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GAIN-PRODUCING, LARGE-MODE-AREA, 
MULTIMODE, HYBRID OPTICAL FIBERS 

AND DEVICES USING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority from copending 
provisional application Ser. No. 60/750,967 ?led on Dec. 16, 
2005 and entitled “Rare-Ear‘th-Doped, Large-Mode-Area, 
Multimode, Hybrid Optical Fibers and Devices Using 
Same.” 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] This invention relates to optical ?bers and, more 
particularly, to gain-producing, large-mode-area, multimode 
optical ?bers for high poWer optical ampli?er or laser 
applications and improved coupling ef?ciency. 
[0004] 2. Discussion of the Related Art 
[0005] Because of their high performance and cost effec 
tiveness, rare-earth-doped ?ber ampli?ers (REDFAs), espe 
cially erbium-doped ?ber ampli?ers (EDFAs), are Widely 
used in silica ?ber-optic communication systems such as, for 
example, long-haul transport and CATV applications. Inno 
vative design and optimiZation of rare-ear‘th-doped ?bers 
(REDFs), especially erbium-doped ?bers (EDFs), have both 
played a critical role in these applications. In particular, 
designs that con?ne the optical mode ?eld and control the 
erbium distribution enable efficient, loW-noise ampli?cation 
of light at loW and medium optical poWer levels. On the 
other hand, for high poWer applications large-mode-area 
(LMA) ?ber loWers the signal intensity, thereby reducing 
deleterious nonlinear effects, and also increases the pump 
absorption ef?ciency. High poWer REDFAs and rare-earth 
doped ?ber lasers (REDFLs), especially those utiliZing 
ytterbium-doped ?bers (YDFs), also have many applications 
outside the traditional telecommunications industry. For 
example, high poWer, LMA, YDFs are used in Welding and 
cutting, laser ranging and target designation, medical appli 
cations and pollution detection, and free space communica 
tions (e.g., betWeen satellites). 
[0006] The optical characteristics of a LMA ?ber sensi 
tively depend upon the details of its transverse refractive 
index pro?le. Conventional Wisdom dictates that desirable 
LMA ?bers have a fundamental mode With M2 very near to 
1.0, meaning that the optical ?eld of the fundamental 
transverse mode is very nearly Gaussian in shape because 
the transverse refractive index pro?le inside the core is 
essentially uniform; that is, the refractive index pro?le is 
essentially uniform Within the transverse cross-section of the 
core. M2 measures the similarity betWeen the mode ?eld and 
a true Gaussian function. More speci?cally, M2:l.0 for a 
mode having a Gaussian shape, and M2>l.0 for all other 
mode ?eld shapes. An M2 very near to 1.0 facilitates loW loss 
optical coupling, and furthermore the beam emerging from 
the ?ber may be e?iciently collimated or tightly focused to 
a diffraction limited spot. HoWever, fabricating an LMA 
?ber With an ideal fundamental mode (M2:l.0) and a 
uniform core refractive index pro?le can be dif?cult due to 
the tendency of the pro?le to exhibit a dip in refractive index 
near the longitudinal axis (also knoWn as a center dip or 
bumo?“). Moreover, LMA ?bers With a fundamental trans 
verse mode M2 very near to 1.0 exhibit smaller effective 
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areas and hence loWer thresholds for undesirable optical 
nonlinearities than the fundamental transverse modes of 
?bers With similar core diameters but pronounced center 
dips. Finally, When a LMA EDF’s core transverse refractive 
index pro?le is essentially uniform and the fundamental 
mode’s M2 is very near to 1.0, there is relatively little 
overlap betWeen the fundamental mode and the outer region 
of the doped core. As a result, the fundamental mode may 
experience loW ampli?cation ef?ciency While high-order 
modes may experience undesirable ampli?cation. 
[0007] Thus, a need remains in the art for a LMA REDF 
With improved optical coupling ef?ciency. 
[0008] There is also a need for such a LMA REDF that is 
suitable for high poWer optical ?ber ampli?er and laser 
applications. 

BRIEF SUMMARY OF THE INVENTION 

[0009] In accordance With one aspect of our invention, a 
LMA gain-producing optical ?ber is con?gured to support 
multiple transverse modes of signal radiation Within its core 
region. Our ?ber is a hybrid design that includes at least tWo 
axial segments having signi?cantly different characteristics. 
In a ?rst axial segment the transverse refractive index pro?le 
inside the core is not radially uniform, being characteriZed 
by a radial dip in refractive index. The ?rst segment supports 
more than one transverse mode. In a second axial segment 
the transverse refractive index pro?le inside the core is more 
uniform than that of the ?rst segment. The tWo segments are 
adiabatically coupled to one another. In one embodiment, 
the tWo segments are adiabatically coupled to one another by 
a third segment, Which need not be (but may be) a gain 
producing ?ber. Illustratively, the second segment is a 
terminal portion of the ?ber Which facilitates coupling to 
other components. 
[0010] In another embodiment of our invention, in the ?rst 
segment M12>l .0, and in the second segment M22<<Ml2. In 
a preferred embodiment, Ml2>>l.0 and M22~l.0. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

[0011] Our invention, together With its various features 
and advantages, can be readily understood from the folloW 
ing more detailed description taken in conjunction With the 
accompanying draWing, in Which: 
[0012] FIG. 1 is a schematic block diagram of a prior art 
REDFA; 
[0013] FIG. 2 is a schematic of an optical ?ber 12' 
shoWing an input segment 121', an adiabatic coupling seg 
ment 12a, and a loW M2 terminal segment 12!, in accordance 
With one embodiment of our invention; 
[0014] FIG. 3 is a schematic of an optical ?ber 12" 
shoWing, in addition, another loW M2 segment 12m disposed 
betWeen a pair of adiabatic coupling segments 12a2 and 
12113, in accordance With another embodiment of our inven 
tion; 
[0015] FIG. 4A is a schematic cross-sectional vieW of an 
REDF taken through its axis of propagation; 
[0016] FIG. 4B is a schematic transverse refractive index 
pro?le of a terminal segment of the REDF shoWn in FIG. 
4A, in accordance With yet another embodiment of our 
invention; 
[0017] FIG. 4C is a schematic transverse refractive index 
pro?le of an input segment of the REDF shoWn in FIG. 4A, 
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showing a pronounced dip in the pro?le at or near the center 
of the core region, in accordance With still another embodi 
ment of our invention; 
[0018] FIG. 4D is an expanded vieW of the pronounced dip 
in the schematic refractive index pro?le of the core region of 
FIG. 4C; 
[0019] FIG. 5 is a graph of the core-cladding transverse 
refractive index step (An) versus radial position for an 
as-draWn ?ber (Curve 5.1), a heat-treated ?ber (Curve 5.2), 
and a uniform step index ?ber (Curve 5.3); 
[0020] FIG. 6 is a graph of normalized optical intensity of 
the fundamental transverse mode (LPOI) for an as-draWn 
?ber (Curve 6.1), a heat-treated ?ber (Curve 6.2), and a 
uniform step index ?ber (Curve 6.3); and 
[0021] FIG. 7 is a graph of normalized optical intensity for 
a ?ber With a pronounced center dip and for a uniform step 
index ?ber versus radial position comparing the overlap 
betWeen the fundamental transverse mode and the index 
pro?le of the as-draWn ?ber (Curve 7.1) and the ideal 
uniform step index ?ber (Curve 7.3) of the ?ber designs of 
FIG. 5. 

DETAILED DESCRIPTION OF THE 
INVENTION 

General REDFA Structure 

[0022] A typical REDFA 10, as shoWn in FIG. 1, com 
prises an REDF 12, Which optically couples a coupling 
device 14 and a utilization device 20. In telecommunication 
applications device 14 is knoWn as a Wavelength division 
multiplexer; in high poWer non-telecommunications appli 
cations it is knoWn as a pump-combiner. For simplicity, 
hereinafter We Will describe our invention in the context of 
high poWer non-telecommunications applications. In this 
case, the pump-combiner 14 couples the outputs of an 
optical input signal source 16 and an optical pump source 18 
into the REDF 12. The input signal source 16 generates a 
?rst-Wavelength optical input signal, Which is coupled to an 
input of a pump combiner 14 via a conventional ?ber 22, 
Whereas the pump source 18 generates a second-Wavelength 
optical pump signal, Which is coupled by a conventional 
?ber 24 to another input of pump combiner 14. 
[0023] As is Well knoWn in the art, the pump signal 
generates a population inversion in the REDF 12, Which 
ampli?es the input signal from input source 16. The ampli 
?ed input signal propagates along REDF 12 to utilization 
device 20. In high poWer applications the latter may include 
a myriad of Well knoWn devices or apparatuses; e.g., another 
REDFA, a beam collimator, a lens system, a Work piece 
(e.g., for cutting or Welding); Whereas in telecommunica 
tions applications, utilization device 20 may include an 
optical receiver, an optical modulator, an optical coupler or 
splitter, or a piece of terminal equipment. Some of these may 
be coupled to the REDF 12 via a standard pigtail connector 

(not shoWn). 
[0024] Illustratively, the input source 16 is a laser that 
generates a relatively loW poWer optical input signal at 
Wavelength in the ampli?cation range of the rare earth 
species of REDF 12, Whereas the pump source 18 is a 
semiconductor light emitting diode (LED) or an array of 
LEDs that generates a relatively high optical poWer (e.g., 
above about 150 mW) pump signal at a shorter center 
Wavelength that produces the desired ampli?cation of the 
input signal. Preferably, the REDF 12 is a ytterbium-doped 
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?ber, the signal source 16 generates an input signal having 
a center Wavelength of about 1080 nm, and the pump source 
18 generates a pump signal at a center Wavelength of about 
915 nm, or alternatively at about 975 nm. We note here that 
a semiconductor laser may also be used as a pump source, 
but an LED, especially an array of LEDs, is preferred 
because more total light can be coupled into the ?ber With 
an LED. 

[0025] Although the REDFA of FIG. 1 depicts a common 
co-propagating pump con?guration (i.e., the pump and input 
signals propagate in the same direction through the REDF), 
it is also possible to use a counter-propagating con?guration 
(i.e., the pump and input signals propagate in opposite 
directions through the REDF). In addition, a multiplicity of 
REDFAs may be arranged in tandem, a scheme that is Well 
knoWn in the art for increasing the total gain of a high poWer 
multi-stage system. Pump energy may also be transversely 
coupled into the REDFA. 
[0026] In addition, When provided With a suitable, Well 
knoWn optical resonator (e.g., a pair of spaced apart ?ber 
gratings) the REDF may function as a laser. 
Hybrid REDF Design 
[0027] In accordance With one aspect of our invention, as 
shoWn in FIG. 4A, LMA REDF 12' includes a core region 
12.1 of diameter dc surrounded by a cladding region 12.2 of 
diameter do. We de?ne the phrase large mode area (LMA) as 
folloWs: the core and cladding regions of a LMA ?ber are 
con?gured to produce an effective mode area substantially 
larger then that of a conventional single mode ?ber. For 
example, at a Wavelength of about 1080 nm a conventional 
single mode ?ber illustratively has a mode area of about 50 
umz, but at the same Wavelength a LMA ?ber might have a 
mode area of about 100 um2. Similarly, at a Wavelength of 
about 1550 nm a conventional single mode ?ber illustra 
tively has a mode area of about 80 umz, but at the same 
Wavelength a LMA ?ber might have a mode area of about 
160 umz. Although these illustrations indicate that a LMA 
?ber has mode area tWice as large as a single mode ?ber at 
the same Wavelength, other ratios may also be suitable 
depending the particular application of the LMA REDF and 
the performance desired. 
[0028] The refractive index of the core region 12.1 is 
higher than that of the cladding region 12.2, With the 
difference in index being designated An. Although not 
shoWn, it is Well knoWn that the cladding may include an 
inner (depressed) cladding region and an outer cladding 
region, With the refractive index of the outer cladding region 
being betWeen that of the core and the inner cladding region. 
[0029] In either case, the core and cladding regions are 
con?gured to support the propagation of multiple transverse 
modes of input signal radiation propagating therein from 
source 16 (FIG. 1). In accordance With one aspect of our 
invention, the REDF 12' is a hybrid ?ber, as shoWn in FIG. 
2, in that it includes at least tWo axial segments that have 
different characteristics; namely, a LMA axial input segment 
121' and a LMA axial terminal segment 12! adiabatically 
coupled to one another, for example, by means of a LMA 
axial adiabatic segment 1211. In addition, the hybrid ?ber 12' 
may include a LMA terminal segment at its input end (not 
shoWn), at its output end (as shoWn in FIG. 2), or both. 
[0030] More speci?cally, in one sense the terminal and 
input segments have different characteristics in that they 
have different transverse refractive index pro?les, as shoWn 
in FIGS. 4B and 4C, respectively. In general the transverse 
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refractive index pro?le inside the core region of the terminal 
segment 121 is more uniform than that of the input segment 
12i. The degree of uniformity is measured by the high 
frequency content of, for example, the Fourier transform of 
the pro?le shape. Thus, a pro?le Whose Fourier transform 
contains feWer high frequency components is considered to 
be more uniform than a pro?le Whose Fourier transform 
contains more high frequency components. Visual observa 
tion of the relative uniformity of simple pro?les is often 
consistent With this type of quantitative analysis; for 
example, FIG. 4B shoWs that the pro?le inside the core 
region of the terminal segment 121 exhibits an essentially 
constant transverse refractive index, and therefore has feWer 
high frequency components in its Fourier transform, 
Whereas FIG. 4C shoWs that the pro?le inside the core 
region of the input segment 12i exhibits a pronounced 
central dip in transverse refractive index, and therefore has 
more high frequency components in its Fourier transform. 
Thus, as shoWn in FIG. 4C, in the input segment 12i the 
transverse refractive index pro?le of the core region 12.1 is 
not radially uniform; that is, the index pro?le exhibits a 
pronounced dip 12. Id Where the transverse index at or near 
the center of the core region 12.1 decreases by an amount 
And, as shoWn in FIG. 4D. In contrast, in the terminal 
segment 121 the transverse refractive index pro?le inside the 
core region is more nearly uniform (or radially constant), as 
shoWn in FIG. 4B. 

[0031] In addition, the input segment 121' is con?gured to 
support more than one transverse mode. 

[0032] In designing the features of the pronounced trans 
verse refractive index dip 12.1d We prefer that the magnitude 
of And of the dip should be no greater than about 100% of 
An, the core-to-cladding index difference. The siZe of An 
depends on the rare earth dopant of the REDF as Well as any 
index-altering dopants such as Ge, P, Al or F that might be 
added to the core and/or cladding regions; e. g., in Yb-doped 
?bers An ~0.005, Whereas in ErzYb doped ?bers An~0.01 At 
the opposite extreme, the magnitude of the dip should not be 
smaller than about 5% of An. The loWer end of the range is 
dictated primarily by the need to perturb suf?ciently the 
transverse mode shape from pure Gaussian, as discussed 
beloW. On the other hand, the Width or diameter dd of the dip 
should be larger than approximately the smallest Wavelength 
of light used in the system (e.g., larger than the pump 
Wavelength, Which is typically shorter than the signal Wave 
length). At the opposite extreme, the maximum Width dd of 
the dip may be equal to the diameter dc of the core region 
12.1, but typically is about dC/3. The object of these condi 
tions is that the light “see” the perturbation in refractive 
index produced by the dip. In addition, although the dip is 
depicted as being conical, other geometric shapes (e.g., 
cylindrical) as Well as more complex shapes, may also be 
suitable. 

[0033] In another sense, the terminal and input segments 
have different characteristics in that their M2 parameters are 
different from one another, Where M2 de?nes the similarity 
that the fundamental transverse mode of the ?ber has to an 
ideal Gaussian function, as described by P. A. Belanger, 
Op1ical Engineering, Vol. 32. No. 9, pp. 2107-2109 (1993), 
Which is incorporated herein by reference. (Although this 
paper de?nes M2 for LPO1 fundamental mode of a step-index 
optical ?ber, the de?nition is valid for all optical ?bers, 
including those With a center dip in the transverse refractive 
index pro?le of the type described herein.) In particular, the 
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input segment 12i is characterized by a parameter M12, the 
terminal segment 121 is characteriZed by a parameter M22, 
and the folloWing inequalities are satis?ed: M12>1.0 and 
M22<<Ml2. In a preferred embodiment, Ml2>>1.0 and 
M22~1.0. In theory M2 may be arbitrarily large, but in 
practice M2 for REDFs is typically in the range, 1<M2<10, 
approximately. Moreover, M2~1.06 is typically considered 
to be small in the sense of M22~1.0, for example, Whereas 
M2~1.3 is considered to be large in the sense of Ml2>>1.0, 
for example. 
[0034] In addition the input segment 12i and the terminal 
segment 121 are coupled to one another adiabatically; for 
example, by means of a LMA adiabatic segment 1211, as 
shoWn in FIG. 2. In general such couplers insure that energy 
propagating in a particular transverse mode in the input 
segment is not signi?cantly coupled into other transverse 
modes in the terminal segment, and conversely. Adiabatic 
coupling techniques and designs, Which are Well knoWn in 
the art, include physically tapering the core regions so that 
the diameter smoothly increases (or decreases) in an axial 
direction along the coupling region, or chemically graduat 
ing the concentration of dopants so that their density 
increases (or decreases) gradually in an axial direction along 
the coupling region. In the latter case, a preferred technique 
involves (i) heating the REDF (e.g., With a conventional 
torch) to cause dopants in the ?ber to diffuse, and 
[0035] (ii) controllably changing the amount of heat 
applied to the ?ber in accordance With the longitudinal 
position of the torch along the ?ber, so that the desired 
distribution of dopants is achieved. See, for example, H. Y. 
Tam, Elec1n Le11., Vol. 27, No. 17, pp. 1597-1599 (1991), 
Which is incorporated herein by reference. 
[0036] The combination of the design of the M2 parameter 
of the segments and the use of an adiabatic transition 
betWeen them improves the coupling of the fundamental 
transverse mode, and signi?cantly decreases coupling to 
higher order transverse modes, from the input segment to the 
terminal segment. 
[0037] Another advantage of our invention is that the 
foregoing principles can be applied even in the absence of a 
fusion splice (a typical prior art approach to coupling 
different single mode ?bers), for example, When coupling 
betWeen the terminal segment of an REDF and a bulk 
(non-?ber) optical element (e.g., a telescope) is achieved in 
free space With the use of a suitable lens or lens system. 

[0038] In a typical silica-based REDF Well knoWn in the 
art for operation in the Wavelength ranges discussed above, 
the core region 12.1 is doped With at least one rare earth 
element (e.g., Er, Yb, Th, Tm, Nd, and/or Pr) and one or 
more refractive-index-altering substances such as Ge, P or 
Al (to increase the index) or F (to decrease the index). The 
cladding region 12.2 may be pure silica, or it may also be 
doped. Illustratively the doping levels are chosen so that the 
index step [.111 betWeen the core and cladding ranges from 
about 0.005 to 0.01 depending on the dopants used, as 
discussed previously, and the index dip And in the input 
segment is about the same siZe as An. 

[0039] Moreover, for the ?ber to support multiple trans 
verse modes the core diameter dc is illustratively about 20 
pm. The outer diameter do of such ?bers is typically in the 
approximate range of 125 [J11 to 600 um. In addition, it is 
apparent that the input segment 12i is a major fraction of the 
total length of ?ber 12', Whereas the terminal segment 121 is 
a relatively smaller fraction; e.g., the terminal segment is 
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illustratively less than about 500 um long, Whereas the input 
segment is illustratively on the order of 1 m or 1 km long. 

Fiber Termination Treatment 

[0040] As mentioned above, an elevated M2 optical ?ber 
can be locally heated to induce dopant dilfusion that locally 
decreases the ?ber’s M2. Heating a ?ber to suf?cient tem 
peratures (for example, near or above fusion splicing tem 
peratures of about 20000 C.) induces substantial dilfusion of 
the index-altering dopants, thereby inducing signi?cant 
changes in the ?ber’s transverse refractive index pro?le. 
Such dopant dilfusion is employed to suppress center dips, 
ridges, or other refractive index pro?le features that increase 
the M2 of the fundamental LPO1 mode. In many (but not all) 
implementations of our invention, the MFD (mode ?eld 
diameter using the conventional “Peter'mann II” de?nition) 
of the fundamental transverse LPO1 mode actually decreases 
folloWing heat-induced dilfusion. 
[0041] In our invention, the draWn optical ?ber is locally 
heated to a high temperature (>>1200o C.) to induce dopant 
dilfusion that suppresses the center-dip or other features in 
the refractive index pro?le that elevate the M2 of the ?ber’s 
LPO1 fundamental mode. Curve 5.1 of FIG. 5 depicts a 
theoretical as-draWn ?ber index pro?le for an ErzYb doped 
?ber Whose initial MFD is 13.4 um and Whose initial 
M2~1.32. A profound center-dip is visible in this simulated 
refractive index pro?le. Heating such a ?ber design to about 
21000 C. for about 25 seconds is expected to modify the 
refractive index pro?le (Curve 5.2) such that the ?nal MFD 
is 13.3 um and the initial M2 is reduced (improved) to about 
1.0. Applying this modi?cation to the terminal segment 12! 
of ?ber 12' (FIG. 2) is expected to signi?cantly improve the 
coupling ef?ciency into or out of this ?ber, regardless of the 
coupling technology used (conventional fusion splicing, 
connectoriZation, free-space coupling, GRIN ?ber lenses, 
etc.). The corresponding transverse LPO1 mode ?eld shapes 
(intensity ?elds) are depicted in FIG. 6. 
[0042] For this particular example, it is important to note 
that for a given amount of poWer guided in the LPO1 
fundamental mode, the peak optical intensity of the as 
draWn ?ber is only about 37% of the peak optical intensity 
occurring in the heat-treated ?ber. Therefore, if an optical 
?ber designed With the transverse refractive index pro?le 
depicted in FIG. 5 (Curve 5.1) is terminated at each end With 
a segment 12! locally heat treated to induce the di?fused 
index pro?le depicted in FIG. 5 (Curve 5.2), the peak optical 
intensity experienced in the majority of the ?ber is expected 
to be relatively loW so that the threshold for the onset of 
undesirable nonlinear optical e?fects (e.g., stimulated Bril 
louin scattering, or stimulated Raman scattering) Will be 
relatively high. Meanwhile, the coupling e?iciency Will be 
excellent at the ?ber termination points because M2 in the 
terminal segment 12! approaches 1.0. The optical intensity is 
expected to be elevated only in the short (<about 500 um) 
regions of heat-treated terminal segments of ?ber. Since 
deleterious non-linear optical e?fects scale With the peak 
intensity as Well as the length of the ?ber segment, elevated 
optical intensity can be tolerated over short terminal seg 
ments of ?ber. 

[0043] Fiber terminations can be heat treated using a 
conventional fusion splicer. If the ?ber is cleaved or polished 
inside the heat-treated region, then free-space coupling (for 
example, With conventional bulk lenses) can be used to 
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obtain ef?cient optical coupling to the LPO1 fundamental 
transverse mode of a ?ber Whose as-draWn LPO1 mode ?eld 
shape is very non-Gaussian. Alternatively, heat treatment 
can be incorporated as part ofa fusion splicing process. The 
predicted coupling loss betWeen a Gaussian ?eld matching 
the MFD of the as-draWn (unheated) ?ber in FIG. 6 (Curve 
6.1) is about 0.7 dB, Whereas the corresponding predicted 
coupling loss is less than about 0.01 dB for the heat treated 
?ber (Curve 6.2). Moreover, over 10% of the Gaussian 
energy Will be coupled into the undesirable LPO2 mode of the 
as-draWn ?ber, Whereas the amount of energy coupled into 
the LPO2 mode of the heat-treated ?ber is unmeasureable. 

[0044] In order to ensure that energy is not lost from the 
LPO1 fundamental mode in the transition region betWeen the 
heat-treated and as-draWn regions of the ?ber, the transition 
should be made gradual and adiabatic, as discussed previ 
ously. The change in the refractive index pro?le in the 
transition region must be very gradual along its length. 
When producing the transition region by heat-induced 
dopant dilfusion, a gradual transition can be achieved by 
varying the amount of heat applied to the transition region 
along its length, for example by choosing a broad (i.e., 
fanned out) heat source or scanning a more focused heat 
source along the transition region. HoW gradually this 
change must occur depends upon the details of the index 
pro?les and the operating Wavelength, according to prin 
ciples Well knoWn in the art. Numerical simulations based on 
refractive index pro?les as Well as empirical process opti 
miZation can be readily employed to ?nd suitable heating 
conditions for Which the transition losses are minimized. 
Theory of Operation 
[0045] When the fundamental transverse mode of a LMA 
?ber has an M2>1.0, its coupling losses (free-space or fusion 
splice) are elevated, and the fundamental transverse mode 
input signal emerging from the ?ber cannot be readily tightly 
focused doWn to a small spot siZe or readily collimated. 
HoWever, there are certain advantages to having an elevated 
M2 (>1.0). In particular, ?bers Whose fundamental trans 
verse mode ?elds have larger values for M2 exhibit larger 
e?‘ective mode areas and hence loWer peak optical intensi 
ties than ?bers With the same core diameters but loWer M2. 
Consequently, ?bers With elevated M2 exhibit higher thresh 
olds for the onset of undesirable optical nonlinearities such 
as SBS (stimulated Brillouin scattering) and SRS (stimu 
lated Raman scattering). In addition to this bene?t, ?bers 
With an elevated M2 (for example, due to a pronounced 
center-dip in the core region refractive index, as shoWn in 
FIG. 4C for input ?ber segment 121') can exhibit superior 
overlap betWeen the rare earth dopants in the core region and 
the fundamental transverse mode ?eld of the input signal 
propagating in the core region. Therefore, the ampli?cation 
ef?ciency of the fundamental transverse mode can be 
increased and the ampli?cation of undesirable higher order 
transverse modes can be decreased by designing a ?ber With 
an elevated M2. 

[0046] These advantages are evident in FIGS. 5-6, Which 
compare three LMA ?bers: a theoretical as-draWn ?ber 
having an elevated M2 (curves 5.1, 6.1); a theoretical uni 
form step index ?ber also having an elevated M2 (Curves 
5.3, 6.3); and a ?ber heated-treated to reduce its M2 (Curves 
5.2, 6.2). Their refractive index pro?les are compared in 
FIG. 5, and their corresponding fundamental LPO1 transverse 
mode optical intensity pro?les at 1550 nm are compared in 
FIG. 6. The optical intensity in the as-draWn and step index 
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?bers has been normalized to the peak intensity in the 
heat-treated portion of the ?ber so that they both represent 
the same amount of optical poWer. 
[0047] More speci?cally, the as-draWn ?ber, Which corre 
sponds, for example, to the input ?ber segment 121' of FIG. 
2, exhibits a pronounced central dip (as quanti?ed previ 
ously) in the core region transverse refractive index, and 
consequently an elevated fundamental mode M2 of about 
1.32 and a relatively large e?fective modal area of about 259 
umz. Both the as-draWn ?ber and the uniform step index 
?ber had An~0.01 and dc~20 um. HoWever, the uniform step 
index ?ber had a fundamental mode M2 of about 1.05 and a 
reduced effective area of about 200 umz. FIG. 6 compares 
the normalized intensity distributions to the index pro?les 
for these ?bers in order to illustrate the superior overlap 
betWeen the core region index pro?le and the intensity 
pro?le of the ?ber With elevated M2. 
[0048] On the other hand, in the heat-treated ?ber, Which 
corresponds, for example, to the terminal ?ber segment 121 
of FIG. 2, the heat treatment has an improved (reduced) M2 
from 1.32 to about 1.0, reduced the effective modal area 
from 259 um2 to 139 umz, increased the peak optical 
intensity from about 0.37 to 1.0, and did not substantially 
alter the Well-knoWn “Petermann ll” MFD (about 13.3 um 
for both the as-draWn and heat-treated ?bers). The index 
pro?le and corresponding normalized intensity distribution 
for an ideal uniform step index pro?le is also shoWn (Curves 
5.3, 6.3) for comparison. 
[0049] Finally, FIG. 7 compares of the overlap betWeen 
the fundamental transverse mode and the refractive index 
pro?le of the as-draWn ?ber (Curves 5.1, 7.1) and an ideal 
uniform step index ?ber (Curves 5.3, 7.3) described above 
in conjunction With FIGS. 5-6. The index pro?les and the 
optical intensities are individually normalized to themselves. 
FIG. 7 shoWs that a substantial portion of the outer core 
region of the step index ?ber experiences a relatively loW 
optical intensity, Whereas a larger fraction of the as-draWn 
?ber experiences a higher optical intensity. Therefore, the 
as-draWn ?ber has better overlap betWeen the transverse 
mode ?eld and the rare earth dopants, Which means that the 
as-draWn ?ber also exhibits better ampli?cation ef?ciency. 

Alternative Embodiments 

[0050] It is to be understood that the above-described 
arrangements are merely illustrative of the many possible 
speci?c embodiments that can be devised to represent appli 
cation of the principles of the invention. Numerous and 
varied other arrangements can be devised in accordance With 
these principles by those skilled in the art Without departing 
from the spirit and scope of the invention. 
[0051] In particular, as shoWn in FIG. 3, a LMA optical 
?ber 12" may include a LMA intermediate segment 12m 
located at a position betWeen the ends of the ?ber in addition 
to the LMA terminal segment 121, Which is adiabatically 
coupled to input segment 121' by means of LMA adiabatic 
coupler 12111. The intermediate segment 12m is also adia 
batically coupled to input segment 121', illustratively by 
means of LMA adiabatic couplers 12112 and 12:13. Like the 
terminal segment 121', the intermediate segment 12m has a 
fundamental transverse mode M2 that is less than that of the 
input segment 121' and is preferably close to 1.0. One 
application of such an intermediate segment 12m is to ?lter 
out undesirable high order transverse modes. 
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[0052] In addition, although We have described our inven 
tion in the context of REDFA applications, those skilled in 
the art Will readily recognize its application can be extended 
to any apparatus that requires coupling to an REDF (e.g., a 
?ber laser). 
[0053] Moreover, the adiabatic coupling region, such as 
coupler 12a of FIG. 2, need not be a rare-earth-doped ?ber. 
It may simply be a segment of ?ber that is not doped With 
any gain species but is provided With a center dip in its 
refractive index pro?le similar to that of ?ber segment 121'. 
This segment Would then be designed in Well knoWn fash 
ion, as discussed previously, to provide an adiabatic transi 
tion betWeen segments 121' and 121. 
[0054] Finally, it Will be apparent to those skilled in the art 
that optical ?bers can be made to exhibit gain by doping 
them With species other than rare earth elements; for 
example, it is knoWn that silica optical ?bers doped With 
chromium (Cr) exhibit optical gain. 

We claim: 
1. A multi-transverse-mode rare-earth-doped optical ?ber 

comprising: 
a core region doped With at least one rare earth element, 

the cross-section of said core region having a transverse 
refractive index pro?le, 

a cladding region adjacent said core region, 
said core and cladding regions con?gured to support 

multiple transverse modes of optical signal radiation 
Within said core region, 

said ?ber including a ?rst axial segment in Which said 
pro?le is not radially uniform being characterized by a 
radial dip in refractive index, said ?rst segment sup 
porting more than one of said transverse modes, 

said ?ber having a second axial segment optically coupled 
to said ?rst segment, said pro?le of said second seg 
ment being more uniform than that of said ?rst seg 
ment, and 

said segments being adiabatically coupled to one another. 
2. The ?ber of claim 1, Wherein said ?rst segment is 

characterized by a parameter M12 and said second segment 
is characterized by a parameter M22, Where M2 de?nes the 
similarity that the fundamental transverse mode of said ?ber 
has to an ideal Gaussian function, and Wherein M12>1 .0 and 
M22<<Ml2. 

3. The ?ber of claim 2, Wherein Ml2>>1.0 and M22~1.0. 
4. The ?ber of claim 1, Wherein said ?rst segment 

comprises a major portion of the length of said ?ber, and 
said second segment comprises a terminal portion of said 
?ber. 

5. The ?ber of claim 4, Wherein said ?ber includes a third 
axial segment optically coupled to said ?rst segment, said 
pro?le of said third segment being more uniform than that of 
said ?rst segment and being adiabatically coupled to said 
?rst segment, said second segment being located at one end 
of said ?rst segment and said third segment being located at 
the opposite end of said ?rst segment. 

6. The ?ber of claim 1, Wherein said pro?le of said core 
region exhibits a dip in refractive index of And, Which is 
approximately 5-100% of the difference An in transverse 
refractive index betWeen said core region and said cladding 
region. 

7. The ?ber of claim 1, Wherein ?ber is con?gured to 
propagate said signal radiation in the fundamental transverse 
mode. 
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8. The ?ber of claim 1, wherein said ?rst segment 
comprises a major portion of the length of said ?ber, and 
said second segment comprises an intermediate portion of 
said ?ber. 

9. The ?ber of claim 1, Wherein said core and cladding 
regions are con?gured to form a large mode area ?ber. 

10. An optical ampli?er comprising: 
an optical ?ber according to claim 1 for amplifying said 

signal radiation in response to optical pump energy 
applied thereto, 

a source of said pump energy, and 
a coupler for coupling said pump energy and said optical 

signal into said optical ?ber. 
11. The ampli?er of claim 10, Wherein said optical signal 

has a ?rst center Wavelength and said source of pump energy 
comprises a semiconductor light source for generating an 
optical pump signal having a second center Wavelength. 

12. A high poWer optical ampli?er comprising: 
a multi-transverse-mode, large-mode-area hybrid optical 

?ber including 
a core region doped With at least one rare earth element, 

the cross-section of said core region having a trans 
verse refractive index pro?le, 

said core region con?gured to amplify an optical input 
signal propagating therein in response to optical 
pump energy applied thereto, 

a cladding region adjacent said core region, 
said core and cladding regions con?gured to support 

multiple transverse modes of optical radiation Within 
said core region, 

said ?ber including a ?rst axial segment in Which said 
pro?le is not radially uniform being characterized by 
a radial dip in refractive index, said ?rst segment 
supporting more than one of said transverse modes, 

said ?ber having a second axial segment optically 
coupled to said ?rst segment, said pro?le of said 
second segment being more uniform than that of said 
?rst segment, 

said segments being adiabatically coupled to one 
another so that energy propagating in particular 
transverse mode in said ?rst segment is not signi? 
cantly coupled into other transverse modes in said 
second segment; and 

said ?rst segment being characterized by a parameter 
M12 and said second segment being characterized by 
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a parameter M22, Where M2 de?nes the similarity 
that the fundamental transverse mode of said ?ber 
has to an ideal Gaussian function, and Wherein 
M12>l.0 and M22<<Ml2, said second segment being 
located at either an input end of said ?rst segment, at 
an output end of said ?rst segment, or both, 

a LED for generating said optical pump energy at a center 
Wavelength different from that of said optical signal, 
and 

a pump combiner for coupling said pump energy into said 
?ber. 

13. The ampli?er of claim 12, Wherein Ml2>>l.0 and 

14. The ampli?er of claim 12, Wherein said pro?le of said 
core region exhibits a dip in refractive index of And, Which 
is approximately 5-100% of the difference An in transverse 
refractive index betWeen said core region and said cladding 
region 

15. A multi-transverse-mode optical ?ber comprising: 
?rst and second ?ber segments each exhibiting optical 

gain, each segment having a core region and a cladding 
region adjacent said core region, the cross-section of 
each of said core regions having a transverse refractive 
index pro?le, 

said core and cladding regions con?gured to support 
multiple transverse modes of optical signal radiation 
Within said core regions, 

said pro?le Within said ?rst axial segment not being 
radially uniform and being characterized by a radial dip 
in refractive index, said ?rst segment supporting more 
than one of said transverse modes, 

said second axial segment optically coupled to said ?rst 
segment, said pro?le of said second segment being 
more uniform than that of said ?rst segment, and 

said segments being adiabatically coupled to one another. 
16. The ?ber of claim 15, further including a third 

segment axially disposed betWeen said ?rst and second 
segments, said third segment being con?gured to adiabati 
cally couple said ?rst and second segments to one another. 

17. The ?ber of claim 16, Wherein said third segment does 
not exhibit optical gain. 

18. The ?ber of claim 17, Wherein said ?rst and second 
segments are rare-earth-doped and said third segment is not. 

* * * * * 


