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Description

Field of the invention

[0001] The invention relates to coupling arrangements for non-axial transfer of electromagnetic radiation from at least
one feeding fiber to a target fiber in a transfer region. With this kind of coupling arrangement it is possible to couple
multimode pump fibers, which in the following are referred to as feeding fibers, into the outer cladding of single-clad or
multi-clad fibers, which in the following are called target fibers.

Background of the invention

[0002] Multimode optical fibers are used in many applications especially for delivering optical power. One of the most
interesting applications is the so called fiber laser. In the case of a fiber laser the double-clad fiber (DCF) concept is
mostly used. A DCF consists of a core to guide the laser light, surrounded by a cladding to guide the multi-mode pump
light. Such a DCF, which is one of the possible optical target fibers, comprises a core, which has a relatively small
diameter of for example 5 to 60 mm. It has a numerical aperture, which for example can be in the range of 0.03 to 0.2.
The cladding has a thickness of some 100 mm and a numerical aperture of for example in the range of 0.3 to 0.7.
[0003] The core of such a double-clad fiber (DCF) can be doped with a rare-earth element and in this case can serve
as the active gain medium of the fiber laser. In order to achieve a population inversion, which is necessary for the fiber
laser to work, pump radiation has to be fed into the cladding of the DCF, the so called "target fiber". But also in many
other applications of these target fibers it is necessary to feed in electromagnetic radiation.
[0004] Electromagnetic pump radiation can be fed into the target fiber through an end surface or through the lateral
cladding surface by either a free beam of pump radiation or through feeding fibers. From US 5,864,644 it is known to
feed in the pump radiation by feeding fibers which are usually bundled together, drawn into a taper and fusion spliced
to an end surface of the target fiber. For fiber laser applications in the middle of the fiber bundle a signal fiber has to be
placed to feed in or out the laser light. This technique is known as Tapered Fused Fiber Bundle (TFB) technique. This
technique has two major disadvantages. The first disadvantage is the splice between the tapered fibers and the target
fiber, where the fibers to be connected have to be aligned very exactly. For example, a small misalignment can lead to
a strong degradation of the beam quality of the laser. The second disadvantage is the tapering process of the feeding
fibers and the signal fiber to match the optical requirements of the core and the cladding of the target fiber. For example,
a small taper mismatch can lead to a significant thermal load of the fiber coupler and also to a strong degradation of the
beam quality of the laser. Another disadvantage is that due to existence of only two target fiber end surfaces the number
of pump feeding fibers is limited. Thus, the laser power can not be simply scaled up by using more pump diodes.
[0005] These disadvantages can be overcome by feeding in the pump radiation through the cladding surface. The
cladding surface is the lateral surface of the target fiber extending in longitudinal direction of the target fiber. The feeding
of pump radiation through the cladding surface is called non-axial transfer. In order to achieve this, usually at least one
feeding fiber is fused to the target fiber such that the cladding surfaces of both the feeding fiber and the target fiber are
in optical contact with each other. To achieve an even better coupling of the pump radiation to the target fiber it is known
to use feeding fibers having a converging taper portion. This means the diameter and thus the size of the cross-section
of the respective fiber is progressively reduced. Using a converging taper portion of the feeding fiber is known from US
5,999,673 and US 7,933,479 B2.
[0006] Due to losses and inefficiencies not all of the pump radiation can be transferred from the feeding fibers into the
target fiber. This lost power results in a heating of the coupling arrangement and thus limits the maximum amount of
radiation power that can be transferred through a coupling arrangement. It is therefore advantageous to reduce the
amount of radiation power that is not transferred into the target fiber and to ensure that this portion of the radiation power
does not result in a strong heating of the coupling arrangement.
[0007] In order to achieve an optimal coupling result the numerical aperture of the feeding fiber should be smaller than
or equal to the numerical aperture of the target fiber. For both the feeding fiber and the target fiber, the relevant numerical
aperture is the one of the outmost layer, guiding the multi-mode pump light, of the respective fiber. For the feeding fiber
this usually is the core of the feeding fiber. Hence, for better coupling results it is advantageous to remove the cladding
of the feeding fiber. This unfortunately in practice is rather difficult, since in many cases both the core and the cladding
consist of almost the same material differing only by some doping elements. The cladding material is often glass in order
to be able to transport high radiation power through the feeding fiber and the fiber can easier withstand the deleterious
effects of high temperature and humidity encountered during operation. Hence, it is difficult to remove the cladding for
example using an etching technique, and stop the etching when the cladding is fully removed and the core has not been
damaged. Removing the coating of the target fiber and the feeding fiber is in many cases much easier, since the coating
often consists of a polymer, which can easily be removed.
[0008] In order to get good coupling results and a large radiation transfer from the feeding fiber into the target fiber
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even if the feeding fiber still comprises a cladding the taper-ratio has to be increased. The taper-ratio is the ratio of the
diameter of the feeding fiber at the beginning of the converging taper portion and the diameter of the feeding fiber at the
end of the converging taper portion. Hence, a taper-ratio of 4 means, the diameter of the feeding fiber is reduced in the
converging taper portion to one forth of the original value. Increasing the taper-ratio leads to a better transfer of electro-
magnetic radiation from the feeding fiber into the target fiber but reduced the mechanical stability of the coupling ar-
rangement.
[0009] A coupling arrangement as described above is usually manufactured by mounting the involved fibers in a
mechanical mount and twisting the at least one feeding fiber around the target fiber. By applying a force in longitudinal
direction the converging taper portion and the diverging taper portion are generated by heating of the twisted fibers.
Since the fibers touch each other during the twisting, the feeding fibers get fused to the target fiber. Unfortunately the
target fiber also shows a converging taper portion and a diverging taper portion after an arbitrary longitudinal irreversible
extension, leading to changed optical characteristics of the fiber. In order to reduce the tapering of the target fiber as
much as possible it is known from US 7,933,479 B2 to perform a pre-tapering of the feeding fibers. This means the
feeding fibers are heated and subjected to a force applied in longitudinal direction before they are mounted in the
mechanical mount and twisted around the target fiber. The feeding fibers then comprise a converging taper portion and
a diverging taper portion when they are mounted and thus, the extension in longitudinal direction of the twisted fibers
can be reduced leading to a reduced tapering of the target fiber. The disadvantage is that the pre-tapered feeding fiber
becomes very damageable due to the reduced diameter.
[0010] From EP 0 715 192 A1 a method of coupling a multi-core optical fibre to a plurality of single-core optical fibres
is known. The coupling itself is distributed over a certain number of coupling levels which are offset longitudinally relative
to one another along the multi-core optical fibre. The single-core optical fibres are arranged close to the respective core
of the multi-core optical fibre. Since the overall number of cores in the multi-core optical fibre is too large to position the
respective numbers of single-core optical fibres around the multi-core optical fibre the coupling is divided into the different
coupling levels.
[0011] US 6,493,492 B1 discloses a manufacture comprising a first optical fibre and a plurality of second optical fibres.
These second optical fibres have noncircular cross sections and are arranged with the first optical fibre to form a bonded
structure. This structure is then coupled to an input end of a target fibre.
[0012] US 2011/012 31 55 A1 discloses a fibre coupler with an inner tube, in which the target fibre is positioned. The
coupling between the feeding fibres and the target fibre takes place via this inner tube.
[0013] EP 2 071 375 A1 discloses means for Coupling light into optical fibres wherein the light coming from the feeding
fibres is coupled into a coupling structure which is a tapering capillary tube. This tube is arranged around a feet through
fibre. These two elements are then coupled to the input end of an output signal fibre.
[0014] US 2009/00 92 157 A1 discloses a powerful fibre laser system in which a lot of feeding fibres are coupled to a
target fibre.
[0015] There is thus a need to provide coupling arrangements having a better coupling efficiency, providing better
mechanical stability and being capable of transferring higher radiation power. There is further need of a method to
manufacture such a coupling arrangement in an easy, cheap and reproducible way.

Objects and summary of the invention

[0016] It is thus an object of the present invention to provide a coupling arrangement with an increased coupling
efficiency even with feeding fibers comprising a glass cladding.
[0017] It is a further object of the invention to provide a coupling arrangement in which the tapering of the target fiber
has less negative effects on the optical characteristics of the target fiber and the coupling arrangement.
[0018] It is still a further object of the invention to provide a method to produce a coupling arrangement leading to a
smaller taper-ratio of the target fiber without the necessity to pre-taper the feeding fibers.
[0019] Other objects and advantages of the invention will be apparent from the following description thereof.
[0020] A coupling arrangement according to the present invention comprises a target fiber, at least one feeding fiber
and an intermediate fiber. The intermediate fiber comprises an input end and a converging taper portion, wherein the
input end of the intermediate fiber is spliced to an output end of the feeding fiber in an axial way. Due to this coupling
electromagnetic radiation being fed through the feeding fiber enters the intermediate fiber through its input end surface.
[0021] The converging taper portion of the intermediate fiber is fused to the target fiber in the transfer region in a non-
axial way. This leads to a non-axial coupling such that electromagnetic radiation, which entered the intermediate fiber
through the input end surface thereof, is coupled into the target fiber.
[0022] The feeding fiber can comprise a core and a cladding. It might also be a coreless fiber. In this case the use of
an intermediate filter can be advantageous particularly if the cross sections of the feeding fiber and the intermediate
fiber are different.
[0023] The target fiber can be a single or multi clad fiber. In the case of a laser or signal core the core can be single-
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or multi-mode, depending on the respective application in which the target fiber is needed. The target fiber can be passive
or active, depending on the dopants in the core of the target fiber. The target fiber can also be a polarization maintaining
or a non-polarization maintaining fiber.
[0024] The intermediate fiber has a cross-section which should be large enough to cover the full cross-section of the
core of the feeding fiber. In the optimal configuration the cross-section is as small as possible to fulfill this requirement.
It is nevertheless possible to choose intermediate fibers having a larger cross-section.
[0025] The intermediate fiber is usually a coreless fiber, which means that an intermediate fiber comprises a cladding
and preferably an easily removable polymer coating but no additional core, made from a material that differs from the
cladding material by some dopants. This leads to an improved coupling efficiency compared to a non-axial coupling
between the feeding fiber and the target fiber as is known from prior art. Since this non-axial coupling takes place between
the target fiber and the intermediate fiber every kind of feeding fiber can be used. The feeding fiber can for example
have one or more claddings, an arbitrary diameter and an arbitrary numerical aperture. The feeding fiber is connected
to the intermediate fiber for example in a thermal way, i.e. by micro gas flame, plasma source, electrical filament or laser
source.
[0026] According to the present invention the intermediate fiber has a polygonal, in particular a hexagonal or octagonal
cross-section.
[0027] In a preferred embodiment the intermediate fiber further comprises a diverging taper portion, adjacent to the
converging taper portion. The intermediate fiber is not fused to the target fiber at its diverging taper portion such that
there is a gap between said target fiber and the diverging taper portion of the intermediate fiber. Pump radiation, which
has entered the intermediate fiber through the input end surface and is not transferred into the target fiber stays in the
intermediate fiber and is led away from the target fiber through the diverging taper portion of the intermediate fiber. To
ensure, that pump radiation that has already been transferred into the target fiber can not be re-transferred into the
feeding fiber again a gap is provided between the target fiber and the diverging taper portion of the intermediate fiber.
This also leads to a higher transfer efficiency and thus to a smaller power loss.
[0028] In another embodiment of the present invention the coupling arrangement comprises a transfer region. The
target fiber comprises a core and at least one cladding. In the transfer region the target fiber is formed by an adapted
fiber having an adapted fiber core and at least one adapted fiber cladding, wherein the adapted fiber core of the adapted
fiber has a mode field diameter, which at least partially is larger than the mode field diameter of the target fiber outside
the transfer region. In a preferred embodiment the mode field diameter of the adapted fiber core at the beginning and
the end of the transfer region is larger than the mode field diameter of the adapted fiber core in a centre portion of the
transfer region, while the mode field diameter of the adapted fiber core in the centre portion of the transfer region is at
least as large as mode field diameter of the core of the target fiber outside the transfer region.
[0029] A coupling arrangement of this embodiment can for example be manufactured by cutting the target fiber at a
particular position, thereby generating two cutting surfaces. The adapted fiber is then inserted by splicing its two ends
to the respective cutting surfaces. Now, electromagnetic radiation travelling through the core of the target fiber enters
the adapted fiber at a first cutting surface, travels through the adapted fiber core of the adapted fiber and re-enters the
original core of the target fiber at the second cutting surface. To manage the mismatch of the optical properties of the
core of the target fiber and the adapted fiber core of the adapted fiber at the transfer from the original target fiber to the
adapted fiber and vice versa, a mode field matching technique can be used, such as for example thermal diffusion of
the dopants. The original target fiber with the inserted adapted fiber is called target fiber in the following.
[0030] Of course the transfer region can also be located at the beginning of the target fiber. In this case the target
fiber can be cut at a certain position, again leading to two cutting surfaces. As already described an adapted fiber is then
inserted between these to cutting surfaces. After fusing the feeding fiber or the intermediate fiber to this transfer region
the target fiber can again be cut at one of the cutting surfaces. Now the target fiber begins with the adapted fiber which
is still with one end spliced to the remaining cutting surface, such that light entering the adapted fiber from the feeding
or the intermediate fiber travels through this cutting surface into the target fiber. Of course it is also possible to simply
splice the adapted fiber to an initial end of the target fiber, which also leads to the configuration described above.
[0031] When a target fiber is mechanically mounted and stretched in a method for manufacturing a coupling arrange-
ment according to these embodiments of the present invention, the stretching leads to a tapering of the target fiber in
particular in the region of the adapted fiber. The adapted fiber originally comprises an adapted fiber core with a larger
mode field diameter than the mode field diameter of the original target fiber. By tapering this adapted fiber, its adapted
fiber core also gets tapered. In a preferred embodiment of the present invention the mode field diameter of the adapted
fiber in the centre portion of the transfer region is at least as large as the diameter of the core of the target fiber outside
the transfer region, which is the mode field diameter of the core of the original target fiber. Due to the insertion of this
special kind of adapted fiber the negative effects of the tapering of the target fiber get strongly reduced.
[0032] In a preferred embodiment the feeding fiber or an intermediate fiber, which is spliced to an output end of the
feeding fiber is fused to the target fiber in the transfer region in a non-axial way. This means that the feeding fiber of the
intermediate fiber is fused to the adapted fiber which forms the target fiber in the transfer region. Of course the preferred
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embodiments of the intermediate fiber which have been described earlier are also preferred when the intermediate fiber
is fused to the adapted fiber instead of the original target fiber.
[0033] It is also advantageous to use an intermediate fibre, which has a circular cross section and to fuse this inter-
mediate fibre to the adapted fibre. This combination of a circular intermediate fibre with the adapted fibre leads to good
results and to a coupling arrangement, which can easily and hence cheaply be manufactured.
[0034] In a preferred embodiment the core and/or the cladding of the original target fiber are made from the same
material as the adapted fiber core and/or the adapted fiber cladding of the adapted fiber, respectively. This ensures an
optimal contact between the two fibers, leading to an optimal transfer of radiation from the original target fiber into the
adapted fiber and back into the target fiber.
[0035] In yet another embodiment of the present invention the feeding fiber comprises an input end to be connected
to a light source, such as a laser diode, and an opposing final end. The intermediate fiber, which is spliced to the final
end of the feeding fiber, comprises a converging taper portion, which is fused to the target fiber in a non-axial way. At
the final end of said intermediate fiber a mirror element is located. Between the mirror element at the final end of the
respective fiber and the end of the converging taper portion a diverging taper portion is located. Electromagnetic radiation,
that comes from the light source, such as the laser diode, and that is not transferred into the target fiber, stays in the
intermediate fiber and reaches the final end thereof. Here, it gets reflected by the mirror element and travels back through
the intermediate fiber until it again reaches the transfer region, where it again can be transferred into the target fiber.
Hence, a larger portion of the electromagnetic radiation coming from the light source through the feeding fiber can be
transferred and the lost amount of radiation power again gets reduced.
[0036] The ratio of forward to backward travelling light is adjustable by changing the taper-ratio of the feeding fiber or
the intermediate fiber, respectively. The larger the taper-ratio is, which means the stronger the respective fiber is tapered,
the larger is the amount of forward travelling light that is transferred into the target fiber.
[0037] In applications where no backward travelling light is wanted in the target fiber a pump light stripper can be
located at the final end of the intermediate fiber or the feeding fiber. Usually, a small part of the electromagnetic radiation
is reflected at the final surface of the final end of the respective fiber even if no mirror element is provided. This can be
prevented by using a pump light stripper.
[0038] Preferably in the transfer region the target fiber is formed by an adapted fiber in order to reduce the negative
effects of the tapering of the target fiber in the transfer region as described above. The preferred embodiments of the
adapted fiber are also preferred in the embodiments of the invention described here. This refers especially to the relations
between the mode field diameter of the adapted fiber core of the adapted fiber and the mode field diameter of the core
of the original target fiber.
[0039] In a preferred embodiment of the present invention a mode mixing element is located between the converging
taper portion of the intermediate fiber and the mirror element. One reason for an electromagnetic radiation not to be
transferred into the target fiber is that the radiation has a too small numerical aperture. This will not be changed when
the respective radiation is reflected at the mirror element. In order to change the numerical aperture of the radiation, the
mode mixing element is provided. This leads to an increased probability that the radiation will be transferred into the
target fiber after being reflected at the mirror element.
[0040] If an intermediate fiber is used as described above, the intermediate fiber comprises an input end to be connected
to the feeding fiber, as already described, and an opposing final end with a mirror element. Again, this intermediate fiber
as the feeding fiber described above, can be fused to either an unchanged target fiber or to the adapted as described
above.
[0041] In a preferred embodiment of either configuration of a coupling arrangement the at least one feeding fiber has
a non-circular cross-section. The shape of the cross-section can for example be polygonal, such as hexagonal or
octagonal. Of course, every other non-circular cross-section is possible, such as for example an irregular shape.
[0042] Several experiments with different shapes of the cross section were made. In one of these experiments one
target fiber with a cladding diameter of 250 mm and a numerical aperture of 0.46 was used. One feeding fiber with a
core diameter of 105 mm, a numerical aperture of 0.22 and a cladding diameter of 125 mm was coupled to an intermediate
fiber with a diameter of 125 mm. The converging taper portion of the intermediate fiber was twisted around and fused to
the target fiber. The diverging taper portion was not fused to the target fiber such that there is a gap between the target
fiber and the intermediate fiber, as already described. The taper-ratio was roughly 5.6; the length of the converging taper
portion was 15 mm. Without an intermediate fiber a coupling efficiency of 89 % was reached. Using an intermediate
fiber having a circular cross section led to a coupling efficiency of 94 % while using an intermediate fiber having an
octagonal cross section resulted in a coupling efficiency of nearly 98 %.
[0043] Preferably the coupling arrangement comprises more than one feeding fiber. Through more than one feeding
fiber more power and electromagnetic radiation can be transferred into the target fiber. In a preferred embodiment of
the present invention the coupling arrangement comprises an even number of feeding fibers. Preferably the coupling
arrangement has more than four, in particular six feeding fibers or intermediate fibers, respectively. Preferably every
feeding fiber is connected to an intermediate fiber as described above.
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[0044] According to the present invention a method for manufacturing a coupling arrangement as described above
comprises the following steps:

a) Mounting the target fiber and the at least one intermediate fiber in a mechanical mount at two different positions;
b) Twisting said intermediate fiber around said target fiber,
c) afterwards applying a first force in longitudinal direction to the feeding fiber or to the intermediate fiber, applying
a second force in longitudinal direction to the target fiber, wherein

i) the first force is different from the second force and
ii) said fibres are heated in order to achieve a tapering of said fibres.

[0045] If an intermediate fiber is to be used the intermediate fiber is spliced at the output end of the feeding fiber before
it is mounted in the mechanical mount. The same is true for the case, that a mirror element and/or a mode mixing element
are used. These elements should be integrated in the feeding fiber or the intermediate fiber, respectively, before the
respective fiber is mounted in the mechanical mount. It is also possible to mount the feeding fiber in one position and
to mount the intermediate fiber in the second position.
[0046] If an adapted fiber is to be used in the target fiber, the adapted fiber has also to be connected to the original
target fiber before the target fiber is mounted in the mechanical mount.
[0047] In order to achieve a tapering of the respective fibers these fibers have to be heated. This is done after twisting
the feeding fibers or the intermediate fibers around the target fiber. Hence, also the tapering takes place after the feeding
fibers or the intermediate fibers have been twisted around the target fiber. In this step the fibers also get fused to each other.
[0048] Since the first force, which is applied to the intermediate fiber, is different from the second force, which is applied
to the target fiber, it is possible to reach different tapering and different taper-ratios of the different fibers. In particular it
is possible to strongly reduce the tapering of the target fiber compared to the tapering of the feeding fiber or the intermediate
fiber, respectively. Hence, the negative effects of the tapering of the target fiber are weakened or even fully avoided. In
a preferred embodiment the target fiber is not twisted in step b. of the previously described method. This reduces
mechanical tension of the target fiber, which can have negative effects on the optical characteristics of the fiber.
[0049] In addition, an external heat source is used. This means, that the heat from the heat source is provided from
the outside of the respective fibers. Since at the outside of the fiber bundle the intermediate fibers or the feeding fibers
are located these fibers are closer to the heat source and thus become warmer. Hence, these fibers become more
malleable than the target fiber in the center of the fiber bundle. The same force applied to the target fiber and the
intermediate or feeding fiber leads to a stronger tapering of the intermediate or feeding fiber. Usually the target fibre has
a larger diameter than the feeding fiber or the intermediate fiber, which also leads to this effect.
[0050] In addition or alternatively, the intermediate fiber is pre-tapered before it is mounted in the mechanical mount.
The pre-tapering comprises the steps of heating the respective fiber and applying a taper-force in longitudinal direction
to the heated fiber. This leads to an elongation of the heated fiber and thus to a reduction of the diameter and to a tapered
region. Preferably the mount used to apply the taper-force to the feeding fiber or the intermediate fiber is the same
mount, which is used to apply the first force to the feeding fiber or the intermediate fiber. In this case the pre-tapered
fiber does not have to be moved into a new mount. Since the mechanical stability of the pre-tapered fiber is reduced
compared to the non-tapered fiber, this is a big advantage.
[0051] In the above and the following a lot of different embodiments and possible configurations of a coupling arrange-
ment and methods for manufacturing these are described using only one feeding fiber or one intermediate fiber, respec-
tively. Of course, each of these embodiments and methods can be used and configured using more than one feeding
fiber and more than one intermediate fiber. It is for example possible to use more than one feeding fiber and to provide
each or just some of them with an intermediate fiber, a mirror element and/or a mode mixing element. It is of course
also possible to pre-taper all or some of the feeding fibers or intermediate fibers before mounting them in the mechanical
mount.

Brief description of the drawings

[0052] The invention will now be described with reference to the appended drawings, in which:

Fig. 1a to 1d shows different steps of a method according to one embodiment of the present invention;
Fig. 2 shows a schematic longitudinal cross section through a coupling arrangement not covered by the claims ;
Fig. 3a to 3e show different transversal cross sections through the coupling arrangement shown in Fig. 2;
Fig. 4 shows a schematic longitudinal cross section through a coupling arrangement according to another embod-
iment of the present invention; and
Fig. 5 shows a schematic side view of a coupling arrangement according to yet another embodiment of the present
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invention.

Detailed description of the invention

[0053] Throughout the description same reference numbers are used to denote same parts.
[0054] Fig.1a to 1 d show different steps of a method according to one embodiment of the present invention. Fig. 1 a
shows a feeding fiber 2 with an output end 4, which is connected with an intermediate fiber 6. The intermediate fiber 6
is fusion spliced to the output end 4 of the feeding fiber 2 with its input end 8. Schematically a heat source 10 is shown,
which can for example be a micro gas flame, a plasma source, a filament source or a laser. The heat source 10 is used
to heat the intermediate fiber 6 until a given temperature is reached. The heat source 10 can move along the longitudinal
position of the intermediate fiber 6, which is to be heated. By the length of this movement the length of the converging
taper portion can be adjusted. The heat source 10 moves along the intermediate fiber 6 with a certain frequency in a
back and forth movement. This can be achieved by moving the heat source 10 or by moving a mount of the intermediate
fiber or using a combination of both movements. Then a taper-force is applied to the intermediate fiber 6, which is denoted
by the double arrow 12 in Fig. 1 b. As is shown in Fig. 1 b a diameter of the intermediate fiber 6 is reduced in a taper
portion 14 leading to a converging taper portion 16 and a diverging taper portion 18. During the application of the taper-
force the heat source 10 can still be used to heat the intermediate fiber 16, in order to keep it soft enough to be stretched
and tapered.
[0055] Fig. 1c shows a target fiber 20 and four intermediate fibers 6. Every intermediate fiber 6 is connected to a
respective feeding fiber 2. The feeding fiber 2 and the target fiber 20 are both mounted in a mechanical mount. This
comprises a first mount 22 and a second mount 24. On the left side in Fig. 1 c the first mount 22 is shown. The target
fiber 20 and the feeding fiber 2 are both mounted in this first mount 22 and are thus fixed relative to one another at this
position.
[0056] The second mount 24 has separate fixtures for the target fiber 20 and the intermediate fibers 6. The fixture for
the intermediate fibers 6 can for example have a circular shape in order to provide for a three-dimensional ordering of
the different fibers. The fixture for the intermediate fibers 6 allows for a rotation relative to the fixture for the target fiber
20, which is denoted by the rotation arrow 26 in Fig. 1 c. This rotation leads to the twisting of the intermediate fibers 6
around the target fiber 20, which is shown in Fig. 1 c. After the twisting the different fibers touch each other and get
fused to each other since the heat source 10 is used to heat the different fibers.
[0057] Since the target fiber 20 and the intermediate fibers 6 are mounted in different fixtures, that together form the
second mount 24, it is possible to apply different forces to the different kinds of fibers. The intermediate fibers 6 are
subjected to a first force 28, while the target fiber is subjected to a second force 30. Both the first force 28 and the second
force 30 are applied in longitudinal direction and are denoted by arrows in Fig. 1c. According to the present invention
the first force 28 should be chosen strong enough to get a strongly tapered intermediate fiber 6. The second force 30
should be chosen just strong enough to keep the target fiber 20 in a longitudinal straight position without extending or
tapering the target fiber 20 too much. During twisting, heating and applying the force the fixture of the target fiber 20
allows for a rotation of the target fiber 20 around its longitudinal axis.
[0058] Fig. 1 d shows, how the fibers are anchored and housed after cooling. The target fiber 20 and the four feeding
fibers 2 are anchored in a first anchoring bond 32, while on the other side of the transfer region, which is the region, in
which the different fibers touch, the target fiber 20 and the intermediate fibers 6 are anchored in a second anchoring
bond 34. The coupling arrangement is then covered by a housing 36 to keep the coupling arrangement dust-free and
to protect it from mechanical shocks and the like. The housing 36 is only schematically shown in form of a dotted line.
[0059] Fig. 2 shows a schematic longitudinal cross section of a coupling arrangement wherein the target fiber 20
comprises a core 38 in which the signal radiation is transported or amplified. The core 38 is surrounded by a cladding
40, in which the pump radiation is transported or absorbed. In the left and the right part of Fig. 2 it is shown, that the
target fiber 20 also comprises a coating 42, which is removed in the centre part of Fig. 2. This part is the so called transfer
region.
[0060] In the left part of Fig. 2 the feeding fiber 2 is shown, which also comprises a core 44, a cladding 46 and a coating
48. The intermediate fiber 6 without its coating 50 is fusion spliced to the feeding fiber 2 such that it connects to the core
44 of the feeding fiber 2. Electromagnetic radiation travelling through the feeding fiber 2 can thus enter the intermediate
fiber 6. In the transfer region, where the target fiber 20 does no longer have a coating 42, the outer cladding surface of
the intermediate fiber 6 touches the cladding 40 of the target fiber 20. The intermediate fiber 6 comprises the converging
taper portion 16, with which it is fused to the target fiber 20.
[0061] Adjacent to the converging taper portion 16 the intermediate fiber 6 has a diverging taper portion 18. As is
shown in Fig. 2 this diverging taper portion 18 does not touch the cladding 40 of the target fiber 20. Instead there is a
gap 52 between the two fibers. This prevents radiation, which has already been transferred from the intermediate fiber
6 into the target fiber 20 to be re-transferred into the intermediate fiber 6. In the right part of Fig. 2 both fibers 20, 6
comprise a coating and do not touch anymore. In the intermediate fiber 6, the electromagnetic radiation, which has not
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been transferred into the target fiber 20, is led away from the coupling arrangement.
[0062] Fig 3a shows a schematic transversal cross-section along the line A-A in Fig. 2. In Fig. 3a one can clearly
distinguish the two cores 38, 44, the two claddings 40, 46 and the two coatings 42, 48 of the target fiber 20 and the
feeding fiber 2, respectively. The two coatings 42, 48 touch but no transfer or electromagnetic radiation is possible.
[0063] Fig. 3b shows the cross section along line B-B in Fig. 2. The target fiber 20 does not have a coating, but simply
consists of the core 38 and the cladding 40. The intermediate fiber 6 does not comprise its coating 50 in the transfer
region and already touches the cladding 40 of the target fiber 20. The diameter of the intermediate fiber 6 in Fig 3b
corresponds to the diameter of the core 44 of the feeding fiber 2. The cross section of the intermediate fiber 6 can also
be larger than the cross section of the core 44 of the feeding fiber 2. Hence, Fig 3b does not show the converging taper
portion 16 of the intermediate fiber 6. Nevertheless a transfer of radiation from the intermediate fiber 6 into the target
fiber 20 is possible.
[0064] Fig. 3c shows the cross section along line C-C in Fig. 2. Again the target fiber 20 and the intermediate fiber 6
are shown. The diameter of the intermediate fiber 6 is much smaller than the one shown in Fig. 3b. Between the lines
B-B and C-C in Fig. 2 is the converging taper portion 16. This is the region where the main transfer of radiation takes place.
[0065] Fig. 3d shows the cross section along line D-D in Fig. 2. Here, the diameter of the intermediate fiber 6 has
increased again due to the diverging taper portion 18. Between the target fiber 20 and the intermediate fiber 6 there is
the gap 52 that prevents any radiation from being transferred from one fiber to another one.
[0066] Fig. 3e shows the cross section along line E-E in Fig. 2. Both fibers comprise a coating and do not touch
anymore. A transfer of radiation is clearly impossible. The intermediate fiber 6 shown in Fig. 2, 3b to 3e has a circular
cross section. In the invention the cross section is polygonal. This means of course not a mathematically polygonal cross
section but a cross section that is polygonal within the manufacturing limits. Today, fibers having non-circular and even
polygonal cross section are commercially available. These standards referring to the shape of the cross section of the
respective fiber are also to be applied here.
[0067] Fig. 4 shows basically the same situation as Fig. 2. Electromagnetic radiation to be transferred into the target
fiber 20 enters Fig. 4 from the left through the feeding fiber 2. It then enters the intermediate fiber 6, which is spliced to
an output end 4 of the feeding fiber 2. The intermediate fiber 6 comprises a converging taper portion 16. In this region
the electromagnetic radiation gets transferred into the target fiber 20. Adjacent to the converging taper portion 16 there
is a diverging taper portion 18 which is separated from the target fiber 20 by the gap 52. Through this part of the
intermediate fiber 6 a certain portion of the radiation is transported. At a final end 54 of the intermediate fiber 6 there is
a mirror element 56 at which the radiation gets reflected and sent back through the intermediate fiber 6. In front of the
mirror element 56 a mode mixing element 58 is positioned. This mode mixing element 58 changes the numerical aperture
of the radiation. This leads to a higher probability that the radiation after being reflected by the mirror element 56 is
transferred into the target fiber 20.
[0068] The way of the radiation in the first direction, i.e. from left to right in Fig. 4 is denoted by full arrows, while the
way of the radiation in the second direction after being reflected by the mirror element 56, i.e. from right to left in Fig. 4
is denoted by dashed arrows. The thickness of the respective arrows denotes the amount of radiation and the respective
power in each direction, without being true to scale. This means that in the first direction a larger amount of electromagnetic
radiation is transferred into the target fiber than in the second direction. Possible losses of electromagnetic radiation are
not taken into account. Also the exact position of the transfer of the respective radiation is not meant to be shown by
the position of the respective arrows.
[0069] Fig. 5 shows a schematic view on a coupling arrangement according to another embodiment of the present
invention. It shows a target fiber 20 and two feeding fibers 2. At the output ends 4 of both feeding fibers 2 an intermediate
fiber 6 is spliced to the feeding fiber 2.
[0070] The target fiber 20 comprises two cutting surfaces 60, at which the original target fiber 20 has been cut in order
to insert an adapted fiber 62. The target fiber 20 in the right and the left part of Fig. 5 comprises a core 38 and a cladding
40 and a coating 42. The adapted fiber 62 comprises an adapted fiber core 64 and an adapted fiber cladding 66. As
shown in Fig. 5 the adapted fiber core 64 of the adapted fiber 62 has a larger diameter, which in the schematic also
means a larger mode field diameter than the core 38 of the target fiber 20 in the left and the right part of Fig. 5. During
the manufacture of the coupling arrangement as shown in Fig. 5 the adapted fiber 62 also gets tapered. This leads to
a reduced diameter of the adapted fiber 62 and also of its adapted fiber core 64. The change of the mode field diameter
is not equal to the change of the core diameter depending on the numerical aperture of the core. Hence, by using an
adapted fiber 62 one can weaken or even fully avoid the negative consequences of the tapering of the target fiber 20
during manufacture.

List of reference numbers:

[0071]
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Claims

1. Coupling arrangement for non-axial transfer of electromagnetic radiation from at least one feeding fiber (2) into a
target fiber (20) in a transfer region via an intermediate fiber (6) comprising said feeding fiber (2), said target fiber
(20) and said intermediate fiber (6), wherein

a. said intermediate fiber (6) comprises an input end (8) and a converging taper portion (16),
b. said input end (8) of the intermediate fiber (6) is spliced to an output end (4) of the feeding fiber (2) in an axial way,
c. the converging taper portion (16) of said intermediate fiber (6) is fused to the target fiber (20) in the transfer
region in a non-axial way,

characterized in that said intermediate fiber (6) has a polygonal, in particular a hexagonal or an octagonal cross-
section.

2. Coupling arrangement according to claim 1, wherein said intermediate fiber (6) further comprises a diverging taper
portion (18) adjacent to said converging taper portion (16), and the intermediate fiber (6) is not fused to the target
fiber (20) at its diverging taper portion (18) such that there is a gap (52) between said target fiber (20) and said
diverging taper portion (18) of said intermediate fiber (6)

3. Coupling arrangement for non-axial transfer of electromagnetic radiation from at least one feeding fiber (2) into a
target fiber (20) in a transfer region according to claim 1 or 2, wherein

a. said target fiber (20) comprises a core (38) and at least one cladding (40),

2 feeding fiber 60 cutting surface
4 output end 62 adapted fiber

6 intermediate fiber 64 adapted fiber core
8 input end 66 adapted fiber cladding
10 heat source
12 double arrow
14 taper portion
16 converging taper portion

18 diverging taper portion
20 target fiber
22 first mount
24 second mount
26 rotation arrow
28 first force

30 second force
32 first anchoring bond
34 second anchoring bond
36 housing
38 core

40 cladding
42 coating
44 core
46 cladding
48 coating
50 coating

52 gap
54 final end
56 mirror element
58 mode mixing element
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b. in the transfer region the target fiber (20) is formed by an adapted fiber (62) having an adapted fiber core
(64) and at least one adapted fiber cladding (66), wherein

i. the adapted fiber core (64) of the adapted fiber (62) has a mode field diameter, which at least in a section
is larger than a mode field diameter of the target fiber (20) outside the transfer region.

4. Coupling arrangement according to claim 3, wherein the mode field diameter of the adapted fiber core (64) at the
beginning and the end of the transfer region is larger than the mode field diameter of the adapted fiber core (64) in
a centre portion of the transfer region, while the mode field diameter of the adapted fiber core in (64) the centre
portion of the transfer region is at least as large as the mode field diameter of the core (38) of the target fiber (20)
outside the transfer region.

5. Coupling arrangement according to claim 3, wherein the adapted fiber core (64) and/or the adapted fiber cladding
(66) is made from the same material as the core (38) and/or the cladding (40) of the target fiber (20) outside the
transfer region, respectively.

6. Coupling arrangement according to any of the preceding claims, wherein said feeding fiber (2) comprises an input
end to be connected to a light source and an opposing final end (54) and at a final end of the intermediate fiber (6)
a mirror element (56) is located.

7. Coupling arrangement according to claim 6, wherein in the transfer region the target fiber (20) is formed by an
adapted fiber (62).

8. Coupling arrangement according to claim 6, wherein a mode mixing element (58) is located between the converging
taper portion (16) of the feeding fiber (2) or the converging taper portion (16) of the intermediate fiber (6) and the
mirror element (56).

9. Coupling arrangement according to any of the preceding claims, wherein the at least one feeding fiber (2) has a
polygonal, in particular a hexagonal or octagonal cross-section.

10. Coupling arrangement according to any of the preceding claims comprising an even number of feeding fibers (2).

11. Method of manufacturing a coupling arrangement according to any of the preceding claims, comprising the following
steps:

a. mounting the target fiber (20) and the at least one intermediate fiber (6) in a mechanical mount (22, 24) at
two different positions,
b. twisting said intermediate fiber (6) around said target fiber (20),
c. afterwards applying a first force (28) in longitudinal direction to the feeding fiber (2) or to the intermediate
fiber (6) and applying a second force (30) in longitudinal direction to the target fiber (20), wherein

i. the first force (28) is different from the second force (30) and
ii. the said fibres (6, 20) are heated in order to achieve a tapering of the said fibers (6, 20).

12. Method according to claim 11, wherein the target fiber (20) is not twisted in step b.

13. Method according to claim 11, wherein said intermediate fiber (6) is pre-tapered before being mounted in the me-
chanical mount (22, 24), the pre-tapering comprising the steps of

a. heating said intermediate fiber (6) and
b. applying a taper-force in longitudinal direction to the heated intermediate fiber (6).

14. Method according to claim 13, wherein the taper-force is applied to the intermediate fiber (6) using the same mount
(22, 24) that is used for applying the first force (28) to the intermediate fiber (6).
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Patentansprüche

1. Kopplungsanordnung zur nicht-axialen Übertragung von elektromagnetischer Strahlung von zumindest einer Zu-
führungsfaser (2) in eine Zielfaser (20) in einem Übertragungsbereich über eine Zwischenfaser (6), enthaltend die
Zuführungsfaser (2), die Zielfaser (20) und die Zwischenfaser (6), wobei

a. die Zwischenfaser (6) ein Eingangsende (8) und einen konvergierenden Verjüngungsabschnitt (16) aufweist,
b. das Eingangsende (8) der Zwischenfaser (6) in axialer Weise mit einem Ausgangsende (4) der Zuführungs-
faser (2) gekoppelt ist,
c. der konvergierende Verjüngungsabschnitt (16) der Zwischenfaser (6) in dem Übertragungsbereich in nicht-
axialer Weise mit der Zielfaser (20) verschmolzen ist,

dadurch gekennzeichnet, dass die Zwischenfaser (6) einen polygonalen, insbesondere einen hexagonalen bzw.
oktogonalen Querschnitt hat.

2. Kopplungsanordnung nach Anspruch 1, wobei die Zwischenfaser (6) ferner einen divergierenden Verjüngungsab-
schnitt (18) aufweist, der an den konvergierenden Verjüngungsabschnitt (16) angrenzt, und wobei die Zwischenfaser
(6) an ihrem divergierenden Verjüngungsabschnitt (18) nicht mit der Zielfaser (20) verschmolzen ist, so dass zwi-
schen der Zielfaser (20) und dem divergierenden Verjüngungsabschnitt (18) der Zwischenfaser (6) ein Spalt (52)
besteht.

3. Kopplungsanordnung zur nicht-axialen Übertragung von elektromagnetischer Strahlung von zumindest einer Zu-
führungsfaser (2) zu einer Zielfaser (20) in einem Übertragungsbereich nach Anspruch 1 oder 2, wobei

a. die Zielfaser (20) einen Kern (38) und zumindest einen Mantel (40) aufweist,
b. in dem Übertragungsbereich die Zielfaser (20) aus einer angepassten Faser (62) mit einem angepassten
Faserkern (64) und zumindest einem angepassten Fasermantel (66) gebildet ist, wobei

i. der angepasste Faserkern (64) der angepassten Faser (62) einen Modenfelddurchmesser hat, der zu-
mindest abschnittsweise breiter als ein Modenfelddurchmesser der Zielfaser (20) außerhalb des Übertra-
gungsbereichs ist.

4. Kopplungsanordnung nach Anspruch 3, wobei der Modenfelddurchmesser des angepassten Faserkerns (64) am
Anfang und am Ende des Übertragungsbereichs breiter als der Modenfelddurchmesser des angepassten Faserkerns
(64) in einem Mittelabschnitt des Übertragungsbereichs ist, während der Modenfelddurchmesser des angepassten
Faserkerns (64) in dem Mittelabschnitt des Übertragungsbereichs zumindest so breit wie der Modenfelddurchmesser
des Kerns (38) der Zielfaser (20) außerhalb des Übertragungsbereichs ist.

5. Kopplungsanordnung nach Anspruch 3, wobei jeweils der angepasste Faserkern (64) und/oder der angepasste
Fasermantel (66) aus dem gleichen Material wie der Kern (38) und/oder der Mantel (40) der Zielfaser (20) außerhalb
des Übertragungsbereichs hergestellt ist.

6. Kopplungsanordnung nach einem der vorangehenden Ansprüche, wobei die Zuführungsfaser (2) ein mit einer
Lichtquelle zu verbindendes Eingangsende und ein entgegengesetztes Abschlussende (54) aufweist und an einem
Abschlussende der Zwischenfaser (6) ein Spiegelelement (56) angeordnet ist.

7. Kopplungsanordnung nach Anspruch 6, wobei in dem Übertragungsbereich die Zielfaser (20) aus einer angepassten
Faser (62) gebildet ist.

8. Kopplungsanordnung nach Anspruch 6, wobei ein Modenmischer (58) zwischen dem konvergierenden Verjün-
gungsabschnitt (16) der Zuführungsfaser (2) oder dem konvergierenden Verjüngungsabschnitt (16) der Zwischen-
faser (6) und dem Spiegelelement (56) angeordnet ist.

9. Kopplungsanordnung nach einem der vorangehenden Ansprüche, wobei die zumindest eine Zuführungsfaser (2)
einen polygonalen, insbesondere einen hexagonalen oder oktogonalen Querschnitt hat.

10. Kopplungsanordnung nach einem der vorangehenden Ansprüche, enthaltend eine gerade Anzahl von Zuführungs-
fasern (2).
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11. Verfahren zum Herstellen einer Kopplungsanordnung nach einem der vorangehenden Ansprüche, umfassend die
nachfolgenden Schritte:

a. Anbringen der Zielfaser (20) und der zumindest einen Zwischenfaser (6) in einer mechanischen Halterung
(22, 24) an zwei verschiedenen Positionen,
b. Winden der Zwischenfaser (6) um die Zielfaser (20),
c. dann Aufbringen einer ersten Kraft (28) in Längsrichtung auf die Zuführungsfaser (2) oder auf die Zwischen-
faser (6) und Aufbringen einer zweiten Kraft (30) in Längsrichtung auf die Zielfaser (20), wobei

i. die erste Kraft (28) sich von der zweiten Kraft (30) unterscheidet und
ii. die Fasern (6, 20) erhitzt werden, um eine Verjüngung der Fasern (6, 20) zu erreichen.

12. Verfahren nach Anspruch 11, wobei die Zielfaser (20) in Schritt b. nicht gewunden wird.

13. Verfahren nach Anspruch 11, wobei die Zwischenfaser (6) vor dem Anbringen in der mechanischen Halterung (22,
24) aufbereitet wird, wobei die Aufbereitung die nachfolgenden Schritte umfasst:

a. Erhitzen der Zwischenfaser (6) und
b. Aufbringen einer Verjüngungskraft in Längsrichtung auf die erhitze Faser (6).

14. Verfahren nach Anspruch 13, wobei die Verjüngungskraft auf die Zwischenfaser (6) unter Verwendung der gleichen
Halterung (22, 24) aufgebracht wird, wie sie für das Aufbringen der ersten Kraft (28) auf die Zwischenfaser (6)
verwendet wird.

Revendications

1. Agencement de couplage pour un transfert non-axial d’un rayonnement électromagnétique depuis au moins une
fibre d’amenée (2) vers une fibre cible (20) dans une région de transfert via une fibre intermédiaire (6), comprenant
ladite fibre d’amenée (2), ladite fibre cible (20) et ladite fibre intermédiaire (6), dans lequel

a) ladite fibre intermédiaire (6) comprend une extrémité d’entrée (8) et une portion effilée convergente (16),
b) ladite extrémité d’entrée (8) de la fibre intermédiaire (6) est épissée à une extrémité de sortie (4) de la fibre
d’amenée (2) d’une manière axiale,
c) la portion effilée convergente (16) de ladite fibre intermédiaire (6) est assemblée par fusion à la fibre cible
(20) dans la région de transfert d’une manière non axiale,

caractérisé en ce que ladite fibre intermédiaire (6) a une section transversale polygonale, en particulier une section
transversale hexagonale ou octogonale.

2. Agencement de couplage selon la revendication 1, dans lequel ladite fibre intermédiaire (6) comprend en outre une
portion effilée divergente (18) adjacente à ladite portion effilée convergente (16), et la fibre intermédiaire (6) n’est
pas assemblée par fusion à la fibre cible (20) à sa portion effilée divergente (18) de sorte qu’il y a un intervalle (52)
entre ladite fibre cible (20) et ladite portion effilée divergente (18) de ladite fibre intermédiaire (6).

3. Agencement de couplage pour un transfert non-axial d’un rayonnement électromagnétique depuis au moins une
fibre d’amenée (2) vers une fibre cible (20) dans une région de transfert, selon la revendication 1 ou 2, dans lequel

a) ladite fibre cible (20) comprend une âme (38) et au moins un gainage (40),
b) dans la région de transfert, la fibre cible (20) est formée par une fibre adaptée (62) ayant une âme de fibre
adaptée (64) et au moins un gainage de fibre adapté (66), dans lequel

i) l’âme de fibre adaptée (64) de la fibre adaptée (62) a un diamètre de champ modal qui, au moins dans
une section, est plus grand qu’un diamètre de champ modal de la fibre cible (20) à l’extérieur de la région
de transfert.

4. Agencement de couplage selon la revendication 3, dans lequel le diamètre de champ modal de l’âme de fibre
adaptée (64) au début et à la fin de la région de transfert est plus grand que le diamètre de champ modal de l’âme
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de fibre adaptée (64) dans une portion centrale de la région de transfert, alors que le diamètre de champ modal de
l’âme de fibre adaptée (64) dans la portion centrale de la région de transfert est au moins aussi grand que le diamètre
de champ modal de l’âme (38) de la fibre cible (20) à l’extérieur de la région de transfert.

5. Agencement de couplage selon la revendication 3, dans lequel l’âme de fibre adaptée (64) et/ou le gainage de fibre
adapté (66) est réalisé(e) du même matériau que l’âme (38) et/ou que le gainage (40) de la fibre cible (20) à l’extérieur
de la région de transfert, respectivement.

6. Agencement de couplage selon l’une quelconque des revendications précédentes, dans lequel ladite fibre d’amenée
(2) comprend une extrémité d’entrée destinée à être connectée à une source de lumière et une extrémité finale
opposée (54) et, à une extrémité finale de la fibre intermédiaire (6), est placé un élément miroir (56).

7. Agencement de couplage selon la revendication 6, dans lequel, dans la région de transfert la fibre cible (20) est
formée par une fibre adaptée (62).

8. Agencement de couplage selon la revendication 6, dans lequel un élément de mélange modal (58) est placé entre
la portion effilée convergente (16) de la fibre d’amenée (2) ou la portion effilée convergente (16) de la fibre inter-
médiaire (6), et l’élément miroir (56).

9. Agencement de couplage selon l’une quelconque des revendications précédentes, dans lequel ladite au moins une
fibre d’amenée (2) a une section transversale polygonale, en particulier une section transversale hexagonale ou
octogonale.

10. Agencement de couplage selon l’une quelconque des revendications précédentes, comprenant un nombre pair de
fibres d’amenée (2).

11. Procédé de fabrication d’un agencement de couplage selon l’une quelconque des revendications précédentes,
comprenant les étapes suivantes consistant à :

a) monter la fibre cible (20) et ladite au moins une fibre intermédiaire (6) dans une monture mécanique (22, 24)
à deux différentes positions,
b) torsader ladite fibre intermédiaire (6) autour de ladite fibre cible (20),
c) appliquer ensuite une première force (28) en direction longitudinale à la fibre d’amenée (2) ou à la fibre
intermédiaire (6) et appliquer une seconde force (30) en direction longitudinale à la fibre cible (20), de sorte que

i) la première force (28) est différente de la seconde force (30), et
ii) lesdites fibres (6, 20) sont chauffées afin de réaliser une partie effilée desdites fibres (6, 20).

12. Procédé selon la revendication 11, dans lequel la fibre cible (20) n’est pas torsadée dans l’étape b).

13. Procédé selon la revendication 11, dans lequel ladite fibre intermédiaire (6) est préalablement effilée avant d’être
montée dans la monture mécanique (22, 24), l’opération d’effilage préliminaire comprenant les étapes consistant à

a) chauffer ladite fibre intermédiaire (6), et
b) appliquer une force d’effilage en direction longitudinale à la fibre intermédiaire chauffée (6).

14. Procédé selon la revendication 13, dans lequel la force d’effilage est appliquée à la fibre intermédiaire (6) en utilisant
la même monture (22, 24) que celle qui est utilisée pour appliquer la première force (28) à la fibre intermédiaire (6).
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