0°;
d) said first and second optical fibres being axially aligned to
allow optical coupling of light between said optical fibres
" ensuring that the angled end faces are parallel;
30

34. Use of an article according to any one of claims 1-14, or of a
fibre laser or amplifier according to any one of claims 15-17, or of
an optical fibre assembly according to 18-19, or of an optical
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fibre assembly according to claim 20, or of an optical fibre
assembly according to claim 33.

Use according to claim 34 in an optical reflectometry system, in
an optical communications system, in a laser system or in a fibre
amplifier system.



WO 2004/111695 PCT/DK2004/000439

1/7

LN
o
1

W
o
1

N
o
]

Back scattering intensity [a.u.]

Aoy

AN INN RIPENPRARY

\ 1~,1&,:!§er47~‘(}){‘,"_& A S e a1 i

1 O v HAR AN Y AR DT A Y
T T T I T I T T T I T Y T e

0O 20 40 60 80 100 120
Length [m]

FIG. 1



WO 2004/111695 PCT/DK2004/000439

217
21 211 \

22

FIG. 2a

21 211\ 221 22

FIG. 2b

FIG. 2¢



WO 2004/111695 PCT/DK2004/000439

3/7

FIG. 3

Alr core fibre \/ Solid core fibre

41 42

FIG. 4



WO 2004/111695

PCT/DK2004/000439

O 52




WO 2004/111695

Reflection coefficient

PCT/DK2004/000439

5/7

Air

0.14 |
0.12 |
0.1 }
0.08 |
0.06 |

0.04 ¢

0.02

core fibre SOlld
glass

“stud”

FIG. 6

-
-
’
-
-
-
-
-
-
-
-
-
-
o
"
-
-
N
wee
_____

0 10 20 30 40 50 60 70 80 90

Angle of incidence

FIG. 7



WO 2004/111695 PCT/DK2004/000439

6/7

Connector vs NA: theoretical calculation

15
Connector angle vs NA:
0= sqrt((50-14)/20log20)*NA
t where RL = 150 dB /
Assuming 4% constant reflection from surface
o 10
o
[
<
S
[&]
@
£
S 5
O
0 : t t }
0.00 0.05 0.10 0.15 0.20

Numerical Aperture (NA)

FIG. 8



WO 2004/111695

717

Return loss: theoretical calculation

PCT/DK2004/000439

0
| Return loss; RL(dB) =-14 dB - 4.34*(MFD719’?»2
10 where A= 115 pm
% constantireflection from surface
m -30 .
Z RN
2]
8 -40
-
£ \\\\
3 -50 N
ko)
14 \
-60
----- MFD = 6 pm \\\
70d--/ ——MFD =10 pm
........ MFD = 16 m
-80 : | : : : :
0 2 4 6 8 10

Connector Angle

FIG.

9



INTERNATIONAL SEARCH REPORT

| 1ational Application No

PCT/DK2004/000439

CLASSIFICATION OF SUBJECT MATTER

TPC 7 @02B6/255 G02B6/20 G02B6/26 H01S3/03 H01S3/067

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

IPC 7 GO2B HO1S

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data, PAJ, INSPEC

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages

figures 2A-2C,3

Y WO 03/032039 A (CRYSTAL FIBRE AS (DK)) 1-11,
17 April 2003 (2003-04-17) 13-18,
22-25,
31-35
A page 9, lines 13-18 12,26,27
page 32, line 32 - page 34, column 4
figures 8-10
Y US 2003/103724 Al (DUCK GARY S ET AL) 1-11,
5 June 2003 (2003-06-05) 13-18,
22-25,
31-35
A paragraphs ‘0040! - ‘0042! 12,26,27

Further documents are listed in the continuation of box C.

Patent family members are listed in annex,

° Special categories of cited documents :

'A* document defining the general state of the art which is not
considered to be of particular relevance

'E" earlier document but published on or afterthe international
filing date

“L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

'O* document referring to an oral disclosure, use, exhibition or
other means

*P* document published prior to the international filing date but
later than the priority date claimed

*T* later document published after the international filing date
or priority date and not in confiict with the application but
cited to understand the principle or theory underlying the
invention

*X" document of particular relevance; the claimed i_nvention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
m%r:ts, such combination being obvious to a person skilled
in the art.

*&" document member of the same patent family

Date of the actual completion of the international search

10 September 2004

Date of mailing of the intemational search report

01/10/2004

Name and mailing address of the I1SA
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

Kloppenburg, M

Form PCT/ISA/210 (second sheet) (January 2004)

page 1 of 2

Relevant to claim No.




INTERNATIONAL SEARCH REPORT

Iy ational Application No

PCT/DK2004/000439

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category °©

Gitation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

EP 1 219 990 A (NIPPON SHEET GLASS CO LTD)
3 July 2002 (2002-07-03)

paragraphs ‘0012! - ‘0017!

figures 1,6

DE 199 25 686 A (ZEISS CARL JENA GMBH)

14 December 2000 (2000-12-14)

column 4, Tine 66 - column 6, line 5
figure 1

BENABID F ET AL: "Stimulated Raman
scattering in hydrogen-filled hollow-core
photonic crystal fiber"

SCIENCE AMERICAN ASSOC. ADV. SCI USA,
vol. 298, no. 5592,

11 October 2002 (2002-10-11), pages
399-402, XP002295064

ISSN: 0036-8075

abstract; figure 2

1,12,26,
27

6,15-18

15-18

Form PCT/I8A/210 (continuation of second sheet) (January 2004)

page 2 of 2




INTERNATIONAL SEARCH REPORT

information on patent family members

itional Application No

PCT/DK2004/000439
Patent document Publication Patent family Publication
cited in search report date member(s) date

WO 03032039 A 17-04-2003 CA 2445487 Al 17-04-2003
WO 03032039 Al 17-04-2003
EP 1442323 Al 04-08-2004
US 2003103724 Al 05-06-2003 CA 2364437 Al 05-06-2003
CA 2406423 Al 05-06-2003
CN 1438503 A 27-08-2003
EP 1219990 A 03-07-2002 JP 2002196180 A 10-07-2002
CA 2366141 Al 26-06-2002
EP 1219990 Al 03-07-2002
US 2002094163 Al 18-07-2002
DE 19925686 A 14-12-2000 DE 19925686 Al 14-12-2000

Form PCT/ISA/210 (patent family annex) (January 2004)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

