09/009888 A 1|1} I 0 O V00O 0

(19) World Intellectual Property Organization | ; ol

International Bureau

(43) International Publication Date
22 January 2009 (22.01.2009)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

) IO O O 0O OO

(10) International Publication Number

WO 2009/009888 Al

(51)

21

(22)
(25)
(26)

(30)

(1)

(72)
(75)

International Patent Classification:
HO1S 3/17 (2006.01) HO01S 3/067 (2006.01)
GO2B 6/02 (2006.01)

International Application Number:
PCT/CA2008/001296

International Filing Date: 15 July 2008 (15.07.2008)

Filing Language: English
Publication Language: English
Priority Data:

60/929,864 16 July 2007 (16.07.2007) US

Applicant (for all designated States except US): CORAC-
TIVE HIGH-TECH INC. [CA/CA]; 2700 Jean-Perrin, S.
121, Quebec, Quebec G2C 189 (CA).

Inventors; and

Inventors/Applicants (for US only): MORASSE,
Bertrand [CA/CA]; 489, rue Boisseau, app. 2, Quebec,
Quebec G1K 1T3 (CA). DE SANDRO, Jean-Philippe
[FR/CA]; 1375, Esioff-Patenaude, Quebec, Quebec G1T
2J7 (CA). GAGNON, Eric [CA/CA]; 173, Avenue
1, Stoneham, Quebec G3C OL7 (CA). CHATIGNY,
Stéphane [CA/CA]; 228, des Sittelles, Saint-Rédempteur,
Quebec G6K 1R8 (CA).

(74)

(81)

(34)

Agent: ROBIC; Centre CDP Capital, 1001, Square-Victo-
ria, Bloc E - 8th Floor, Montreal, Quebec H2Z 2B7 (CA).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Declaration under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

with international search report

(54) Title: LIGHT EMITTING DEVICES WITH PHOSPHOSILICATE GLASS

52

1771

10
54

11

117} -

FIG. 9C

LU

46

(57) Abstract: A light-emitting device is provided which includes a gain medium having an optically-active phosphosilicate glass,
& wherein the phosphosilicate glass includes at least one active ion dopant and from about 1 to 30 mol% of phosphorus oxide. The

phosphorous oxide may be present in an effective amount for reducing any photodarkening effect and increasing the saturation energy
of the system. The active ion dopant may be a rare earth dopant. The light-emitting device may include an optical waveguide, the
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LIGHT EMITTING DEVICES WITH PHOSPHOSILICATE GLASS

CROSS-REFERENCE TO RELATED APPLICATION

This application contains subject matter which is related to the subject matter of
commonly assigned US patent application, entitled “Optically active glass and
optical fiber with reduced photodarkening and method for reducing
photodarkening” filed by Morasse et al. on July 3, 2007, which is incorporated

herein by reference in its entirety.

FIELD OF THE INVENTION

The present invention relates generally to optically active glass and light emitting
devices including such glass. More specifically, the invention relates to
phosphosilicate optical waveguides and high output power amplifiers or lasers

including the same.

BACKGROUND OF THE INVENTION

Optical fiber lasers and amplifiers used in the amplification of light usually include
optical fibers having optically active waveguiding cores doped with rare-earth
active ions, such as for example, thulium, erbium, ytterbium and neodymium.
Amplification is achieved by stimulated emission of photons from dopant ions in
the doped optical fiber, and so the composition of the optical fiber affects the
properties of the emitted amplified light. As such, the composition of the fibers is
tailored to optimize the desired properties for a given application. However, it is
also important that the optimized desired optical properties of the fiber remain

stable over time.

In general, an optical fiber may be multi-mode or single-mode or few-moded like
large mode area (LMA) fibers. A multi-mode or LMA fiber allows for more than

one mode of the light wave, each mode travelling at a different phase velocity, to
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be confined to the core and guided along the fiber. A single-mode fiber supports
only one transverse spatial mode at a frequency of interest. Given a sufficiently
small core or a sufficiently small numerical aperture, it is possible to confine a
single mode, the fundamental mode, to the core. Fundamental modes are
preferred for many applications because higher beam quality and focusing
properties are obtained, and the intensity distribution of the light wave emerging
from the fiber is unchanged regardless of launch conditions and any disturbances
of the fiber.

A real optical fiber attenuates the light travelling through it, it is therefore
advantageous to keep the fiber length as short as possible. It is important to
maximize the energy stored in the gain medium. The saturation energy of a gain
medium is the energy required to achieve significant saturation of the gain
medium. It is also important to maximize the energy extracted from the stored
energy. The main limitations for achieving high peak powers inside optical fibers
are due to small mode size and large propagation length, which can create non-
linear effects. Another problem with some gain media having high-emission cross
sections is that the saturation energy per unit area is low, which consequently

limits the amount of energy that may be extracted and causes pulse deformation.

Longitudinal mode beating can be an important source of high frequency noise
which consequently gives rise to peak power fluctuations in the pulse structure of
a pulsed amplifier or laser. Depending on its amplitude and frequency spectrum,
this noise can severely limit the ability to generate stable optical pulses having

special shapes with fine structures.

Another problem encountered with high-energy amplifiers and lasers are the non-
linear effects that appear at high energies. The onset of non-linear effects can
severely degrade the spectral content and limit the power output of the laser
source.
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For some rare-earth doped core compositions, photodarkening (i.e. the formation
of photoinduced structural transformations) over time induces losses in the doped

glass core of the fibers resulting in reduced output power efficiency of the fibers.

Photodarkening has already been observed in rare-earth-doped silica fibers: M.M.
Broer et al. (Opt. Lett. 1993, 18 (10), p. 799-801) describe photodarkening in
thulium-doped fibers, M.M. Broer et al. (Opt. Lett. 1991, 16 (18), p. 1391-1393)
describe photodarkening in cerium-doped fibers, and E.G. Behrens et al. (1990,
JOSA B 7 (8), p. 1437-1444) describe photodarkening in europium- and
praseodymium-doped fibers. The first experimental evidence of this phenomenon
in ytterbium doped silica fiber was described by R. Paschotta et al. in Opt.
Commun., 1997, 136 (5-6), p. 375-378.

US Patent No. 5,173,456 describes phosphate glass useful in high-energy lasers.
Specifically, a low- or no-silica, low- or no-alkali phosphate glass useful as a laser
amplifier in a multiple pass, high energy laser system having a high thermal
conductivity, low coefficient of thermal expansion, low emission cross section, and

a high fluorescence lifetime is described.

There is therefore a need for high-energy lasers and amplifiers with enhanced
power output, higher extraction and saturation energy, reduced non-linear effects,
reduced need for pulse-shaping, higher beam quality and focusing properties,

which are easily pumped and packaged, and which are stable over time.

SUMMARY OF THE INVENTION

Accordingly it is an object of the present invention to provide a light-emitting device
including a phosphosilicate optically-active glass.

In accordance with one aspect of the invention, there is provided a light-emitting

device which includes a gain medium that includes an optically-active
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phosphosilicate glass, wherein the phosphosilicate glass comprises at least one

active ion dopant and from about 1 to 30 mol% of phosphorus oxide.

The at least one active ion dopant may induce a photodarkening effect in optical
properties of the optically-active glass and the phosphorous oxide may be present

in an effective amount for reducing the photodarkening effect.

The active ion dopant may be a rare-earth dopant. The rare-earth dopant may
include ytterbium, thulium, erbium, neodymium, an oxide thereof, or any

combination thereof.

The light-emitting device may include an optical waveguide wherein the optical

waveguide includes the gain medium.

The optical waveguide may have a core and at least one cladding surrounding the
core. In accordance with an embodiment of the invention, the optical waveguide

may be an optical fiber.

The core may have an outer region and an inner region, the outer region having a

refractive index lower than a refractive index of the inner region.

In accordance with an embodiment of the invention, the gain medium includes the
core of the waveguide. In accordance with another embodiment, the gain medium
includes at least one of the cladding surrounding the core. In accordance with yet
another embodiment, the gain medium includes the core and at least one of the

cladding surrounding the core.

The optical waveguide may have two or more claddings surrounding the core. It

may include a triple-clad pedestal-design optical fiber.

The light-emitting device may be a device that emits light or alternatively and

additionally amplifies light. The light-emitting device may include an amplifier,
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wherein the amplifier includes the gain medium. The light-emitting device may

include a laser, wherein the laser includes the gain medium.

In accordance with another aspect of the invention, there is provided an optical
waveguide for use in a light-emitting device, the optical waveguide comprising a
gain medium including an optically-active phosphosilicate glass, wherein the
phosphosilicate glass comprises at least one active ion dopant and from about 1 to

30 mol% of phosphorus oxide.

The optical waveguide may comprise a core and at least one cladding surrounding
the core, and the gain medium may include the core or at least one of the

cladding.

The objects, advantages and other features of the present invention will become
more apparent and be better understood upon reading of the following non-
restrictive description of the preferred embodiments of the invention, given with
reference to the accompanying drawings. The accompanying drawings are given
purely for illustrative purposes and should not in any way be interpreted as limiting

the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a cross-sectional view of an optical waveguide of a light-emitting device,

according to an embodiment of the invention.

FIG. 1B is a cross-sectional view of an optical waveguide of a light-emitting device,

according to another embodiment of the invention.

FIG. 1C is a cross-sectional view of an optical waveguide of a light-emitting
device, according to an embodiment of the invention.
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FIG. 2 is a graphical representation of the absorption versus wavelength of the
pump energy showing a flat absorption in the 910 nm to 970 nm range for

phosphosilicate-based optical waveguides.

FIG. 3 is a graphical representation of the increase in intrinsic loss versus the
wavelength of light, showing negligible loss due to photodarkening in an optical

waveguide with an optically-active phosphosilicate glass core.

FIG. 4 is a graph of the amplitude of a generated pulse over time, showing no
need for pulse-shaping at the saturation energy and increase pulse deformation

past the saturation energy.

FIG. 5A is a diagram showing the theoretical loss upon splicing of a relay fiber to

an optical waveguide.

FIG. 5B is a diagram showing the measured loss upon slicing of a relay fiber to an

optical waveguide according to the invention.

FIG. 6 is a diagram of the refractive index profile along the diameter of a double-
cladding optical waveguide and along the diameter of a triple-cladding optical
waveguide according to embodiments of the invention, showing a reduced core

numerical aperture for a triple-cladding optical waveguide.

FIG. 7A is a cross-sectional view of a core of an optical waveguide according to an

embodiment of the invention.

FIG. 7B is a diagram of the refractive index profile along the diameter of a core of
an optical waveguide according to an embodiment of the invention, showing a
stepped change in index of refraction.
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FIG. 7C is a diagram of the refractive index profile along the diameter of a core of
an optical waveguide according to an embodiment of the invention, showing a

gradual change in index of refraction.

FIG. 8 is a graph of the amplitude of a rectangular pulse over time showing the
output pulse suffers from less deformation and stays more rectangular in an
optical waveguide comprising an optically-active phosphosilicate glass gain

medium.

FIG. 9A is a diagram of a light-emitting device according to an embodiment of the

invention.

FIG. 9B is a diagram of a simple laser comprising a gain medium, according to an

embodiment of the invention.

FIG. 9C is a diagram of a fiber laser with an optical fiber comprising the gain

media, according to an embodiment of the invention.

DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION

The present invention will be described more fully hereinafter with reference to the
accompanying drawings, FIGs. 1A to 9C, in which like numerals refer to like

elements throughout.

In the following description, the term “light” is used to refer to all electromagnetic
radiation, including but not limited to visible light. Furthermore, the term “optical” is
used to qualify all electromagnetic radiation, that is to say light in the visible

spectrum and light in other wavelength (1) ranges.
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According to one aspect, the invention provides a light-emitting device which
includes a gain medium that includes an optically active phosphosilicate glass, the
phosphosilicate glass having at least one active ion dopant and from about 1 to 30

mol% of phosphorus oxide.

The light-emitting device may emit light and alternatively or additionally it may
amplify light. Although the light-emitting device is preferably embodied by an
amplifier or a pulsed amplifier, it may be embodied by a laser, a pulsed laser, an
optical source of amplified spontaneously emitted (ASE) radiation, any continuous
wave (CW) or quasi-continuous wave (quasi-CW) amplifier or laser, be it coherent
or incoherent, or by any other means of amplification or generation (source) of
light.

The term “laser” refers to the amplification of light by the stimulated emission of
radiation. An optical amplifier is similar to a laser, but does not have feedback

from an optical cavity.

For example, a laser amplifies light by the stimulated emission of radiation. It
includes a gain medium inside an optically cavity and means to supply, or pump,
energy to the gain medium. The gain medium is a material with appropriate
optical properties. The optical cavity causes the light to pass back and forth
through the gain medium. Energy is pumped into the gain medium. This energy
excites atoms in the gain medium to transition to a higher energy level, creating a
population inversion. When light of an appropriate wavelength passes through the
gain medium, the photons stimulate the excited atoms to emit additional photons
of the same wavelength and to decay down to a lower energy level, resulting in an
amplification of the light. The excited atoms can also decay spontaneously
through spontaneous emission of a photon of a different wavelength that the

incident light, thus reducing the efficiency of the light amplification.
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The light-emitting device may include, for example, an amplifier, a laser, or an
optical waveguide, wherein the amplifier, the laser, or the optical waveguide has a
gain medium which includes the phosphosilicate glass. Figure 9A illustrates a
general light-emitting device 30 comprising a gain medium 40 that has an
optically-active phosphosilicate glass 50. Light 56 enters the gain medium 40
comprising a phosphosilicate glass 50. The gain medium is pumped with light 58
and an output light signal 60 is emitted. Figure 9B illustrates an example of a
simple optically-pumped laser 32. The laser cavity i.e. resonator, consists of a
highly reflective curved mirror 34 and a partially transmissive flat mirror 36 for
extracting some of the circulating laser light and producing an output beam 38.
The gain medium 40 with the optically-active phosphosilicate glass is a laser glass
42 which is side-pumped with pump light 44 of appropriate wavelength. Figure 9C
ilustrates yet another optically-pumped laser 46. The laser 46 is pumped with
light from multimode pump diodes 48. The light passes through a high reflectivity
double cladding fiber Bragg grating 52 and into an optical fiber 10. Light is then
outputted from the optical fiber 10 through a low-reflectivity double-cladding fiber
Bragg grating 54. Here, it is the optical fiber 10 that contains the gain medium
which has an optically-active phosphosilicate glass.

The term “optical waveguide” refers to a device that constrains or guides the
propagation of electromagnetic radiation along a path defined by the guide.

Although the optical waveguide is preferably embodied by an optical fiber, and the
invention is sometimes described herein according to such a preferred
embodiment for the sake of simplicity, the optical waveguide may be embodied by
any appropriate waveguide or microstructured optical fiber, be it a planar
waveguide, birefringent waveguide such as a panda fiber, a photonics crystal fiber,
a multi-core fiber, a polarization-maintaining fiber, an air cladding fiber, a single-

cladding or multi-cladding fiber.
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The optical waveguide may include a core and at least one cladding surrounding
the core. The gain medium containing the optically-active phosphosilicate glass
may be included in the core of the optical waveguide, in one of the cladding

surrounding the core of the optical waveguide, or any combination thereof.

The optically-active phosphosilicate glass includes at least one active ion dopant.
It is understood that the expression “optically active” in the sense of the invention
refers to a material used to amplify or generate light. The active ion dopant may be
a rare-earth ion dopant. The rare-earth dopant may include ytterbium, thulium,
neodymium, erbium or any combination thereof, including oxides thereof.
Preferably, the rare-earth ion is ytterbium. Of course, other active ions may also

be used, such as for example titanium or chromium.

The optically active phosphosilicate glass emits light of a desired wavelength when
pumped with light of a predetermined wavelength. For example, certain
phosphosilicate double-cladding fiber lasers and amplifiers can be pumped
between 910 nm to 980 nm to emit between 1060 nm to 1090 nm, and certain
phosphosilicate single-cladding fibers can be pumped at 975 nm to emit at
1015 nm. (It should be understood that the indicated exemplary wavelength values
in practice include a narrow wavelength band about the wavelength value:

wavelength + 5%.)

The optically-active rare-earth-doped phosphosilicate glass may include from
about 50 to 98 mol % of silica, from 0.01 to about 5 mol % of at least one rare-
earth dopant, and from about 1 to 30 mol % of phosphorus oxide. Preferably, in
particular for high energy application, the phosphorus oxide is present in an
effective amount for reducing photodarkening. Optionally, the optically-active rare-
earth-doped phosphosilicate glass may include from about 50 to 98 mol % of
silica, and from 0.01 to about 5 mol % of Yb,03
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The optically-active rare-earth-doped phosphosilicate glass may further include
from 0.01 to about 30 mol % of at least one co-dopant. The co-dopant may be an
oxide of Al, an oxide of La, an oxide of Lu, an oxide of P, an oxide of Ge, an oxide

of Ti, an oxide of F, an oxide of B or any combination thereof.

Moreover, the core of the fiber need not be radially uniform. The outer region 12B
of the core 12 may have a lower refractive index than the inner region 12A of the
core as shown in FIG. 7A. The change in refractive index may be gradual or
stepped, as shown in FIGs. 7B and 7C respectively. To reduce the refractive
index of the outer core, the outer core may be doped with suitable outer core
dopants, for example, Al, La, Lu, P, Ge, Ti, F, B, or oxides thereof, or
combinations thereof. One or more sub-regions of the core may have no dopant

at all and consist of pure silica.

A preferred optically-active phosphosilicate glass according to the invention may
include about 90 mol % of silica, about 1 mol % of Yb,O3, about 1 mol % of Al,O3,
and about 8 mol % of phosphorus oxide. Such a composition will reduce adverse
photodarkening effects that cause power degradation in amplifiers and lasers, as
shown in FIG. 3.

Other optically-active phosphosilicate glass compositions are given in the related
US patent application entitled “Optically active glass and optical fiber with reduced
photodarkening and method for reducing photodarkening” filed by Morasse et al.

on July 3, 2007, which is incorporated herein by reference in its entirety.

Adding phosphorous to the fiber waveguide advantageously increases the

refractive index contrast and improves the resistance to bendings of the fiber.

As mentioned earlier, according to an embodiment of the invention, a light emitting
device having an optical waveguide that includes the gain medium containing the
phosphosilicate glass may have a core and at least one cladding. Preferably, the

cladding consists of pure silica. However, it may consist of any appropriate
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material, for example silica doped with fluorine oxide. Moreover, the cladding may
be microstructured. Although the light-emitting device preferably includes a core
with an optically-active phosphosilicate glass, it is to be understood that the
cladding may also include an optically-active phosphosilicate glass. The
phosphosilicate glass having at least one active ion dopant and from about 1 to 30
mol% of phosphorus oxide may be included in the core and/or in any of the
cladding (see FIGs. 1A, 1B, and 1C). Moreover, the optically-active
phosphosilicate glass found in the core may differ in composition from that found
in the cladding. Moreover, the optical waveguide may include additional cladding.
Preferably, the optical waveguide is a triple-clad optical fiber. The design of a
triple-clad optical fiber is also known as a pedestal design. Double-clad and triple-
clad designs are shown in FIGs. 1A, 1B, and 1C.

FIGs. 1B and 1C show examples of optical fibers according to preferred
embodiments of the invention which have double cladding. As seen in these
figures, an optical fiber 10 is provided with a waveguide core 12 which has an
optically active phosphosilicate glass 50A. In this case, the core has a circular
cross-section. The core extends centrally in the optical fiber 10. The core 12 is
surrounded by an inner cladding 14 defining a pump guide for receiving pump
energy and transferring pump energy to the core 12. The inner-cladding 14 shown
in FIG. 1B has a circular cross-section whereas the inner-cladding shown FIG. 1C
has a pentagonal cross-section. Moreover, the inner cladding 14 of fiber 10 in FIG.
1B is made of an optically-active phosphosilicate glass 50B. The double-clad
optical fibers shown in FIGs. 1B and 1C are also provided with an outer cladding
16 surrounding the inner cladding 14. FIG. 1A shows an optical fiber according to
an embodiment of the invention which has a core 12 containing the optically active
phosphosilicate glass 50 and a triple cladding; it has a third cladding 18
surrounding claddings 14 and 16. Of course, a person of the art will understand
that the core and the cladding may have any appropriate cross-section geometry,
e.g. including hexagonal, octagonal, etc. and are not to be considered limited to

the geometries illustrated.
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As illustrated in FIG. 6 which shows the refractive index profile along the diameter
of a double-cladding and triple-cladding optical fiber, the triple-clad design allows
for a lower numerical aperture of the core, which in turn implies increased mode
area of the modes propagating in the waveguide and therefore decreased non-
linear effects, reduced number of modes and therefore improved beam quality,
and reduced amplified spontaneous emission (ASE) and therefore enhanced
efficiency. An improved beam quality is well known to have a lower M?, lower BPP
parameter, more Gaussian-like pulse shape, and better focusing properties.
Another advantage of the triple-clad design is the higher resistance to bending

loss obtainable if required using an appropriate diameter of the triple cladding.

The phosphosilicate-based optical waveguide described above exhibits many
useful advantages over conventional optical fibers and is therefore well-suited for
use in amplifiers and lasers, especially pulsed amplifiers and lasers. The
phosphosilicate-based optical waveguide allows for an increase in the saturation

energy as well as the extraction energy of pulsed amplifiers and lasers.

FIG. 2 shows the flat and increased absorption achieved with this waveguide in
the 910 nm to 970 nm range. This means that no pump tuning is necessary and
that the pumping in the 910 nm to 970 nm range, which overlaps with the
absorption spectrum of ytterbium, is more efficient. A higher absorption allows for
a smaller fiber length and reduces non-linear effects. As shown in Table 1, a
phosphosilicate-based optical waveguide exhibits a saturation energy (Esat) of up
to three times higher than that of a standard fiber at 1064 nm owing to the smaller

emission cross-section (ces) and absorption cross-section (czs). The values are

derived from Equation 1, where / is the Planck constant, v is the corresponding

frequency of the light of wavelength A, 4 is the core area, and I is the overlap

between the core and the propagating mode.
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Table 1
Core diameter Saturation energy Saturation energy
(Mm) Standard Ge-Al fiber P fiber

(mJ) (mJ)
10 0.05 0.17
15 0.10 0.37
20 0.18 0.66
25 0.29 1.02

FIG. 4 shows the problem of pulse deformation with increased output energy. The
phosphosilicate-based optical waveguide decreases pulse deformation thereby
facilitating or reducing the need for pulse shaping. Moreover, since the saturation
energy for phosphosilicate-based optical waveguides is greater, higher extraction
energy, which can be approximately 10 times the saturation energy, is possible in
amplifiers and lasers using the phosphosilicate-based optical waveguide. Thus,
higher energy extraction is achieved, which also allows the use of a smaller core if

so desired.

FiGs. 5A and 5B show the improved splicing of a tapered phosphosilicate-based
optical waveguide of the present invention to an undoped passive relay fiber. The
improved tapering and dopant diffusion of the phosphosilicate-based optical
waveguide of the present invention can yield a measured splice loss of the tapered
phosphosilicate-based optical waveguide 10B that is one quarter that of the
theoretical splice loss of a fiber that is not tapered to match the relay fiber (e.g.

fiber 10A) and does not have equivalent diffusion properties. The improved dopant
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diffusion is caused for instance by the high vapour pressure of phosphorous. The
example shown in FIG. 5A and 5B is that of a 5-uym single-mode-at-1060-nm fiber
relay 20 being spliced to a 15-um phosphosilicate-based optical waveguide 10A
and 10B. In this example, the splice loss for the non-tapered splice 13A is
calculated from theory to be 1.6 db whereas the splice loss for the tapered splice

13B is measured to be 0.35 db. Single mode excitation is possible.

FIG. 8 is a graph of the amplitude of a rectangular pulse over time. As is evident
from the graph, starting from a rectangular pulse, the output pulse suffers from
less deformation and stays more rectangular in an optical waveguide, for example

a fiber, comprising an optically-active phosphosilicate glass gain medium.

Advantageously, the phosphosilicate-based optical waveguide may also have
superior mechanical, thermal, and optical properties, such as high strength, high
melting point, and low attenuation, as compared to, for instance, phosphate-based
glass. In preferred embodiments, it also matches well and splices easily to silica-

based glass.

Light-emitting devices according to embodiments of the invention, for example
high-energy lasers and ampilifiers which use phosphosilicate optically-active glass,
exhibit enhanced power output, higher extraction and saturation energy, reduced
photodarkening effects, reduced non-linear effects, reduced need for pulse-
shaping, higher beam quality and focusing properties, are easily pumped and

packaged, and are stable over time.

Numerous modifications could be made to any of the embodiments described
above without departing from the scope of the present invention as defined in the

appended claims.
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CLAIMS

1. A light-emitting device comprising a gain medium comprising an optically-active
phosphosilicate glass, wherein the phosphosilicate glass comprises at least one

active ion dopant and from about 1 to 30 mol% of phosphorus oxide.

2. The light-emitting device of claim 1, wherein the at least one active ion dopant
induces a photodarkening effect in optical properties of the optically-active glass
and the phosphorus oxide is present in an effective amount for reducing the

photodarkening effect.

3. The light-emitting device of claim 1, wherein the active ion dopant is a rare-

earth dopant.

4. The light-emitting device of claim 3, wherein the rare-earth dopant comprises
ytterbium, thulium, erbium, neodymium, an oxide thereof, or any combination

thereof.

5. The light-emitting device of claim 1, wherein the optically-active glass further

comprises at least one co-dopant.

6. The light-emitting device of claim 5, wherein the co-dopant comprises an oxide
of Al, an oxide of B, an oxide of F, an oxide of Ge, an oxide of La, an oxide of Lu,

an oxide of P, an oxide of Ti, or any combination thereof.

7. The light-emitting device of claim 1, wherein the device emits light or

alternatively and additionally ampilifies light.

8. The light-emitting device of claim 1, comprising an amplifier and wherein the

amplifier comprises the gain medium.

9. The light-emitting device of claim 1, comprising a laser and wherein the laser

comprises the gain medium.
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10. The light-emitting device of claim 1, comprising an optical waveguide wherein

the optical waveguide comprises the gain medium.

11. The light-emitting device of claim 10, wherein the optical waveguide comprises

a core and at least one cladding surrounding the core.

12. The light-emitting device of claim 11, wherein the gain medium comprises the

core.

13. The light-emitting device of claim 11, wherein the gain medium comprises at

least one of the at least one cladding surrounding the core.

14. The light-emitting device of claim 11, wherein the gain medium comprises the

core and at least one of the at least one cladding surrounding the core.
15. The light-emitting device of claim 11, wherein the core is not radially uniform.

16. The light-emitting device of claim 11, wherein the core comprises an outer
region and an inner region, the outer region having a refractive index that is lower

than a refractive index of the inner region.

17. The light-emitting device of claim 16, wherein the refractive index of the core

changes gradually or in a stepped fashion.

18. The light-emitting device of claim 16, wherein the outer region is doped with

Al, B, F, Ge, La, Lu, P, Ti, or oxides thereof, or any combination thereof.

19. The light-emitting device of claim 11, wherein the core comprises one or more

undoped sub-regions.

20. The light-emitting device of claim 19, wherein the one or more undoped sub-

regions comprise pure silica.

21. The light-emitting device of claim 11, wherein at least one of the at least one

cladding comprises pure silica.
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22. The light-emitting device of claim 11, wherein at least one of the at least one

cladding comprises doped silica.

23. The light-emitting device of claim 11, wherein at least one of the at least one

cladding is microstructured.

24. The light-emitting device of claim 11, wherein the optical waveguide has two

or more claddings surrounding the core.

25. The light-emitting device of claim 11, wherein the optical waveguide is an

optical fiber.

26. The light-emitting device of claim 11, wherein the optical waveguide is a triple-

clad pedestal-design optical fiber.

27. The light-emitting device of claim 11, wherein the optical waveguide is a
double-clad optical fiber, the core of the optical fiber having a circular cross-
section, and the at least one cladding comprising an inner cladding having a
pentagonal cross-section and surrounding the core and an outer cladding

surrounding the inner cladding.

28. The light-emitting device of claim 11, wherein the optical waveguide has a
tapered end for reducing splice losses.

29. An optical waveguide for use in a light-emitting device, the optical waveguide
comprising a gain medium including an optically-active phosphosilicate glass,
wherein the phosphosilicate glass comprises at least one active ion dopant and
from about 1 to 30 mol% of phosphorus oxide.

30. The optical waveguide of claim 29, wherein the at least one active ion dopant
induces a photodarkening effect in optical properties of the optically-active glass
and the phosphorus oxide is present in an effective amount for reducing the

photodarkening effect.
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31. The light-emitting device of claim 29, wherein the optical waveguide comprises
a core and at least one cladding surrounding the core, and wherein the gain

medium includes the core or at least one of the at least one cladding.
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