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the double clad fiber is used as a power amplifier, end pumping prohibits simple injection

of the signal to 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 Ho>*:Tm>"
doped silica fibers.

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

applications is the Yb*" fiber, characterized by high efficiency and robustness. In
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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, of, has to satisfy the

following relation:
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coupling may comprise a tapered fiber, as is described more in detail hereinbelow. The
invention may reduce size and alignment sensitivity, and facilitate high power pump
injection into the active fiber. The coupling technique of the present invention is much
more robust, less expensive, more efficient than traditional end pumping techniques and
more efficient and scalable to high powers than prior art side coupling, such as that of
Samartsev et al.
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is herein described, by way of example only, with reference
to the accompanying figures, wherein:

Fig. 1 is a simplified block diagram of a prior art end coupling in a high power

fiber amplifier;
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fitelvRCIAdMENT 1 along the attachment section required 33. The attachment section 33
may comprise a straight core section 34 and a tapered core section 35. The ratio between
the minimum cross section area of the tapered region and the initial cross section area
thereof is from 0.01 to 0.5. The pump-guiding fiber 30 may be optically attached at one
end thereof to a pump source 29, such as but not limited to, a semiconductor diode laser.
The opposite end of pump-guiding fiber 30, which comprises the attachment section 33,
may be attached to an inner clad 42 of a receiving (also referred to as an active or
amplifying) fiber 40, which may be double clad. The attachment section 33 of the pump-
guiding fiber 30 may be attached to the receiving fiber 40 in both the straight core section
34 and tapered core section 35 as illustrated in Fig. 2.
As seen in Fig. 4, the receiving fiber 40 may comprise, but not limited to, 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
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40 inner clad 42. The high order modes light 21, characterized by high divergence angles,
with a maximum value of as, is launched into the receiving fiber 40 inner clad 42,
through the straight section 34, without changing its divergence angle, as. These mode
are trapped in the receiving fiber 40 inner clad 42, since the transversal attachment section
33 dimension is small compared to the receiving fiber 40 inner clad 42 perimeter. The
low order modes light 22, characterized by low divergence angle, asl<<as, is launched

into the receiving fiber 40 inner clad 42 through the tapered section 35, while increasing
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Each pump guiding fiber 30 may be individually optically connected at one end
thereof to pump source 29, such as but not limited to, a single or multiple emitter
semiconductor diode laser, whereas the attachment sections 33 of the pump guiding fibers
30 may be attached at different points along a single receiving fiber 40 for achieving high
pump power coupling into that individual receiving fiber 40.

By injecting multiple pump signals to the active receiving fiber 40 at different

locations along its length (through the multiple attachment sections 33 of the pump
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section 33 around the receiving fiber's 40 inner clad
42. After twisting, both fibers may be fused together
in the attachnment section 33 by generating sufficient
mel ting heat around both twi sted fiber 30 and the
receiving fiber 40, and simultaneously pull both
fibers slightly to create better contact between them
during attachment. Reference is now nade to Fig. 6,
which illustrates a plurality of tapered punp guiding
fibers 30, constructed and operative in accordance
with an enbodi nent of the present invention. The
tapered punp fibers are attached to a common receiving
fiber 40 in accordance with an enbodi nent of the
present invention. Each punp guiding fiber 30 may be
individually optically connected at one end thereof to
punp source 29, such as but not limted to, a single
or multiple emtter sem conductor diode |aser, whereas
the attachnent sections 33 of the punp guiding fibers
30 may be attached at different points along a single
receiving fiber 40 for achieving high punp power
coupling into that individual receiving fiber 40. By
injecting multiple punp signals to the active
receiving fiber 40 at different locations along its
l ength (through the nultiple attachnent sections 33 of
t he punpgui ding fiber 30 and the active receiving
fiber 40), high powers of up to several kilowatts may
be achieved fromthe active receiving fiber 40. It
will be appreciated by person skilled in the art that
the present invention is not |imted by what has been
particularly shown and descri bed herein above. Rather
t he scope



of the present invention is defined only by the clains

that follow CLAIMS What is clainmed is: 1. Optical
wa@pmang2es conprising: a punp guiding fiber coP@F/II200MP00512

a fiber cladding, a fiber core and an attachnent

section, said attachnment sectd on conprising a straight

core section and a tapered CEHMSsection; and a

[ ber conprising an inner clad to which said

vhﬁfﬁcﬁhﬁﬁ iectlon is attached. 2. Apparatus according

1t o cOatieal kppashies ebmprsiigit i 0 bet ween a n1n|nun1cross
section area_of the tapered core section_and said

st r aft GHPEBRANG Epery %ﬂmprssmgna Libergledding snfilepr gore andoansattachment
[
stiohPRE AiTRAE QLA ohinild TifighlB0€ ol U TBoered core
sectien;enfl, opposite to said attachnent section, to a
punp source. 4. aratus accor t ai.m 3, ..
her & rebebif isn 6oRatRe 2o an Gad % Wifh iR dashgment seation is
atéHcRéle 1 aser. 5. Apparatus according to claim1,
wherein a divergence angle of light in said punp
2.gui diApparatub @ﬁcoa@mg gndamn 1 ‘ghd:reianca:lapib dbetyeeanghmimimsadsd section
i nner, cl ad recej af ,. satisfy
E G {15y PRPR GO R R T s S e Aetigf Y i enge from 0.01 to
osonstant equal. or smaller than 1. 6. Apparatus
according to claim1, wherein said receiving fiber
3.conpApeaatus agerrding o elaing jlpevherein sajdppump giding dibds g optically

[ bl.e .cl ad fiber, co rlses a
oS0, S REES, o8l SR b LB, SR S
4and Appapes sebRlin dé3 -toAplRat a8 USyIRe&Ar §H1d19p1hﬁ?p Cdoatd® Zomprlses a
wherel n said doped core conprises a rare-earth doped
seapgeqnductor diode laser.
5. Apparatus according to claim 1, wherein a divergence angle of light in said pump
guiding fiber as, and a light acceptance angle of said inner clad of said receiving fiber,

of, may satisfy the following relation:
of =k-as

wherein k is a constant equal or smaller than 1.

6. Apparatus according to claim 1, wherein said receiving fiber comprises a double
clad fiber.
7. Apparatus according to claim 6, wherein said double clad fiber comprises a

protective outer jacket, an outer clad, an inner clad and a doped core.
8. Apparatus according to claim 7, wherein said doped core comprises a rare-earth

doped core.



