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Multiwavelength Diode-Cladding-Pumped
Nd3+-Doped Germano-Aluminosilicate

Fiber Laser
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Abstract—Simultaneous multiwavelength oscillation at 1060
and 1090 nm has been produced from a free-runningNd3+-doped
multicomponent silica fiber laser. As a result of co-doping with
both Al2O3 andGeO2, theNd3+ ions are situated at separate
sites relating to eitherAl3+-rich or Ge4+-rich regions of the ger-
mano-aluminosilicate glass. The slope efficiency of the combined

1- m output was 52% (56%) with respect to the launched
(absorbed) pump power. The 1060-nm emission reaches threshold
first because of the greater number ofNd3+ ions that are located
at Al3+-rich sites. On chopping the pump light the relaxation
oscillations relating to the 1090-nm emission are antiphase with
the oscillations observed with the 1060-nm emission. A degree
of spectral overlap exists between the fluorescence emitted from
Nd

3+ ions located at each site. Power equalization (to 1 W
each) of the 1060- and 1090-nm emissions was carried out by
way of Raman amplification that occurred either internally or
externally to theNd3+-doped silica fiber laser.

Index Terms—Laser measurements, lasers, neodymium:solid
lasers, optical fiber lasers, optical modulation.

I. INTRODUCTION

M ULTIWAVELENGTH laser oscillation of -based
lasers can be made to take place from the level

to various lower laser levels [1], [2] to provide output at0.9
, 1 , and 1.3 or between the and

levels only for multiwavelength output at1- [3], [4]. De-
liberately altering the losses specific to each transition in the
former case or using the change in the reabsorption loss within
the level in the latter case allows these transitions to os-
cillate simultaneously. Recently [5], simultaneous oscillation at
1050.2 and 1054.9 nm has been reported for an -doped flu-
oride glass laser, purportedly a result of laser oscillation from
two different site subsets. The multiwavelength output
from these lasers can be further modified to produce efficiently
generated output at shorter wavelengths [6].

The beneficial effects of the increased solubility of the rare
earth ion, the increased fluorescence intensity and the reduced
levels of clustering of the rare earth ions associated with
or co-doping of silica are widely known [7].
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or co-doping of silica also presents, with respect to
the transition of , a peak fluorescence
wavelength of 1060 nm [8] which provides oscillation or
amplification at a similar wavelength [9]–[12]. The co-dopant

in particular provides a wider site distribution for the
ions leading to a reasonable degree of inhomogeneous

broadening [13]. Likewise, it is also well recognized that the
addition of small amounts of to the silica glass of the
fiber core raises the refractive index, which is a necessary
requirement for guiding of the light. -doped silica fibers
that are co-doped with produce laser oscillation at
a wavelength of 1088 nm [14], which is close to the peak
fluorescence wavelength relating to -doped pure silica
[8].

We report in this investigation the observation of simulta-
neous multiwavelength output (at 1060 and 1090 nm) from
an -doped multicomponent silica fiber laser. By incor-
porating significant amounts of both and into
the silica glass core during fabrication, the dopant ions
are subsequently situated at sites relating to either -rich
regions or -rich regions of the germano-aluminosilicate
glass. This condition allows near independent laser oscillation
on the transition at the two separate sites.
Whilst a similar observation of simultaneous multiwavelength
oscillation at 1064 and 1077 nm was made some time ago for
an -doped – silica fiber laser [9], in this study,
we examine in detail the characteristics of the multiwavelength
output from the -doped germano-aluminosilicate fiber
laser and in addition, the laser dynamics when the light from
the pump laser is modulated. We also examine the effects from
Raman amplification of the 1060- and 1090-nm emissions.

II. EXPERIMENT

The -doped fiber used for the experiments was made
from the standard modified chemical vapor deposition (MCVD)
and solution doping techniques. The concentration in
the core of the fiber was measured to be6000 ppm, the

: concentration ratio of 10:1 [13], and the
concentration 5 mol.%. The soot was deposited at a tempera-
ture of 1550 prior to solution doping and the tube sintered
and collapsed at the standard temperatures. The core diameter
(of 5.56 ) and numerical aperture (NA) of 0.14 were such so
as to allow for single-mode oscillation down to1017 nm. The
pump cladding had a diameter of 250 , a flat section milled
to create chaotic pump trajectories within the pump cladding,

0018-9197/03$17.00 © 2003 IEEE



JACKSON AND LI: MULTIWAVELENGTH DIODE-CLADDING-PUMPED -DOPED GERMANO-ALUMINOSILICATE FIBER LASER 1119

and was surrounded by a low index UV-curable fluoro-polymer
to create a large NA of 0.35 for the pump light. The effective
absorption coefficient of the fiber was 0.074 . A fiber
length of 35 m was used for the majority of the experiments,
and hence, 92% of the launched pump power was absorbed in
the fiber. The -doped fiber was pumped with a high power
diode laser system (Fisba Optik AG, St. Gallen, Switzerland)
operating at a wavelength of 805 nm. An multilens
system (Fisba Optik) was used to focus the pump light into the
cladding of the fiber and provide a launch efficiency of47%.
A broadband dichroic mirror at the input end to the fiber and
Fresnel reflection at the output end to the fiber formed the fiber
laser resonator.

The optical spectrum of the output was measured with either
an Anritsu MS9710C or Ando AQ 6315A spectrum analyzer.
The power in each individual contribution ( and )
was measured after the output from the fiber laser was colli-
mated and dispersed with the use of three uncoated borosilicate
prisms. This spectral separation technique was coarse enough
to allow the independent measurement over the full bandwidth
of each contribution whilst fine enough to spatially separate the
two 1- emissions. The temporal dynamics of the fiber laser
output at the two wavelengths were measured simulta-
neously with two BPX65 Si photodiodes when the output was
split and sent through two manually controlled monochroma-
tors (Bentham M300 and Bentham DM150). The output power
was measured with an Ophir Orion power meter or a Melles
Griot 13PEM001 power meter and the temporal characteristics
recorded with an HP 54542A, 500-MHz oscilloscope after the
pump light was modulated with a standard optical chopper.

III. RESULTS

The slope efficiency of the 1060 nm, 1090 nm, and combined
1- laser output was measured to be 39%, 12%, and 52% re-

spectively with respect to the launched pump power (see Fig. 1).
With respect to the absorbed pump power, the corresponding
slope efficiencies are 42%, 13% and 56%. The total slope effi-
ciency is significantly lower than the Stokes efficiency limit of

75%. However, the level of concentration quenching resulting
from cross relaxation ( , , ) which
is enhanced by clustering appears to be low in this fiber. The
1060-nm emission had a threshold of40-mW launched pump
power and the 1090-nm emission had a threshold of 180 mW.
It is understood that the 1060-nm emission reaches threshold
first because of the difference between the number of
ions situated at -rich sites compared to the number sit-
uated at -rich sites. As is the only network-mod-
ifying ion added to the core of the fiber, the ions are
more likely to be situated at the -rich sites. These partic-
ular ions absorb a larger proportion of the pump light
and hence reach threshold first. One interesting feature is the
power ratio of the 1- outputs, , as a function
of launched pump power (see inset of Fig. 1). We observe that
the ratio is a decreasing function of the launched
pump power and decreases to value3.5 for large values of
the launched pump power. The cause for the highly nonlinear
trend in the ratio when (where

Fig. 1. Measured output power of the 1060-nm emission, 1090-nm emission,
and combined emissions from the diode-pumpedNd -doped multicomponent
double-clad fiber laser as a function launched pump power into the fiber. The
fiber length was 35 m. The inset displays the power ratioP =P of the
two outputs also as a function of the launched pump power.

Fig. 2. Measured optical spectrum (in range 350–1750 nm) of the output from
the diode-pumpedNd -doped silica double-clad fiber laser for a pump power
which hasr = 137. The inset displays the evolution of the dual�1-�m
outputs fora: r = 1, b: r = 1:2, c: r = 2:5, d: r = 4:9, e:
r = 6:2.

and are the launched pump power at threshold
for the 1090-nm emission and the launched pump power, re-
spectively) can be easily explained by the fact that the non-
linear region represents the transition region between the lim-
iting cases (when ) and

(when ). The gradual
decrease in the ratio for relates
to amplification of the 1090-nm emission at the expense of the
1060-nm emission as a result of stimulated Raman scattering
(SRS) within the fiber.

Fig. 2 displays the optical spectrum in the range 350–1750
nm as measured at the fiber laser output for (where

). There are a number of spectral
features in addition to the pump and the two1- wave-
lengths. First, there exists violet emission at wavelength of 401
nm that was visible with the naked eye and was characterized
by a full-width at half-maximum (FWHM) of . Vi-
olet emission at 412 and 381 nm has been shown to emit from

-doped fluoride fiber lasers [15]. These violet emissions
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Fig. 3. Simultaneously measured 1060- and 1090-nm output from the
diode-pumpedNd -doped silica double-clad fiber laser when the 805-nm
pump light was modulated at a frequency of 380 Hz andr = 60. The
1090-nm signal has been enlarged in order to highlight the comparison. The
inset shows in more detail the initial parts of the 1060- and 1090-nm emissions.

arise from the fluorescence transitions and
for the 412- and 381-nm wavelengths, re-

spectively. Fluorescence at381 nm was not observed in our
silica-based fiber because the level is thoroughly depop-
ulated as result of multiphonon emission to the level. A
possible mechanism for populating the level is pump ex-
cited-state absorption from the level. The broad 900-nm
peak is associated with the transition and the
peak at 1250 nm may relate to the fluorescence transition

. The other peaks observed in the spectrum relate
to stray light within the spectrum analyzer. The inset to Fig. 2
displays the evolution of the 1060- and 1090-nm laser output as
function of .

Fig. 3 displays the temporal characteristic of the 1060- and
1090-nm emissions when the 805-nm pump light is modulated
at a frequency of 380 Hz and the level of launched pump power
adjusted so that . As expected, the 1060-nm emission
reaches threshold first50 prior to the onset of the 1090-nm
emission and displays characteristic relaxation oscillations
which quickly lead to continuous wave (CW) oscillation. The
1090-nm emission displays a lower level of temporal stability
as compared to the 1060-nm emission: a feature that may relate
to the lower pump rate for the 1090-nm emission ( ).
The power of the 1060-nm emission decreases slightly when
the 1090-nm emission reaches threshold (see inset of Fig. 3).
The wider fluorescence associated with
ions situated in -rich sites overlaps with the fluorescence
relating to ions situated in -rich sites and conse-
quently, when the 1090-nm emission reaches threshold, some
of the population inversion relating to ions at -rich
sites is depleted. This depletion is incomplete owing to the
degree of site inhomogeneity.

With the use of a suitable length of single-mode silica fiber,
the total power can be shared equally between the two1-
emissions with the use of SRS. Fig. 4 displays the 1060 nm,
the 1090 nm, and combined outputs after the dual-wavelength
output from the -doped silica fiber laser is launched into

Fig. 4. Measured output power at 1060- and 1090-nm exiting 500 m of
single-mode silica fiber as a function of the launched pump power into the
diode-pumpedNd -doped silica double-clad fiber laser.

Fig. 5. Measured optical spectrum of the dual wavelength output exiting from
the 500 m of single-mode silica fiber when the launched pump power into the
Nd -doped silica double-clad fiber laser was (a) 0.65 W (r = 16), (b)
1.23 W (r = 31), (c) 2.42 W (r = 61), (d) 4.26 W (r = 107), (e)
5.49 W (r = 137), and (f) 6.73 W (r = 168).

500 m of single-mode silica fiber. As the launched pump power
to the -doped silica fiber laser in increased, the output at
1060 nm decreases relative to the 1090-nm output because the
1060 nm is acting as the pump for the first Stokes shift at 1090
nm. At a launched pump power into the -doped silica fiber
laser of 7.2 W, the output power at 1060 and 1090 nm are near
identical having a measured power of1 W each. (This equates
to an optical-to-optical efficiency of 77% with respect to the
incident dual 1- input.) On further increasing the launched
pump power, the relative proportion of the total power com-
prising the 1090-nm emission is increased. Fig. 5 displays the
spectral output as a function of launched pump power to the

-doped silica fiber laser after the dual wavelength output
is launched into the single-mode silica fiber. Note that the orig-
inal 1090-nm output is now widened and covers the range of
1090–1100 nm.
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Fig. 6. Simultaneously measured 1060- and 1090-nm modulated output
emitted from the 500 m of single-mode silica fiber whenr = 137

(P = 5:5 W) and the frequency of the chopper was set at 400 Hz. The
inset shows in more detail, the region toward the end of the dual wavelength
emission.

Fig. 6 displays the dual wavelength emission that exits
the single-mode silica fiber when the pump power to the

-doped silica fiber laser is chopped. We can observe
the normal relaxation oscillations relating to each emission
present at the beginning of the pulse. Toward the end of the
1090-nm emission, however, we observe a sharp spike in the
1090-nm emission with a corresponding dip in the 1060-nm
emission (see inset of Fig. 6). The origin of this spike in
the 1090-nm emission after passing through the single-mode
fiber is currently under investigation. However, the dip in the
1060-nm emission relates to cross saturation between the pump
(1060 nm) and Stokes (1090 nm) waves [16].

IV. DISCUSSION

The results presented above indicate that two practically iso-
lated laser systems are operating in this fiber laser. -doped
aluminosilicate fiber lasers and -doped germanosilicate
fiber lasers in separate configurations and under free-running
conditions lase at 1060 and 1088 nm, respectively. In the fab-
rication of our fiber, reasonably large quantities of and

were used for dissolution of clusters and for raising
the core refractive index. The fact that the fiber laser oscillates
at wavelengths close to those related to the isolated fiber laser
systems indicates that most of the ions are situated in re-
gions dominated by either aluminosilicate or by germanosilicate
glass. Phase separation of the binary silicate glasses themselves
strongly relates to the ionic potential ( , where is the va-
lence and is the ionic radius) of the network modifying cations
[17], whereby the greater the ionic potential, the greater the re-
gion of immiscibility. In general, the aluminosilicate glasses are
very miscible, whereby the ions are generally Si-substitu-
tional in which three Si-substitutional ions in close prox-
imity have the charge compensated by a fourth ion ac-
commodated in the interstitial part of the silica network [18].
For the and concentration levels used here, both
the binary silicate glasses should display no independent phase
separation. Since is a network former and a network
modifier, the ions are perhaps doped into a fully miscible

Fig. 7. Measured output power of the 1060-nm emission, 1090-nm emission,
and combined emissions from a diode-pumpedNd -doped silica double-clad
fiber laser as a function launched pump power for a fiber that had a smaller
effective absorption coefficient. The fiber length was 100 m. The inset displays
the power ratioP =P of the two outputs also as a function of the
launched pump power.

glass system that has -rich regions and -rich regions.
(Spectral hole burning in conjunction with a single site
and full miscibility of the two binary silicate glasses could be
operating, however, the fact that the thresholds for each emis-
sion are close does not support this hypothesis.) Factors such as
the soot deposition temperature, which influences the porosity
of the glass, and the different ion exchange rates of the
and ions during the doping phase of the fiber fabrica-
tion process will also influence the distribution of dopant ions.
Clearly, more work is required to fully characterize this multi-
component glass system.

The use of SRS to equate the power levels of 1090- and
1060-nm laser emissions has been shown to be simple and ef-
ficient and hence of interest to a number of applications. At
higher values of the launched pump (1060 nm) power; prac-
tically all of the 1060-nm emission could be converted to the
1090-nm emission. With the incorporation of Bragg gratings for
the -doped germano-aluminosilicate fiber laser, the spec-
trally complex output shown in Fig. 5 could be further refined.

Fig. 7 displays the 1060- and 1090-nm output from a
-doped germano-aluminosilicate fiber laser which uti-

lizes a fiber that has an effective absorption coefficient of
0.032 a core diameter of 4.39 and NA of 0.17 and
thus supported single mode operation down to975 nm. The

: concentration ratio was 15:1 and the concen-
tration similar to the previous fiber. The pump diameter of this
fiber was 300 and hence enabled a higher launch efficiency
of 60%. 100 m of this fiber was used for the experiments and
96% of the launched pump power was absorbed. The measured
slope efficiency of 65% with respect to the launched pump
power for this fiber laser can be accounted for by the fact that
the higher : concentration ratio should lead to lower

level lifetime quenching and the increase in the fractional
amount of launched pump light that is absorbed. The 1090-nm
emission was the dominant output when .
The change in the ratio with the launched pump
power also displays very different behavior as compared to
the previous fiber. This behavior can be explained by the fact
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that the factor-of-three increase in the length of fiber required
for efficiently generated output increases the level of SRS in
the -doped germano-aluminosilicate glass fiber laser and
hence we observe a strong transference from the 1060-nm
emission to the 1090-nm emission. With careful control and
monitoring of the fiber fabrication parameters, the fiber compo-
sition can be tailored according to the desired output required
from the fiber laser.

The use of multicomponent glasses for the creation of multi-
wavelength output with the same dopant ion allows a number of
possibilities. The wide 30-nm separation between the emission
wavelengths of this device will provide for applications such as
differential absorption spectroscopy. Combining the three main
co-dopants of silica namely, , , and together
in various ratios could allow for laser oscillation on a number
of wavelengths using a single rare earth ion transition in which
the ion is situated in a number of quite different sites.

V. CONCLUSION

We have demonstrated the simultaneous oscillation at 1060
and 1090 nm from a diode-cladding-pumped -doped
multicomponent silica glass fiber laser. The slope efficiency
of the 1060- and 1090-nm emission was measured to be 39%
and 12%, respectively, with respect to the launched pump
power and 42% and 13% with respect to the absorbed pump
power. For values of the launched pump power well above the
threshold level, the power ratio of the 1060-nm output to the
1090-nm output was approximately 3.5:1 when . On
modulating the 805-nm pump light, there existed anti-phase
dynamics between the 1060- and the 1090-nm emissions as a
result of the spectral overlap between the fluorescence arising
from ions situated in -rich sites and from
ions situated in -rich sites. On passing the dual-wave-
length 1- output from the -doped silica fiber laser
through 500 m of single-mode silica fiber, we observed that
at a launched pump (805 nm) power of 7.2 W, the power was
shared equally (to 1W) between the 1- emissions because
of transference from the 1060-nm emission to the 1090-nm
emission as a result of SRS.
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