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BACKGROUND OF THE INVENTION High power fiber lasers have

become increasingly popular due to their high efficiency, simplicity and
reliability. In addition, they may be easily ruggedized, due to their simple

arrangement. High power applications generally use a doubje, clad fiber, )
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when the double clad fiber is used as a power amplifier, end pumping.
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andHtggg bgrgggapds% eges? iti%?rggg ri?é used tc inject the optical power. In addition, when
the double clad fiber is used as a power amplifier, end pumping prohibits simple injection
of the signal o be amplified, and renders the coupling optics cumbersome and expensive.

Modern high power pumping techniques for commercial fiber lasers and
amplifiers are usually based on end pumping by diode lasers. The common fibers used for
fiber lasers applications are Yb*" doped silica with tunable output between 980nm-
1200nm (pumped by either 915nm or 980nm diodes), Er’* doped silica for 1550nm eye-
safe and communication applications (pumped by either 980nm or 1480nm diodes), and
Yb*":Er*" silica fibers used also for 1550nm applications, but in the high power range,
where the wide spread erbium doped fibers are not applicable. Other fiber lasers used
mostly for 2um remote sensing and medical applications are Tm®® doped and H03+:Tm3+
doped silica fibers.

The most commonly used fiber for marking, drilling and other industrial

applications 1s the Yb** fiber, characterized by high efficiency and robustness. In



The most commonly used fiber for marking, drilling and other industrial
applications is the Yb3+ fiber, characterized by high efficiency and
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Solutions have been proposed o these problems in the prior art. For example, US
Patent 5,999,673 to Samartsev et al. describes a coupling between a multi-mode optical
fiber pigtail and a double-clad optical fiber, that is, a fiber that includes an inner (single-
mode or multi-mode) core with a diameter of few microns, a first cladding (multi-mode),
and a second cladding. Samartsev et al. attempt to transfer multi-mode light source power
to an optical fiber along a non-coaxial direction.

The coupling in Samartsev et al. comprises a tapered circular pump-guiding multi-
mode fiber between the double clad fiber’s inner cladding and the pump source. The
pump-guiding fiber is tapered and then fused to the double clad fiber's inner clad, where
the fusion region contains substantially the whole tapered region of the pump-guiding
fiber, and nothing else. However, the divergence angle of the pump-guiding fiber, as, and
that of the multi mode inner cladding part of the double clad fiber, af, has to satisfy the

following relation:
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wherein k is a constant greater than 1. There is an interest in using pump

guiding fibers satisfying k<=1, since these pump guiding fibers can deliver
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_other tapered. This method allows the use of pump guiding fibers
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and double clad fiber's inner clad, which may result in low coupling
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high deformation proba i(leﬁ’y has many implications on fiber [asers and
Sapsibiftetsdberformance, such as preserving the beam quality and
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double clad fiber’s inner clad, which may result in low coupling efficiency. In addition
fusion attachment techniques deform the double clad fiber doped core, due to the high
temperature levels required. The high deformation probability has many implications on
fiber lasers and amplifiers performance, such as preserving the beam quality and
maintaining the polarization state of the amplified signal, especially when polarization-
maintaining cores are involved.

There is therefore an interest in using non-fusion techniques for attaching pump-
guiding fiber to a double clad fiber in both coupling methods described and other methods
as well. These non-fusion techniques should keep the advantages of fusion splicing, such
as high power delivery capabilities, strength and durability under hard envirommntai
conditions. An example of a non-fusion technique is by implementing an optical adhesive
as an optical intermediate material between the pump-guiding fiber and the double-clad
fiber’s inner clad, which has similar optical properties as the glass of which both said

fibers are composed.
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invention, there is provi an optical apparatus comprisSing: a .
be yaps goidiigibdinsordpagivgbatisen dhaddingllbefiber todesarbedrmore in detail
nerdifaghient section, said attachment section comprising a straight core

section and a tapered core section, said pump-guiding fiber being
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receiving fiber through an attachment section, said attachment section

corg GRS BET SatacsiPaighi t are duptidm et dionapares L oveigBE s gection
andsgigdﬂé%%éore section, said pump-guiding fiber being optically attached at one end
thereof to a pump source and an opposite end of said pump-guiding fiber being attached to
an inner clad of a receiving fiber through an attachment section, said attachment section
comprising both said straight core section and said tapered core section of said pump-
guiding fiber, characterized in that both said straight core section and said tapered core
section of said pump-guiding fiber are attached to said receiving fiber with an intermediate
sol-gel maternial.

The use of sol-gel-derived materials in high power pump combiner for fiber lasers
and amplifiers may reduce damage threshold of the side coupler, increase mechanical
strength of the adhesion of the two fibers, and facilitate high power pump injection into the
active fiber, without causing any deformation fo the active fiber’s core. The sol-gel may be
much more robust, less expensive, and more efficient and may scale side couplers to high

powers than other optical adhesives like UV or epoxy based adhesives.



guiding fiber, characterized in that both said straight core section and said
tapered core section of said pump-guiding fiber are attached to said
receiving fiber with an intermediate sol-gel material. The use of
sol-gel-derived materials in high powe%ump combiner for fiber lasers
and amplifiers may reduce damage threshold of the side coupler, increase
mechanical strength of the adhesion of the two fibers, and facilitate high
power pump |nJec%&%t@%cgg%qmgﬂm%&%ﬁygw&ny
defanmaatiesn o the activesfiners crerthe 50l-gel RykheplushyNaith reference
robust, less expensive, and more efficient and may scale side couplers to
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inventian is herein described, by way of example only, with reference to
ﬁbe{h%%’i Yfhpanying figures, wherein; Fig. 1 is a simplified block diagram of
a privg artiendscoppiing iblechighgawenfibeidaroplifiergFigr 2 isigh power double

implified block diagram aof a side coupling for a high power.double,.clad .
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in aptatdrate inhaterpldamcerwith the prior art; Fig. 3 is a simplified pictorial

illustration of a tape iber used in the side coupling of,Fig. 2, . .
conblfictets Andr ML i A PAACE i i b P n he side
couptesent ifgeiti@opWar2008/0042181PCIH 1020074000808 Briignidoidiment of the
sirqplifieq.cross-sectional illustration of a hexagonal double clad fiber
P& dinthie Side coupling of Fig. 2, in accordance with an embodiment of
the present invention; and Fig. 5 is a simplified pictorial illustration of a
twisted pre-tapered pump-guiding fiber core around the fed inner cladding
of a double clad fiber, with an aim to create a side coupler by using
sol-gel-derived material as an intermediate material in accordance with
an embodiment of the present invention. DETAILED DESCRIPTION OF
EMBODIMENTS Reference is now made to Fig. 2, which illustrates a side
coupling for a fiber laser



or optical amplifier, such as a high power double clad fiber laser or

amplifier, constructed and operative in accordance with an embodiment
Woo?r“ﬁbq‘fé?lﬁrt invention (Sintov, PCT/IL2004/000512). The di€Gd85A887400818
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creating a multiple clad fiber. The inney clad 42 of the receiving fiber 4Q .
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section 50 1s comprised of both straight core section 34 and tapered core section 35 of the
pump-guiding fiber 30, the inner clad 42 of the receiving fiber 40 and an intermediate sol-
gel material ST, for achieving good mechanical adhesion as well as good optical contact
between the pump-guiding fiber 30 and the receiving fiber’s inner clad 42.

As seen in Fig. 4, the receiving fiber 40 may include, without limitation, a _
protective outer jacket 41, an outer clad 44, inner clad 42 and a doped core 43, which may
comprise a rare-earth doped core, such as but not limited to, Yb** doped silica, Er’" doped
silica, Yb™:Er’" doped silica, Tm®" doped silica and Ho*":Tm®* doped silica fibers.
Additional clad layers 45 may be added between the doped core 43 and inner clad 42,
creating a multiple clad fiber. The inner clad 42 of the receiving fiber 40 may be non-
symmetrical, which may help to reduce or eliminate helical modes evolution, since these

modes do not overlap with the doped core 43. The inner clad 42 may have a circular or



In addition, in the present invention, the apparatus as described herein

and illustrated in Fig. 2, may be coated with a low index optical material
WORELE e active index is lower than 1.4, for creating a rugg&ﬁ“T/ TL2007/000818
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poly-condensation reactions. The basic reactions of a silica sol-gel system undergoing
concurrent hydrolysis and condensation are:

nSi{OR)y+4nH,0 ++ nSI(OH) 4+ 4nROH 11

nSi{OH): — nSi0; + 2rHR0 2]

More detailed information pertaining to the chemistry of sol-gel processing can
be found in several books and review articles:
* L.C. Klein (ed.) Sol-Gel Technology For Thin Films, Performs, Electronics, and
Specialty Shapes, Noyes, New Jersey, (1988).
J. Livage, M. Henry and C. Sanchez, Prog. Solid-State Chem., 18, 259 (1988).
* C.J. Brinker and G.W. Scherer, Sol-Gel Science, Academic Press, San Diego, (1990).
* L.L. Hench and J. K. West, Chermn. Rev. 90, 61 (1990).

* H. Schmidt, Mater. Res. Symp. Proc., 171, 3 (1990).
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*

L.C. Klein, Sol-Gel Optics: Processing and Applications, Kluwer Academic
Publishers, Boston, (1993).
A promising class of sol-gel-derived materials includes organic/inorganic hybrid

materials which combine the merits of an inorganic glass and an organic polymer or



* D. Avnir, D. Levy and R. Reisfeld, J. Phys. Chem. 88, 5956 (1984).
e, M. Asami and J.D. Mackenzie, J. Mater. Res. 4, 1018 (1989
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Fig. 2 or other side coupling methods, may comprise a sol-gel-derived intermediate

material 51 which may be a fast sol-gel. Fast sol-gel is a single-step method of preparing
sol-gel glasses. In this case crack-free, highly transparent glasses are rapidly prepared in a
matter of minutes from alkoxysilane and alkylalkoxysilane monomers. Variations of the
precursor monomers allow flexibility in achieving desired polymer properties. A detailed
description of the method is described in Haruvy et. al. US Patent 5,357,015 (1994) and
the article

* A. Guiina, Y. Haruvy, I Gilath, E. Axelrod, N. Kozlovich, and Y. Feldman, J. Phys.
Chem. B, 103(26), 5454-5458 (1999).

Another embodiment for implementing a pump combiner as described in Fig. 2 or
other side coupling methods, may comprise a sol-gel-derived intermediate material 51,
which may be other combinations of sol-gel-derived materials, capable of being
fabricated into a thin film. These materials show promise for use in fiber and waveguide
optics. Examples of other sol-gel methods through which a sol-gel-derived intermediate

material 51 may be fabricated are presented in the following articles:



8 Y. Sorek, R. Reisfeld, I. Finkelstein and S. Ruschin, Appl. Phys. Lett.,
6 995). * R. Gvishi, G. Ruland, and P. N. Prasad, Optics
WO&%‘?F%&%??QG, 66 (1996). F. Del Monte, P. Cheben and C.P. ‘GBS 7419818
Mackenzie, Journal of Sol-Gel Sciencgé and Technology, 15, 73 (1999).
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a pump-guiding fiber comprising a fiber cladding, a fiber corezand an
maigridhashsimultaneously pull both fibers slightly to create better contact between
them during attachment and curing, a high power pump coupler may be implemented
after several hours of curing.

It will be appreciated by pers;')ns skilled in the art that the present invention is not
limited by what has been particularly shown and described hereinabove. Rather the scope
of the present invention includes both combinations and subéombinations of the features
described hereinabove as well as modifications and variations thereof which would occur

to a person of skill in the art upon reading the foregoing description and which are not in
the prior art.



section, said attachment section comprising a straight core section and a
tapered core section, said pump-guiding fiber being optically attached at
one end thereof to a pump source and an opposite end of said
pump-guiding fiber being attached. to an inner clad of a receiving fiber
through an attachment section, said%ttachment section comprising both
said straight core section and sad tapeged core section of said
pump-guiding fiber, characterized in that both said straight core section
What by Jdaihehred core section of said pump-guiding fiber are attached to

1. saidypaesivinafiber with-asigtermediate sol- gel material. 2. The optical
apparatus accqrding to claim 1, wherein said, intermegdiate sol-ge] material

d
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comprises a fast.sql-gel. 6. The optical apparatus according to claim 1 .
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3. The optical apparatus according to claim 1, wherein a refractive index of said

%%c?l%%t\%% said

elving fiber are

intermediate sol-ge! material is closely identical to that of said pump-guiding fiber and
said receiving fiber.

4. The optical apparatus according to claim 1, wherein said apparamsl is coated with
a low index optical material whose refractive index is lower than 1.4

3. The optical apparatus according to claim 1, wherein said intermediate sol-gel
material comprises a fast sol-gel.

6. The optical apparatus according to claim 1, wherein said intermediate sol-gel
material comprises a sol-gel-derived intermediate material capable of being fabricated
into a thin film.

7. The optical apparatus according to claim 1, wherein a leaky guiding mode couples
said pump-guiding fiber to said receiving fiber through said intermediate sol-gel material.
& The optical apparatus according to claim 1, wherein said attachment section is
twisted around said inner clad, and before twisting, said pump-guiding fiber and said

receiving fiber are immersed in said intermediafe sol-gel material.



