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Description

TECHNICAL FIELD

[0001] The present invention relates to fiber amplifiers, and more particularly, to a multimode fiber amplifier which
discriminates against higher-order modes (e.g., discriminates against all but the fundamental mode).

BACKGROUND ART

[0002] Single-mode (SM), rare-earth-doped fiber lasers and amplifiers are finding widespread use in applications
requiring compact, rugged optical sources with diffraction-limited beam quality. The advent of double-clad fibers has
allowed these sources to be scaled to average powers of >100 W. (See V. Dominic, S. MacCormack, R. Waarts, S.
Sanders, S. Bicknese, R. Dohle, E. Wolak, P.S. Yeh, and E. Zucker, in Conference on Lasers and Electro-Optics (Optical
Society of America, Washington DC, 1999), paper CPD11). For applications requiring high-energy pulses, such as
nonlinear frequency conversion (see J.P. Koplow, D.A.V. Kliner, and L. Goldberg, IEEE Photon. Technol. Lett. 10, 75
(1998)), pumping of optical parametric oscillators/amplifiers (see P.E. Britton, H.L. Offerhaus, D.J. Richardson, P.G.R.
Smith, G.W. Ross, and D.C. Hanna, Opt. Lett. 24, 975 (1999)), lidar, and materials processing, the use of fiber-based
systems has been limited by the relatively low pulse energies available compared to bulk lasers. Similarly, for continuous-
wave (cw) applications requiring narrow linewidth, fiber sources are restricted to relatively low power.
[0003] These limitations arise from two factors: low energy storage and the onset of nonlinear processes in the fiber.
The maximum pulse energy that can be attained with a fiber amplifier (i.e., the amount of energy that can be stored in
the gain medium) is limited by amplified spontaneous emission (ASE). The peak- and average- power-handling capability
of fiber sources is determined by the onset of nonlinear processes that occur inside the fiber. Both of these limitations
are briefly reviewed here.
[0004] Energy Storage: The primary loss processes for energy deposited into the gain medium are spontaneous
emission (fluorescence) and amplified spontaneous emission. The vast majority of spontaneous emission, which is
emitted equally in all directions, escapes out the side of the fiber. However, a small fraction of this light is captured in
the core and amplified as it propagates down the length of the fiber (ASE). When the population inversion in the gain
medium is relatively low (i.e., at low pump power), spontaneous emission is the dominant loss process. In this low power
limit the stored energy increases linearly with pump power. At sufficiently high pump power, the gain in the fiber becomes
large enough that the power lost to ASE is comparable to the power lost to spontaneous emission. As ASE starts to
take over as the dominant loss process, the stored energy as a function of pump power begins to level off. Eventually,
a high power limit is reached in which the stored energy increases logarithmically (rather than linearly) with pump power.
For this reason the maximum amount of energy that can be stored in the gain medium is determined by ASE.
[0005] Nonlinear Processes: Nonlinear processes that occur at high optical intensities impose an upper limit on the
amount of power that can be transmitted through a given length of fiber. The most important of these nonlinear processes
are stimulated Brillioun scattering (SBS), stimulated Raman scattering (SRS), and self-phase modulation (SPM). (See
Nonlinear Fiber Optics, G. P. Agrawal, Academic Press, San Diego, CA, 1995.) These processes are characterized by
a threshold power, above which a significant portion of the energy in a high-power pulse is converted to different (un-
wanted) wavelengths. The relative importance of these processes depends on pulse duration and spectral bandwidth.
[0006] Two approaches to overcoming these limitations have been reported. Taverner et al. developed large-mode-
area, Er-doped SM fibers with numerical aperatures (NA) of 0.066 to 0.08 and core diameters of 14 to 17 Pm. (See D.
Taverner, D.J. Richardson, L. Dong, J.E. Caplen, K. Williams, and R.V. Penty, Opt. Lett. 22, 378 (1997); G.P. Lees, D.
Taverner, D.J. Richardson, L. Dong, and T.P. Newson, Electron. Lett. 33, 393 (1997)) Decreasing the NA (relative to
standard telecommunication values of ∼0.15) allows the core size to be increased while maintaining SM operation. The
resultant increased mode-field area raises the threshold for nonlinear processes. In addition, the lower NA reduces the
fraction of spontaneous emission captured by the fiber, thereby increasing energy storage. (See J. Nilsson, R. Paschotta,
J.E. Caplen, and D.C. Hanna, Opt. Lett. 22, 1092 (1997)) Several groups have used multimode fiber amplifiers and have
obtained varying levels of suppression of high-order modes by adjusting the fiber index and dopant distributions (See
H.L. Offerhaus, N.G. Broderick, D.J. Richardson, R. Sammut, J. Caplen, and L. Dong, Opt. Lett. 23, 1683 (1998); J.M.
Sousa and O.G. Okhotnikov, Appl. Phys. Lett. 74, 1528 (1999)), cavity configurations (See U. Griebner, R. Koch, H.
Schönnagel, and R. Grunwald, Opt. Lett. 21, 266 (1996); U. Griebner and H. Schönnagel, Opt. Lett. 24, 750 (1999)),
and/or launch conditions of the seed beam. (See O. G. Okhotnikov and J. M. Sousa, Electron. Lett. 35, 1011 (1999) ;
C. C. Renaud, R. J. Selvas-Aguilar, J. Nilsson, P. W. Turner, and A. B. Grudinin, IEEE Photon. Technol. Lett. 11, 976
(1999) ; M. E. Fermann, Opt. Lett. 23, 52 (1998) ; M. Hofer, M. E. Fermann, A. Galvanauskas, D. Harter, and R. S.
Windeler, IEEE Photon. Technol. Lett. 11, 650 (1999) ; I. Zawischa, K. Plamann, C. Faiinich, H. Welling, H. Zelimer,
and A. Tunnermann, Opt. Lett. 24, 469 (1999).)
[0007] EP 442553 discloses an optical fiber amplifier having a rare-earth doped active fiber at the transmission wave-
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length lamda-s, which is single mode when straight. Sharma et al., Optics Communications 111 (1994) 127-131, discloses
studies on stimulated Raman scattering in undoped step indexes silica fibers having a V-number of 4,7 for the Raman
pump wavelength at 532 nm. The fiber has equidistant semicircular loops of 8 mm bend diameter and they found that
there is an optimum bend-to-bend distance at which generation of stimulated Raman scattering in higher order modes
can be inhibited and the accompanying attenuation losses can be minimized.
[0008] Schwierz and Neumann, Electronic Letters, vol. 23, no. 24 (1987) 1296-1297, discloses calculations on bend
losses and cutoff wavelengths of undoped coiled dispersion-flattened fibers.
[0009] Ferman et al., US 5,818,630, discloses the transfer of single mode signals from a single mode fiber into a solid
core of a multimode fiber amplifier without losing too much of single mode energy through mode coupling into higher
order modes. Bending of fibers is used to replicate mechanical perturbations to show the effectiveness of the disclosed
other technique to avoid mode coupling.

DISCLOSURE OF INVENTION

[0010] An object of the present invention is to provide a multimode fiber amplifier having maximum pulse energy, peak
power, and average power capabilities greater than those of conventional single-mode fiber amplifiers while maintaining
beam quality comparable to such single-mode fiber amplifiers.
[0011] It is a further object of the present invention to provide a fiber amplifier comprising a multimode fiber for supporting
the fundamental mode (LPo1) while suppressing higher-order modes so as to produce an output beam having a beam
quality that is diffraction-limited (or near diffraction-limited).
[0012] It is a further object of the invention to provide a multimode fiber amplifier that discriminates between the
fundamental mode and higher-order modes, i. e., attenuates the latter to a significant greater extent than the former.
[0013] It is a further object of the invention to provide a multimode fiber amplifier which discriminates comparably
between the + and-helical polarities of the undesired higher-order modes.
[0014] These and other objects are achieved by the multimode fiber amplifier of the present invention as claimed in
claim 1.
[0015] In accordance with a further aspect of the invention, there is provided the multimode fiber amplifier system as
claimed in claim 11, providing discrimination between a fundamental mode and undesired higher-order modes, the
amplifier system comprising : a signal light source for producing a light beam, and a multimode fiber amplifier as claimed
in claim 1 for receiving said light beam and comprising a multimode optical fiber, capable of supporting a fundamental
mode and higher-order modes, having a radius of curvature such that the higher-order modes experience substantially
increased bend losses as compared with the fundamental mode.
[0016] In one preferred implementation, the signal light source comprises a continuous wave light source while, in
another, the signal light source comprises a pulsed light source.
[0017] The present invention also relates to the use of the multimode amplifier system of claim 11, as claimed in claim 14.
[0018] The fiber comprises a coiled fiber. The coiled fiber preferably has a constant radius of curvature but, in useful
embodiments, the coiled fiber can have a non-constant radius of curvature.
[0019] The multimode optical fiber preferably comprises a double-cladding structure.
[0020] Advantageously, the multimode optical fiber comprises a core having a diameter of between 3 Pm and 100
Pm (although a core diameter in excess of 100 Pm is also possible).
[0021] In an important implementation, the multimode optical fiber is coiled onto two mandrels, comparable in diameter,
whose longitudinal axes are mutually perpendicular, where the length of fiber wound onto each mandrel is approximately
equal.
[0022] The multimode fiber amplifier preferably has an M2 value less than 1.2, where M2 = 1 denotes diffraction-limited
beam quality. In some applications, however, operation at an M2 value greater than 1.2 may prove advantageous.
[0023] Further objects, features and advantages of the present invention will be set forth in, or apparent from, the
detailed description of preferred embodiments thereof which follows.

BRIEF DESCRIPTION OF DRAWINGS

[0024]

Fig. 1 is a graph plotting the total number of modes as a function of V (defined hereinbelow); hereinbelow);
Fig. 2 is a schematic diagram of one aspect of a preferred embodiment of the multimode fiber amplifier of the invention;
Figs. 3 and 4 are, respectively, schematic transverse and longitudinal cross sectional views of the optical fiber of
FIG. 2;
Fig. 5 is a graph showing the mode-filtering effect as a function of mandrel diameter for a particular fiber;
Fig. 6 is a graph showing the ratio of power carried in the fiber cladding to the total power carried by the first several
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LPlm modes as a function of V;
Fig. 7 is a graph showing the calculated suppression of the LP11 mode relative to LP01 bend loss as a function of
fiber core diameter, for a step-index fiber;
Fig. 8 is a graph showing the mandrel radius calculated to provide 1 dB bend loss in the LP01 mode, for a 1 meter
length of fiber, as a function of core diameter, for step-index fiber;
Fig. 9 is a schematic side elevational view of one preferred pumping scheme for the fiber amplifier of the invention;
Fig. 10 is a side elevational view of an experimental apparatus (constructed using undoped fiber) incorporating
some of the basic features of the invention;
Fig. 11 is a graph showing a Gaussian fit to the far-field beam profile produced by the multimode fiber apparatus of
FIG. 10;
Fig. 12 is a graph showing measurements of the rear-field spatial profile made for a mode-filtered Yb-doped amplifier;
Fig. 13 is a graph plotting ω (beam radius) as a function of z (distance from beam waist) for a mode-filtered Yb-
doped ASE source, from which M2 is determined; and
Fig. 14 is a graph plotting coproprogating output power as a function of launched pump power, for both an uncoiled
and a coiled (mode filtered) Yb-doped fiber amplifier, from which amplifier slope efficiency is determined.

BEST MODE FOR CARRYING OUT THE INVENTION

[0025] Before considering preferred embodiments of the invention, other aspects of the invention as well as other
matters that impact on the invention will be considered. In the optimization of pulsed fiber amplifiers, three design
parameters are available: rare-earth dopant concentration, fiber core size, and core/cladding index difference.
[0026] A detailed analysis reveals that the requirements for optimizing energy storage and peak power handling
capability are:

1) as high a rare-earth dopant concentration as possible,
2) as low a core/cladding index difference (∆) as possible, and
3) as large a core diameter (dcore) as possible.

A qualitative discussion of these results is given here.
[0027] The first item in the above list is straightforward. If the rare earth dopant level (and thus the gain per unit length)
is made higher, the fiber amplifier can be fabricated from a shorter piece of fiber; the threshold power for the nonlinear
effects under consideration is inversely proportional to fiber length. The small-signal gain and energy storage are not
affected. There is a limit to how high we can make the dopant concentration in a practical fiber amplifier, however. Ion
clustering and concentration quenching effects eventually cause steep reductions in quantum efficiency if the dopant
concentration is made too high. (See Rare Earth Doped Fiber Lasers and Amplifiers, edited by M.J.F. Digonnet, Marcel
Dekker, Inc., New York, NY, 1993.) The maximum allowable dopant concentration depends on the rare-earth dopant
ion and host glass composition and typically is in the range 0.1 to 2 weight percent.
[0028] The second item in the above list is more complicated. At given core size, when the core/cladding index
difference is made smaller, two things happen: the NA of the fiber decreases and the mode-field diameter (MFD) of the
fiber increases. The NA determines what fraction of spontaneous emission is captured in the core (and therefore con-
tributes to ASE). The amount of spontaneous emission that is within the acceptance angle of the fiber is proportional to
∆ (or equivalently, NA2). Lowering ∆ allows a larger population inversion to be established in the gain medium, resulting
in an increase in stored energy and small-signal gain. The small-signal gain is also proportional to the overlap integral
of the LP01 mode field distribution and the core (γ), however. As ∆ is made smaller, the MFD increases, and γ is reduced.
This serves to lower the small-signal gain and increase the amount of energy that can be stored, but is a relatively weak
effect. Where consideration of the mode field diameter becomes important is in the area of nonlinear processes. The
threshold power for SBS, SRS, and SPM scale as MFD2.
[0029] Evidently, minimization of the core/cladding index difference is helpful in every respect: stored energy, threshold
for nonlinear processes, and small-signal gain. Unfortunately, there are practical limitations to the extent to which the
core/cladding index difference can be reduced. Variations in the index profile of commercially manufactured fibers make
it difficult to achieve core/cladding index differences of less than ∆ ≈ 0.001 (NA ≈ 0.06).
[0030] If instead we increase dcore while keeping ∆ fixed, there is an increase in the MFD and an increase in the
number of dopant atoms per unit length of fiber. An increase in MFD is beneficial for suppression of nonlinear processes
and the larger number of dopant ions results in a corresponding increase in stored energy. The small-signal gain is not
affected significantly by the change in core size, because to first order γ is constant as a function of V for a multimode fiber.
[0031] The above discussion is roughly summarized in the following table:
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[0032] Regarding the "poor" energy storage of the small core fiber amplifier, strictly speaking it is possible to increase
the stored energy by fabricating a fiber with a very small core diameter. At very small V, γ falls off rapidly, making it
possible to sustain a larger population inversion. But if the small-signal gain is to be kept high enough for operation of
a practical amplifier, the length of the fiber becomes prohibitive from the standpoint of nonlinear effects. Moreover,
pumping an amplifier with a very small core presents a number of logistical problems that render such a design impractical.
[0033] As shown in the above table, a large core diameter is favorable, especially since it is not of critical importance
to maximize the small-signal gain of the amplifier. There is a limit to how large the core can be made, however. If the
core is made too large (V > 2.4, with the "V-number" defined as: V = (πdcore NA)/λ., where λ is the wavelength in free
space) the fiber will no longer be constrained to operate on the lowest-order transverse mode (the LP01 mode). In FIG.
1, the total number of LPlm modes (M) is plotted as a function of V. Included in the count are two helical polarities for
each mode with l>0 and two polarization states per mode. The dashed curve is the relation M = (4V2/π2)+2, which
provides an approximate formula for the number of modes when V>>1 (see Fundamentals of Photonics, B.E.A. Saleh
and M.C. Teich, John Wiley & Sons, New York, NY (1991)).
[0034] As shown in Fig. 1, with increasing cross-sectional area (V), the number of transverse modes in a multimode
mode fiber increases very rapidly. Multimode fiber lasers are characterized by poor beam quality. Good beam quality is
important in a number of applications: nonlinear frequency conversion, lidar, photolithography, pumping of optical par-
ametric oscillators/amplifiers, and applications that require the output of the laser to be coupled into a single-mode fiber
or focused to as small spot size as possible (e.g., materials processing).
[0035] In one embodiment of the present invention a pulsed fiber source is constructed from a multimode fiber amplifier
that is spatially filtered so that only the LP01 mode experiences a significant amount of gain. In accordance with one
aspect of a preferred embodiment, the "helical fiber amplifier" is configured from a multimode gain fiber wrapped around
a cylindrical mandrel whose radius of curvature is chosen to introduce a small amount of bend loss for the lowest-order
mode, as shown in Fig. 2 (which is a highly schematic perspective view, not to scale). The multimode fiber amplifier,
which is generally denoted 10, comprises a multimode optical fiber 12 and cylindrical mandrel 14. A pulsed or continuous
wave (cw) light source is indicated. (The amplifier may also be operated as an ASE source by omission of said light
source, or as a laser.) Although the multimode optical fiber 12 may comprise a rare-earth doped core and either a single-
clad or double-clad structure, a double-clad, rare-earth doped fiber with a large core diameter is advantageous, resulting
in increased pulse energy and peak power handling capabilities, and scaling to higher average power. Such a double-
clad structure is shown in Figs. 3 and 4 wherein the fiber 12 includes a doped core 12a, inner cladding 12b of a large
area and high NA and outer cladding 12c typically of a low-index polymer. The pump light is indicated in Figs. 3 and 4
by arrows A. As indicated above, the multimode optical fiber 12 is wound into a coil, preferably around a mandrel such
as the cylindrical mandrel 14, to improve beam quality by filtering out higher-order modes supported by the large core
diameter of the fiber 12.
[0036] The cylindrical mandrel 14 is chosen to have a diameter such that the higher-order modes experience substantial
bend loss compared to the fundamental mode when the fiber is wound onto the mandrel 14. The diameter of mandrel
14 determines the bend radius of the coil formed by the fiber 12. The fundamental (LP01) mode exhibits the lowest
sensitivity to bend loss, and for all modes the attenuation coefficient (dB/m) for bend loss depends exponentially on the
radius of curvature (See Optical Fiber Telecommunications, Edited by S.E. Miller and A.G. Chynoweth, Academic Press,
San Diego, CA, 1979.), allowing bend loss to be used as a form of distributed spatial filtering. In Fig. 2, an input pulse
is indicated at P1, an output pulse at P2 and the higher-order modes which suffer radiation loss at P3.
[0037] The mode-filtered amplifier is very lossy for higher-order modes while maintaining relatively low loss for the
LP01 mode. As with a conventional single-mode amplifier, the stored energy and peak-power-handling capability are
optimized by making the core/cladding index difference as small as possible and the dopant concentration as large as
possible. But by exploiting bend loss to discriminate against higher-order modes, the helical amplifier allows the fiber
amplifier to be scaled up in size, no longer subject to the restriction V < 2.4.
[0038] As described earlier, when dcore is made larger at constant ∆, the MFD increases proportionally. Starting with
a conventional single-mode fiber amplifier, consider the effect making dcore larger by a factor of 5. The MFD of the LP01
mode is increased by roughly a factor of 5, and as a result the threshold for nonlinear processes is -25 times that of the

fiber amplifier design:
small diameter core, long length of 
fiber

large diameter core, short length of 
fiber

energy storage: poor excellent

threshold for nonlinear processes: poor excellent

small-signal gain: excellent good
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conventional single-mode amplifier. The small-signal gain is unchanged because even though there now 25 times as
many dopant atoms per unit length of fiber contributing to ASE, the NA of the LP01 mode (which should be distinguished
from the effective NA for a multimode fiber, NAeff, which is simply a measure of the equivalent solid angle for light
connection by all the of LP modes supported) is a factor of 5 lower, which means that the fraction of spontaneous
emission that is within the capture angle of the fiber has been reduced by a factor of 25. On the basis of these considerations
it is apparent that the energy storage is improved by a factor of 25 as well. (Note that even for applications where beam
quality is not important, the helical fiber amplifier achieves much higher energy storage and small-signal gain than a
conventional multimode amplifier because ASE is generated only in the lowest-order mode.)
[0039] The spatial filtering effect that is the basis of the helical fiber amplifier is illustrated by the data plotted in Fig.
5. In this experiment, the pigtail of a single-mode, fiber-coupled, 1550 nm, diode laser was spliced to a length of multimode
fiber (undoped). The multimode fiber had a core diameter of 25 Pm and an NAeff of 0.14 (V = 7.1 at 1550 nm). A 50 cm
long section of the fiber sample was wrapped around a cylindrical mandrel and the transmitted power was measured at
several different radii of curvature.
[0040] At 1550 nm, this multimode fiber is capable of supporting the LP01, LP11, LP21, LP02, LP31, LP12, and LP41
modes. The LP11 mode is the most difficult of the higher-order modes to discriminate against since other than the LP01
mode, it is the least susceptible to bend loss. Consequently, if the radius of curvature is made small enough to filter out
the LP11 mode, we can be assured that all of the higher-order modes are filtered out as well. The data in Fig. 5 show
that at a bend diameter of ∼1.5 cm, all of the signal propagating in the higher-order modes is extinguished by bend loss,
while the power in the LP01 mode suffers negligible attenuation. In fact there is an extensive "plateau region" in Fig.
5—a range of bend radii over which the fundamental mode is transmitted without loss while the second-lowest-order
mode (LP11) is filtered out.
[0041] Inspection of Fig. 5 also indicates that more than 70% of the power injected into the multimode fiber was coupled
into the lowest-order mode, with about 20% coupled into LP11 and less than 10% distributed among the remaining
higher-order modes. As with a conventional single-mode fiber amplifier, the launch conditions (focused spot size, align-
ment, and beam quality) will determine what fraction of power from a free space beam injected into the helical fiber
amplifier results in excitation of the LP01 mode.
[0042] One potential area of concern is mode conversion-the tendency of light in a particular mode to be redistributed
into an equilibrium distribution of modes as it propagates down a multimode fiber. In a perfectly constructed waveguide,
there is no exchange of power between the different modes; the modal distribution established by initial launch conditions
is time invariant. In real fibers, however, mode conversion arises due to imperfections in the structure of the waveguide.
Power propagating in LP01, for example, will to some extent cause excitation of higher modes. Fortunately, in a typical
fiber this exchange of power between different modes is a relatively slow process. For example, when the bend loss
experiment described above was repeated with a second mandrel of the same diameter placed a few meters downstream
of the first mandrel, no additional filtering effect was observed. If after passing through the first bend loss filter, the light
propagating in the LP01 mode had suffered significant mode conversion, a drop in transmitted power would have been
observed when the second bend loss filter was put in place.
[0043] Optimization of the Helical Fiber Amplifier: The helical fiber amplifier of the invention allows the core diameter
to be scaled up in size by lifting restriction V < 2.4. There is, however, a limit to how large the core diameter can be
made. Qualitatively, this limit can be understood in terms of the mechanism responsible for bend loss. When a fiber is
bent, the phase fronts of the modal field are pivoted about the center of curvature of the bend. There is a critical distance
on the side opposite the center of curvature where the velocity of the phase fronts approach the speed of light in the
cladding. In this outer portion of the fiber the modal field is subject to radiation loss, an effect that becomes more
pronounced as the radius of curvature is decreased, since a larger portion of the modal field will be radiative. In Fig. 6
the fraction of power contained in the cladding is plotted as a function of V for each of the LP modes. For V > 2.4, where
more than one mode is supported, the LP01 mode contains less power in the cladding than any of the higher-order
modes. It is therefore subject to less bend loss (compare, for instance, the LP01 and LP11 modes). But as shown in Fig.
6, this distinction becomes less pronounced as V is made larger. Referring back to Fig. 5, it is anticipated that the plateau
region will be compressed as the V-number (core diameter at a given value of ∆) is made larger. With increasing V, the
amount of discrimination between LP01 and LP11 will eventually decrease to the point that the amplifier supports more
than one mode.
[0044] The curvature loss equations for a step-index fiber described by Marcuse will be used to carry out a quantitative
analysis of this effect. (See D. Marcuse, "Field deformation and loss caused by curvature in optical fibers" J. Opt. Soc.
Am., Vol. 66, No. 4, pg. 311, (1976)) The input parameters for this analysis are:

1) the wavelength of operation
2) the NA of the fiber (or equivalently, the core/cladding index difference)
3) the core size of the fiber (or equivalently, the V-number)
4) the amount of bend loss that is acceptable for the lowest-order mode
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The output parameters are:

1) attenuation of the LP11 mode relative to the LP01 mode
2) radius of curvature for which LP01 loss = 1 dB (approximate size of required bend loss mandrel)

[0045] These calculations have been carried out for λ = 1064 nm (appropriate for a Nd- or Yb-doped fiber amplifier),
and NAeff = 0.08 (a typical value for a low NA fiber).
[0046] The main results of this analysis are summarized in Fig. 7, which is a graph of the suppression of the LP11
mode (relative to the LP01 mode) vs. dcore (λ = 1064 nm, NAeff = 0.08, and length of fiber coil = 1 m). Note the decrease
in mode discrimination as dcore is made larger. The family of three curves in Fig. 7 demonstrate the tradeoff between
bend loss for the LP01 mode and suppression of LP11. It should be emphasized that the annotations in Fig. 7 denote
bend loss for the LP01 mode integrated over the entire length of the fiber. The curve labeled "3 dB", for instance, refers
to a helical amplifier in which the radius of curvature is chosen so that 3 dB (50%) of the power injected into one end of
the fiber in the LP01 mode is dissipated by bend loss as it traverses the length of the amplifier. This amount of bend loss
does not imply that the energy extracted from the gain medium is reduced by a factor of two. The energy extraction
efficiency would be much greater than 50% because most of the photons generated in the amplification process do not
travel the entire length of the amplifier. For a uniformly pumped fiber, coiled to produce a LP01 bend loss of 3 dB, an
energy extraction efficiency of 80% is calculated. In practice, an even higher energy extraction efficiency could be
obtained by using a counter-propagating pump configuration (in which case the fiber would not be uniformly pumped).
[0047] The calculation shown in Fig. 7 provides a conservative estimate of LP11 suppression, for two additional reasons.
This analysis neglects the effect of field deformation caused by fiber curvature, which decreases the LP01 loss relative
to the attenuation coefficients of the higher-order modes. Additional suppression of LP11 relative to LP01 is provided by
the spatial overlap of the mode-field distributions with the gain region (particularly at lower V-numbers).
[0048] In most applications, 10 dB of LP11 suppression is likely to be adequate. Referring back to Fig. 7, it should
therefore be possible to make the core size as large as 50 to 100 Pm. This value should be compared to the dimensions
of a single-mode fiber with λ = 1064 nm and NA = 0.08: dcore = 9 Pm. Even if the more conservative value of dcore = 50
Pm is adopted, the stored energy and peak-power-handling capability of the helical fiber amplifier are a factor of 30
greater than the conventional single-mode amplifier.
[0049] Figure 8 shows the radius of curvature required to obtain 1 dB of bend loss in the LP01 mode as a function of
core diameter (λ = 1064 nm, NAeff = 0.08 and length of fiber coil = 1 m). This is the approximate radius of the bend loss
mandrel for the helical amplifier, which would likely take the form of spool (rather than the cylindrical rod shown in Fig.
2). Its size is compatible with compact, lightweight construction.
[0050] It may also prove advantageous to use a bend loss mandrel of non-constant radius of curvature to improve
LP11 suppression and energy extraction efficiency. For example, to minimize excitation of higher-order modes, the input
end of the helical fiber amplifier could incorporate a short stretch of fiber that is wound at a smaller radius of curvature
than the remainder of the amplifier. The energy extraction efficiency would be reduced for this short section of the fiber,
but since the signal undergoing amplification is at low power in the initial portion of the amplifier, the total energy loss
would be small in absolute terms.
[0051] For applications in which the amplifier is required to preserve the polarization of the signal being amplified (or
maintain linear polarization), the helical fiber amplifier can be fabricated from polarization preserving gain fiber. Alterna-
tively, non-polarization preserving gain fiber can be used in conjunction with a Faraday mirror and polarizing beam splitter
in a double-pass configuration, a technique that has been used extensively with conventional single-mode fiber amplifiers.
(See I.N. Duling, R.D. Esman, Electron. Lett., Vol. 28, No. 12, pg. 1126 (1992)). In another embodiment non-polarization
preserving gain fiber is used to construct the helical fiber amplifier, and stress-induced birefringence is utilized to make
the gain fiber polarization preserving. The stress-induced birefringence results from bending the fiber, and can be
augmented by applying tension while wrapping the fiber around the cylindrical mandrel. (See S.C. Rashleigh, R. Ulrich,
Opt. Lett., Vol. 5, No. 8, pg. 354 (1980)).
[0052] Pumping of the Helical Fiber Amplifier: For any fiber amplifier, the range of options available for pumping is
an essential design consideration. In nearly every application one or more of the following factors is important:

1) maximum pump power available
2) cost of pump diode(s) and coupling optics
3) efficiency with which pump power can be transferred to doped core
4) length of fiber required to absorb pump power
5) extent to which pump diode coupling optics interfere with or complicate system design
6) deterioration of pumping efficiency over time due to misalignment of coupling optics

[0053] The helical fiber amplifier can be configured in either a core-pumped (single-clad) or cladding-pumped (double-
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clad) geometry. In the core-pumped configuration, pump light from a single-mode pump diode is coupled into the end
of the fiber and absorbed as it propagates down the core. Unfortunately, single-mode pump sources are very expensive
and provide relatively low pump power (e.g., $3000 for a 100 mW device). If possible, it is preferable to use a double-
clad fiber geometry. (See E. Snitzer, H. Po, F. Hakimi, R. Tumminelli, B.C. McCollum, "Double-clad, offset core Nd fibre
laser", Dig. Conf. on Optical Fibre Sensors, 1988, Paper PD5.) As shown in Figs. 3 and 4, in a double-clad fiber the
pump light is contained within a large cross sectional area, high NA, multimode cladding that surrounds the core of the
fiber. The interaction of the pump light and the doped core is therefore greatly reduced in comparison to the core-pumped
geometry. Nonetheless, for a number of rare-earth dopants (most notably Yb, Nd, and Er/Yb) the pump absorption
coefficient can still be made large enough to allow the cladding-pumped configuration to be used.
[0054] The advantage of using double-clad fiber is that low-brightness, broad-area, laser diodes can be efficiently
coupled into the inner cladding. These broad-area devices offer much higher power (several watts) at much lower cost
(∼$200 per watt of pump power) than single-mode pump diodes. In addition, the alignment of the optics used to couple
pump light into the double-clad fiber is much less sensitive to misalignment by mechanical disturbances or fluctuations
in ambient temperature.
[0055] The present invention is compatible with all known methods for pumping double-clad fibers. One method that
is especially well suited to high average power is the side-pumping technique shown in Fig. 9 wherein a fiber 18 includes
a doped core 20, inner cladding 22, and outer cladding 24, and v-groove 26 is provided in fiber 18, as shown. A light
beam from a pump diode 28 is launched through a microlens 30 into fiber 18.
[0056] It is clear from the discussion thus far that the preferred embodiment of the helical fiber amplifier will include
the following characteristics:

1) as high a dopant concentration as possible
2) as low a core/cladding index difference as possible
3) a multimode core with a diameter that is likely to be at least 50 Pm
4) a double-clad geometry

and allow for dramatic improvements in the energy storage and peak- and average-power handling capability of fiber
amplifiers. The other key advantage provided by the helical fiber amplifier design is a significant improvement in available
pump power and/or pumping efficiency compared to conventional double-clad fiber sources.
[0057] Consider for example a conventional double-clad fiber in which the ratio of cross sectional areas between the
inner cladding (in which the pump light is confined) and the core (in which the pump light is absorbed) is typically 300:
1. If as discussed earlier the core diameter is increased from 9 Pm (single-mode core, λ = 1064 nm, NA = 0.08) to 50
Pm, the ratio of cross-sectional areas is reduced to 10:1. The pump absorption coefficient is therefore improved by a
factor of 30. This makes it possible to 1) increase the fraction of pump light that is absorbed in the core, 2) loosen the
wavelength tolerance of the pump diodes used to excite a narrow absorption feature, and/or 3) use a shorter length of
fiber. As mentioned earlier, a shorter length of fiber is advantageous for suppression of nonlinear processes. In addition
it can provide significant reductions in cost. Alternatively, if the inner cladding is scaled up by the same amount as the
core diameter, the ratio of cross-sectional areas remains 300:1, but the much larger inner cladding makes it possible to
use very large area pump diodes that supply 10 W of power or more at a cost of only ∼$200/W.
[0058] In summary, the present invention provides a number of important performance enhancements for rare-earth
doped fiber lasers:

• large increase in energy storage
• large increase in peak power handling capability
• scaling to high average power
• more efficient pumping

As a result the helical fiber amplifier should find use in a wide variety of applications.
[0059] Experiments with undoped multimode fiber. The distributed spatial filtering effect that is the basis of the helical
fiber amplifier has been demonstrated using an undoped multimode fiber capable of supporting -100 transverse modes.
A schematic diagram of the experimental arrangement is shown in Fig. 10. In this experiment a pair of horizontal/vertical
spools 32 and 34, rather than a single bend loss mandrel as shown in Fig. 2, was used for spatial filtering. Spools 32
and 34 support a multimode fiber 36 and, in turn, are supported by support posts 32a and 34a on a support surface 38.
For the sake of clarity, further discussion of Fig. 10 will be deferred until the remainder of the experiment has been
described in full.
[0060] At the end of the multimode fiber labeled "input" in Fig. 10, the free-space beam from a 200 mW cw Nd:YAG
laser (1064 nm) was coupled into the fiber 36 using a conventional bulk lens (not shown). The focusing conditions were
roughly optimized for excitation of the LP01 mode. The diameter of the bend loss spools (81 mm) 32 and 34 was chosen
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to provide a 3 dB bend loss for the LP01 mode. The beam emitted from the "output" end of the multimode fiber 36 was
characterized using a photodiode (to measure transmitted power) and a linear ccd array (to measure the far-field intensity
distribution, for the purpose of assessing beam quality).
[0061] The data recorded by the ccd array are plotted in Fig. 11. The solid line in this plot is a Gaussian fit to the raw
data. This experiment demonstrates unambiguously that: 1) the spatial filtering provided by the bend loss mandrels
allows the highly multimode fiber to function as a single-mode waveguide, 2) exchange of power between the LP01 mode
and higher-order modes does not interfere significantly with the spatial filtering process, and 3) the signal propagating
through the fiber can be thoroughly filtered without introducing unacceptably high bend loss for the lowest-order mode.
[0062] The MFD of the LP01 mode (41.2 Pm) was calculated from the far-field intensity distribution of the Gaussian
beam. The MFD for a typical low-NA (NA = 0.08) single-mode fiber at 1064 nm is 9.2 Pm. The factor of 20 increase in
mode-field area achieved with the coiled multimode fiber corresponds to a factor of 20 increase in peak- and average-
power handling capabitity—and if fabricated as a rare-earth doped fiber—a factor of 20 increase in energy storage (both
of these parameters scale as MFD2). As discussed above, such an amplifier would also provide dramatic improvements
in pumping efficiency and/or average pump power when configured as a double-clad fiber. It should be emphasized that
since a diffraction-limited Gaussian beam was obtained in this experiment, it is likely that in an optimized version of the
helical fiber amplifier an increase in mode-field area significantly greater than the factor of 20 demonstrated here will be
realized.
[0063] The purpose of winding the multimode fiber on the two spools 32 and 34 (of equal diameter), one oriented
horizontally and the other vertically, is to address a specific issue. When the multimode fiber is wound on a single spool,
the bend loss experienced by the two helical polarities of the LP11 mode is unequal. Bend loss occurs preferentially on
the side of the fiber that is opposite the center of curvature. For one helical polarity the mode field is at a maximum in
the portion of the fiber subject to radiation loss, while the same location corresponds to a node in the intensity distribution
of the other helical polarity.
[0064] To obtain adequate attenuation for both helical polarities of the LP11 mode one might consider simply decreasing
the diameter of the bend loss spool. The drawback of this approach is that bend loss for the LP01 mode is increased. A
better solution is to wrap the fiber in such a way that the + and - helical polarities of the LP11 mode are subject to
comparable attenuation, which results in the minimum amount of bend loss for the LP01 mode. The simplest implemen-
tation of this approach is shown in Fig. 10, where half of the fiber is wound on the horizontal spool and the other half is
wound on the vertical spool (although a number of other geometries are possible). Similar considerations apply to filtering
of higher-order modes, although to a much lesser extent.
[0065] Experiments with mode-filtered, Yb-doped fiber amplifier: Other experiments have been carried out using a
Yb-doped multimode amplifier, for which the gain fiber had the following specifications:

core diameter: 25 Pm
cladding diameter: 200 Pm, hexagonal
fiber V-number: 7 to 8 (25 to 30 modes supported)
rare-earth dopant: Yb, 1.5% by weight
length of fiber used: 5 meters
coil diameter for mode filtering: 15.8 mm

[0066] The data shown in Fig. 12 were recorded by imaging the near-field beam profile of the multimode amplifier
onto a linear ccd array. The four traces in Fig. 12 show the effects of:

a) no mode filtering (uncoiled fiber)
b) under-filtering (dcoil = 25.4 mm)
c) optimal, or near optimal, filtering (dcoil = 15.8 mm)
d) over-filtering (dcoil = 12.7 mm).

[0067] With no mode filtering poor beam quality is obtained from the multimode amplifier; the near-field profile shows
contributions from many different higher-order modes. When the diameter of the bend radius is roughly optimized, a
diffraction-limited Gaussian beam is observed (quantitative measurements are given in Figure 13). If the diameter of the
bend loss mandrel is too small, the output is a clean Gaussian beam but the bend loss for the LP01 mode is unnecessarily
large (overfiltering).
[0068] Figure 13 shows in quantitative terms that the beam quality of the helical amplifier is diffraction-limited (M2 =
1.09�0.09, 2σ uncertainty). In addition, the slope efficiency data plotted in Fig. 14 show that the helical amplifier does
not suffer from significant bend loss in the lowest-order mode. These experiments used a two-mandrel arrangement
similar to that of Fig. 10. The dimensions of the two mandrels are compatible with a compact, lightweight amplifier package.
[0069] The mode filtering calculations described above in connection with Fig. 7 indicate that it should be possible to
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use a multimode fiber with core size well in excess of 25 Pm. Furthermore, it should be emphasized that the data shown
in Figs. 13 and 14 constitute a stringent test of the use of bend loss for constructing a mode-filtered amplifier, for the
following reasons:

a) Spontaneous emission uniformly excites all modes of the fiber. In many applications, the cavity configuration or
launch condition of the seed beam can provide further suppression of high-order modes.

b) Further discrimination of LP01 vs. LP11 can be obtained by doping only the central portion of the core to maximize
the ratio of the LP01/LP11 core overlap integrals. A further benefit of this approach is that the pump power requirements
for the amplifier are lowered. The gain per unit length of the fiber amplifier (important in certain applications) is
degraded, however.

[0070] Although the invention has been described above in relation to preferred embodiments thereof, it will be un-
derstood by those skilled in the art that variations and modifications can be effected in these preferred embodiments
without departing from the scope of the invention as defined by the claims.

Claims

1. A multimode fiber amplifier including
a first cylindrical support member(32)and
a second cylindrical support member(34),
the first and second cylindrical support members having substantially equal diameters, and
the longitudinal axis of the second cylindrical support member extending perpendicular to that of the first cylindrical
support member, and
a multimode rare-earth doped optical fiber (12) having a V-number higher than 2,4 at the wavelength of the signal
to be amplified, capable of supporting a fundamental mode and higher order modes of the signal to be amplified,
wherein the V-number is defined as V=(πdcoreNA)/λ where dcore is the core diameter of the fiber, NA is the numerical
aperture and λ is the wavelength in free space of the signal to be amplified,
wherein the fiber is wound onto said first and second cylindrical support members,and
the portions of said fiber wound onto said first and second support members being of approximately equal length,
wherein the fiber is coiled with a radius of curvature such that the higher-order modes of the signal to be amplified
experience substantially increased bend losses as compared with the fundamental mode of the signal to be amplified .

2. A multimode fiber amplifier as claimed in claim 1, wherein said fiber has a substantially constant radius of curvature.

3. A multimode fiber amplifier as claimed in claim 1, wherein said fiber has a non-constant radius of curvature.

4. A multimode fiber amplifier as claimed in any one of claims 1-3, wherein said fiber includes a double-cladding
structure.

5. A multimode fiber amplifier as claimed in any one of claims 1-4, wherein said fiber includes a core having a diameter
of between 3 Pm and 100 Pm.

6. A multimode fiber amplifier as claimed in claim 5, wherein the fiber includes a core having a diameter of between
25 Pm and 100 Pm.

7. A multimode fiber amplifier as claimed in claim 6, wherein the fiber includes a core having a diameter of between
50 Pm and 10b Pm.

8. A multimode fiber amplifier as claimed in any one of claims 1-5, wherein said multimode fiber amplifier has an M2

value less than 1,2, where M2=1 denotes diffraction-limited beam quality.

9. A multimode fiber amplifier as claimed in any one of claims 1-6, wherein said amplifier is side pumped.

10. A multimode fiber amplifier as claimed in any one of claims 1-9, wherein said first and second support members
are mandrels, the first mandrel has a substantially vertical longitudinal axis, and the second mandrel has a substan-
tially horizontal longitudinal axis.
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11. A multimode fiber amplifier system providing discrimination between a fundamental mode and undesired higher-
order modes, said amplifier system including:

a signal light source for producing a signal light beam to be amplified, and
a multimode amplifier for receiving said light beam as claimed in any one of claims 1-10.

12. A multimode fiber amplifier system as claimed in claim 11, wherein said light source includes a continuous light source.

13. A multimode fiber amplifier system as claimed in claim 11, wherein said light source includes a pulsed light source.

14. Use of a multimode amplifier system as claimed in any of claims 11-13 for providing discrimination between a
fundamental mode and undesired higher-order modes.

Patentansprüche

1. Multimodus-Faserverstärker, umfassend:

ein erstes zylindrisches Trägerteil (32) und
ein zweites zylindrisches Trägerteil (34),
wobei das erste und das zweite zylindrische Trägerteil einen im Wesentlichen gleichen Durchmesser haben
und wobei sich die Längsachse des zweiten zylindrischen Trägerteils senkrecht zu der des ersten zylindrischen
Trägerteils erstreckt, und
eine mit seltenen Erden dotierte optische Multimodus-Faser (12) mit einer V-Zahl größer als 2,4 bei der Wel-
lenlänge des zu verstärkenden Signals, die geeignet ist, einen Grundmodus und Moden einer höheren Ordnung
des zu verstärkenden Signals zu unterstützen,
wobei die V-Zahl definiert ist als V=(πdcoreNA)/λ, wobei dcore der Kerndurchmesser der Faser, NA die numerische
Apertur und λ die Wellenlänge im freien Raum des zu verstärkenden Signals ist,
wobei die Faser auf dem ersten und dem zweiten zylindrischen Trägerelement gewickelt ist und
die Abschnitte der auf dem ersten und dem zweiten zylindrischen Trägerelement gewickelten Faser etwa gleich
lang sind, wobei die Faser mit einem Krümmungsradius derart gewickelt ist, dass die Moden einer höheren
Ordnung des zu verstärkenden Signals im Vergleich zu dem Grundmodus des zu verstärkenden Signals höhere
Krümmungsverluste erfahren.

2. Multimodus-Faserverstärker nach Anspruch 1, wobei die Faser einen im Wesentlichen konstanten Krümmungsra-
dius aufweist.

3. Multimodus-Faserverstärker nach Anspruch 1, wobei die Faser einen nichtkonstanten Krümmungsradius aufweist.

4. Multimodus-Faserverstärker nach einem der Ansprüche 1 bis 3, wobei die Faser eine Doppelmantelstruktur hat.

5. Multimodus-Faserverstärker nach einem der Ansprüche 1 bis 4, wobei die Faser einen Kern mit einem Durchmesser
zwischen 3 Pm und 100 Pm aufweist.

6. Multimodus-Faserverstärker nach Anspruch 5, wobei die Faser einen Kern mit einem Durchmesser zwischen 25
Pm und 100 Pm aufweist.

7. Multimodus-Faserverstärker nach Anspruch 6, wobei die Faser einen Kern mit einem Durchmesser zwischen 50
Pm und 100 Pm aufweist.

8. Multimodus-Faserverstärker nach einem der Ansprüche 1 bis 5, wobei der Multimodus-Faserverstärker einen
M2-Wert von weniger als 1,2 aufweist, wobei M2=1 eine durch Diffraktion eingeschränkte Strahlqualität hat.

9. Multimodus-Faserverstärker nach einem der Ansprüche 1 bis 6, wobei der Faserverstärker seitengepumpt ist.

10. Multimodus-Faserverstärker nach einem der Ansprüche 1 bis 9, wobei das erste und das zweite Trägerelement ein
Dorn sind, der erste Dorn eine im Wesentlichen vertikale Längsachse und der zweite Dorn eine im Wesentlichen
horizontale Längsachse hat.



EP 1 266 259 B1

12

5

10

15

20

25

30

35

40

45

50

55

11. Multimodus-Faserverstärkungssystem, das für eine Unterscheidung zwischen einem Grundmodus und unerwünsch-
ten Moden einer höheren Ordnung sorgt, wobei das Verstärkungssystem umfasst:

eine Signal-Lichtquelle für die Erzeugung eines zu verstärkenden Signal-Lichtstrahls und
einen Multimodus-Verstärker für den Empfang des Lichtstrahls, nach einem der Ansprüche 1 bis 10.

12. Multimodus-Faserverstärkungssystem nach Anspruch 11, wobei die Lichtquelle eine kontinuierliche Lichtquelle
umfasst.

13. Multimodus-Faserverstärkungssystem nach Anspruch 11, wobei die Lichtquelle eine gepulste Lichtquelle umfasst.

14. Verwendung eines Multimodus-Faserverstärkungssystem nach einem der Ansprüche 11 bis 13, das für die Unter-
scheidung zwischen einem Grundmodus und unerwünschten Moden einer höheren Ordnung sorgt.

Revendications

1. Amplificateur à fibre multimode, comprenant
un premier élément cylindrique de support (32) et
un deuxième élément cylindrique de support (34),
les premiers et deuxièmes éléments cylindriques de support ayant des diamètres sensiblement égales, et
l’axe longitudinal du deuxième élément cylindrique de support s’étendant perpendiculairement par rapport à l’axe
longitudinal du premier élément cylindrique de support, et
une fibre optique multimode (12) dotée aux terres rares ayant un nombre V supérieur à 2.4 sous la longueur d’onde
du signal à amplifier, capable à supporter un mode fondamental et modes d’ordres supérieurs du signal à amplifier,
le nombre V étant défini par V=(πdcoreNA)/λ, dans lequel dcore est le diamètre de coeur de la fibre, NA est l’aperture
numérique et λ est la longueur d’onde dans l’espace libre du signal à amplifier,
la fibre étant bobinée sur les premier et deuxième éléments cylindriques de support, et
les parties de la fibre bobinée sur les premier et deuxième éléments cylindriques de support ayant sensiblement la
même longueur,
la fibre étant bobinée à un rayon de courbure de telle sorte que les modes d’ordre supérieur du signal à amplifier
subissent des pertes de courbure sensiblement élevées en comparaison avec le mode fondamental.

2. Amplificateur à fibre multimode selon la revendication 1, dans lequel ladite fibre a un rayon de courbure sensiblement
constant.

3. Amplificateur à fibre multimode selon la revendication 1, dans lequel ladite fibre a un rayon de courbure pas constant.

4. Amplificateur à fibre multimode selon l’une des revendications 1 à 3, dans lequel ladite fibre comporte une structure
à gaine double

5. Amplificateur à fibre multimode selon l’une des revendications 1 à 4, dans lequel ladite fibre a un coeur d’un diamètre
entre 3 Pm et 100 Pm.

6. Amplificateur à fibre multimode selon la revendication 5, dans lequel la fibre a un coeur d’un diamètre entre 25 Pm
et 100 Pm.

7. Amplificateur à fibre multimode selon la revendication 6, dans lequel la fibre a un coeur d’un diamètre entre 50 Pm
et 100 Pm.

8. Amplificateur à fibre multimode selon l’une des revendications 1 à 5, dans lequel ledit amplificateur à fibre multimode
a une valeur M2 inférieure à 1.2, M2=1 exprimant une qualité du rayon limitée par diffraction.

9. Amplificateur à fibre multimode selon l’une des revendications 1 à 6, dans lequel ledit amplificateur est un amplifi-
cateur à pompage latéral.

10. Amplificateur à fibre multimode selon l’une des revendications 1 à 9, dans lequel le premier et le deuxième élément
de support sont des mandrins, dont le premier mandrin a un axe longitudinal sensiblement vertical et le deuxième
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mandrin a un axe longitudinal sensiblement horizontal.

11. Système amplificateur à fibre multimode assurant une discrimination entre un mode fondamental et des modes d’un
ordre supérieur pas désirés, ledit système amplificateur comprenant :

une source de lumière pour le signal destiné a produire un rayon de lumière pour le signal à amplifier, et
un amplificateur multimode selon l’une des revendications 1 à 10, destiné à recevoir ledit rayon de lumière.

12. Système amplificateur à fibre multimode selon la revendication 11, dans lequel système la source de lumière
comporte une source de lumière continue.

13. Système amplificateur à fibre multimode selon la revendication 11, dans lequel système la source de lumière
comporte une source de lumière pulsée.

14. Utilisation d’un système amplificateur à fibre multimode selon l’une des revendications 11 à 13, destiné à assurer
une discrimination entre un mode fondamental et des modes d’un ordre supérieur pas désirés.



EP 1 266 259 B1

14



EP 1 266 259 B1

15



EP 1 266 259 B1

16



EP 1 266 259 B1

17



EP 1 266 259 B1

18



EP 1 266 259 B1

19



EP 1 266 259 B1

20



EP 1 266 259 B1

21



EP 1 266 259 B1

22



EP 1 266 259 B1

23

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• EP 442553 A [0007] • US 5818630 A, Ferman [0009]

Non-patent literature cited in the description

• V. Dominic ; S. MacCormack ; R. Waarts ; S.
Sanders ; S. Bicknese ; R. Dohle ; E. Wolak ; P.S.
Yeh ; E. Zucker. Conference on Lasers and Elec-
tro-Optics. Optical Society of America, 1999 [0002]

• J.P. Koplow ; D.A.V. Kliner ; L. Goldberg. IEEE
Photon. Technol. Lett., 1998, vol. 10, 75 [0002]

• P.E. Britton ; H.L. Offerhaus ; D.J. Richardson ;
P.G.R. Smith ; G.W. Ross ; D.C. Hanna. Opt. Lett.,
1999, vol. 24, 975 [0002]

• G. P. Agrawal. Nonlinear Fiber Optics. Academic
Press, 1995 [0005]

• D. Taverner ; D.J. Richardson ; L. Dong ; J.E.
Caplen ; K. Williams ; R.V. Penty. Opt. Lett., 1997,
vol. 22, 378 [0006]

• G.P. Lees ; D. Taverner ; D.J. Richardson ; L.
Dong ; T.P. Newson. Electron. Lett., 1997, vol. 33,
393 [0006]

• J. Nilsson ; R. Paschotta ; J.E. Caplen ; D.C. Han-
na. Opt. Lett., 1997, vol. 22, 1092 [0006]

• H.L. Offerhaus ; N.G. Broderick ; D.J.
Richardson ; R. Sammut ; J. Caplen ; L. Dong.
Opt. Lett., 1998, vol. 23, 1683 [0006]

• J.M. Sousa ; O.G. Okhotnikov. Appl. Phys. Lett.,
1999, vol. 74, 1528 [0006]

• U. Griebner ; R. Koch ; H. Schönnagel ; R. Grun-
wald. Opt. Lett., 1996, vol. 21, 266 [0006]

• U. Griebner ; H. Schönnagel. Opt. Lett., 1999, vol.
24, 750 [0006]

• O. G. Okhotnikov ; J. M. Sousa. Electron. Lett.,
1999, vol. 35, 1011 [0006]

• C. C. Renaud ; R. J. Selvas-Aguilar ; J. Nilsson ;
P. W. Turner ; A. B. Grudinin. IEEE Photon. Tech-
nol. Lett., 1999, vol. 11, 976 [0006]

• M. E. Fermann. Opt. Lett., 1998, vol. 23, 52 [0006]
• M. Hofer ; M. E. Fermann ; A. Galvanauskas ; D.

Harter ; R. S. Windeler. IEEE Photon. Technol.
Lett., 1999, vol. 11, 650 [0006]

• I. Zawischa ; K. Plamann ; C. Faiinich ; H.
Welling ; H. Zelimer ; A. Tunnermann. Opt. Lett.,
1999, vol. 24, 469 [0006]

• Sharma et al. Optics Communications, 1994, vol.
111, 127-131 [0007]

• Schwierz ; Neumann. Electronic Letters, 1987, vol.
23 (24), 1296-1297 [0008]

• Rare Earth Doped Fiber Lasers and Amplifiers. Mar-
cel Dekker, Inc, 1993 [0027]

• B.E.A. Saleh ; M.C. Teich. Fundamentals of Phot-
onics. John Wiley & Sons, 1991 [0033]

• Optical Fiber Telecommunications. Academic Press,
1979 [0036]

• D. Marcuse. Field deformation and loss caused by
curvature in optical fibers. J. Opt. Soc. Am., 1976,
vol. 66 (4), 311 [0044]

• I.N. Duling ; R.D. Esman. Electron. Lett., 1992, vol.
28 (12), 1126 [0051]

• S.C. Rashleigh ; R. Ulrich. Opt. Lett., 1980, vol. 5
(8), 354 [0051]

• E. Snitzer ; H. Po ; F. Hakimi ; R. Tumminelli ; B.C.
McCollum. Double-clad, offset core Nd fibre laser.
Dig. Conf. on Optical Fibre Sensors, 1988 [0053]


	bibliography
	description
	claims
	drawings

