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Multiwavelength Diode-Cladding-Pumped
Nd3*-Doped Germano-Aluminosilicate
Fiber Laser

Stuart D. Jackson and Yahua, Student Member, IEEE

Abstract—Simultaneous multiwavelength oscillation at 1060 or P>,O; co-doping of silica also presents, with respect to
and 1090 nm has been produced from a free-runningNd>* -doped  the 4T3/ —* 111, transition ofNd**, a peak fluorescence
multicomponent silica fiber laser. As a result of co-doping with wavelength of~1060 nm [8] which provides oscillation or

both Al,0; and GeO., the Nd*T ions are situated at separate e L
sites reI;tinB to eitherA213+-rich or Ge*t-rich regions of thgger- amplification at a similar wavelength [9}-[12]. The co-dopant

mano-aluminosilicate glass. The slope efficiency of the combined A12303_ in particular provides a wider site distribution for the
~1-pm output was ~52% (56%) with respect to the launched Nd** ions leading to a reasonable degree of inhomogeneous

(absorbed) pump power. The 1060-nm emission reaches thresholdproadening [13]. Likewise, it is also well recognized that the
first besag_ause of the greater number ofNd®* ions that are located  5qgition of small amounts ofieO, to the silica glass of the

at A1°T-rich sites. On chopping the pump light the relaxation : “oa ik

oscillations relating to the 1090-nm emission are antiphase with flber. core raises th(? refractlvg |nde§(3r which IS a necessary
the oscillations observed with the 1060-nm emission. A degree "eéquirement for gwdln_g of the lighiNd“"-doped SIII_ca f_lbers

of spectral overlap exists between the fluorescence emitted from that are co-doped withGeO, produce laser oscillation at
Nd** ions located at each site. Power equalization (tev1 W  a wavelength of 1088 nm [14], which is close to the peak

each) of the 1060- and 1090-nm emissions was carried out byflygrescence wavelength relating ¥d®"-doped pure silica
way of Raman amplification that occurred either internally or 8]

Nd**- ilica fi . L o . .
externally to the doped silica fiber laser We report in this investigation the observation of simulta-

Index Terms—taser measurements, lasers, neodymium:solid eqyg multiwavelength output (at 1060 and 1090 nm) from
lasers, optical fiber lasers, optical modulation. an Nd*"-doped multicomponent silica fiber laser. By incor-
porating significant amounts of bothl,O3; and GeO, into
I. INTRODUCTION the silica glass core during fabrication, tNel®* dopant ions

ULTIWAVELENGTH laser oscillation ofNd®**-based 2'€ subsequently situated at sites relating to eitfiéf -rich
| regions orGe**-rich regions of the germano-aluminosilicate
asers can be made to take place from ‘{Eg/g level

to various lower laser levels [1], [2] to provide output-.9 glass. This condition allows near independent laser oscillation

4 4 . 34
jim, ~1 pm, and~1.3 ym or between théF3/2 and4111/2 ontheF's/; —*1;1 /o transition at the two separatel”™ sites.

. Whilst a similar observation of simultaneous multiwavelength
levels only for multiwavelength output atl-um [3], [4]. De- oscillation at 1064 and 1077 nm was made some time ago for
liberately altering the losses specific to each transition in th%Nd“-do €0Ge0,—P, 05 silica fiber laser [9], in this studg
former case or using the change in the reabsorption loss withii pedizely=t2ls ' Y,

the*l,, /, level in the latter case allows these transitions to ole examine in detail the characteristics of the multiwavelength

. . . A oytput from theNd*"-doped germano-aluminosilicate fiber
cillate simultaneously. Recently [5], simultaneous oscillation ?aser and in addition. the laser dvnamics when the liaht from
1050.2 and 1054.9 nm has been reported fa¥ah"-doped flu- ’ y 9

. - the pump laser is modulated. We also examine the effects from
oride glass laser, purportedly a result of laser oscillation fro

two differentNd®** site subsets. The multiwavelength outpu%]aman amplification of the 1060- and 1090-nm emissions.

from these lasers can be further modified to produce efficiently

generated output at shorter wavelengths [6]. Il. EXPERIMENT
The beneficial effects of the increased solubility of the rare The Nq*+-doped fiber used for the experiments was made
earth ion, the increased fluorescence intensity and the redugegh the standard modified chemical vapor deposition (MCVD)
levels of clustering of the rare earth ions associated Witts  and solution doping techniques. Thal** concentration in
or P»O; co-doping of silica are widely known [7]JAl;03  the core of the fiber was measured to 66000 ppm, the
AI*T:Nd*T concentration ratio of 10:1 [13], and tH&eO,
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and was surrounded by a low index UV-curable fluoro-polymer ST o Total Power
to create a large NA of 0.35 for the pump light. The effective &o = 1060 nm
absorption coefficient of the fiber was 0.07471. A fiber 44F A 1090 nm -

=)
!

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. TheNd"-doped fiber was pumped with a high power
diode laser system (Fisba Optik AG, St. Gallen, Switzerland)
operating at a wavelength of 805 nm. A= 30 mm multilens
system (Fisba Optik) was used to focus the pump light into the
cladding of the fiber and provide a launch efficiency-ot7%.

A broadband dichroic mirror at the input end to the fiber and ]
Fresnel reflection at the output end to the fiber formed the fiber 0'1
laser resonator.

The optical spectrum of the output was measured with either
an Anritsu MS9710C or Ando AQ 6315A spectrum analyzeﬁg. 1. Measured output power of the 1060-nm emission, 1090-nm emission,
The power in each individual contributio®{ygp andP1p99)  and combined emissions from the diode-pumield+ -doped multicomponent
was measured after the output from the fiber laser was coliiuble-clad fiber laser as a_functiqn launched pump power into the fiber. The
mated and dispersed with the use of three uncoated borosili(:zb rolﬁtr;ﬂtiggz ¥ ';W'fJnhC%g:]Sg]Et‘::zpifﬁcﬁ'eedp;lma; f;’f,‘;‘}( Piooo of the
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-ym emissions. The temporal dynamics of the fiber laser '10j
output at the twe~ 1 um wavelengths were measured simulta- -20-
neously with two BPX65 Si photodiodes when the output was
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split and sent through two manually controlled monochroma- 2 '30-. Wavelengh (o) "%
tors (Bentham M300 and Bentham DM150). The output power E -40+ ]
was measured with an Ophir Orion power meter or a Melles 3 5] i
Griot 13PEMO001 power meter and the temporal characteristics 2 1
recorded with an HP 54542A, 500-MHz oscilloscope after the '60'.
pump light was modulated with a standard optical chopper. -70

iR 77400 600 800 1000 1200 1400 1600
- RESULTS Wavelength (nm)
The slope efficiency of the 1060 nm, 1090 nm, and combined

~1-pm laser output was measured to be 39%. 12%. and 52% Fé}_ 2. Measured optical spectrum (in range 350—1750 nm) of the output from
! ’ the diode-pumpetid**-doped silica double-clad fiber laser for a pump power

Sp_eCtiV(aly with respect to the launched pump power (see Fig-_ ich hasrioeo = 137. The inset displays the evolution of the dual-ym
With respect to the absorbed pump power, the correspondmgputs fora: 71060 = 1, b: 1960 = 1.2, C: 71060 = 2.5, d: 71060 = 4.9, &

slope efficiencies are 42%, 13% and 56%. The total slope effieco = 6-2.

ciency is significantly lower than the Stokes efficiency limit of

~75%. However, the level of concentration quenching resultingy 1090 and Paunch are the launched pump power at threshold
from cross relaxation4F3/2, 4111/2 —4 Lis/2, 4115/2) which for the 1090-nm emission and the launched pump power, re-
is enhanced by clustering appears to be low in this fiber. Thpectively) can be easily explained by the fact that the non-
1060-nm emission had a threshold~e40-mW launched pump linear region represents the transition region between the lim-
power and the 1090-nm emission had a threshold of 180 mifihg caseS1960/P1090 = 00 (WheNnPrauneh < P 1090) @nd

It is understood that the 1060-nm emission reaches threshBl@dso/P1o90 ~ 3.5 (WhenPiauneh > Pin,1090). The gradual
first because of the difference between the numbeNét™ decrease in th€;e0 /P 1090 ratio for Paunen >~ 6 W relates
ions situated at\1*"-rich sites compared to the number sitto amplification of the 1090-nm emission at the expense of the
uated atGe**-rich sites. AsAI*T is the only network-mod- 1060-nm emission as a result of stimulated Raman scattering
ifying ion added to the core of the fiber, théd®" ions are (SRS) within the fiber.

more likely to be situated at th&l>*-rich sites. These partic-  Fig. 2 displays the optical spectrum in the range 350-1750
ular Nd** ions absorb a larger proportion of the pump lighhm as measured at the fiber laser outputfgg, = 137 (where

and hence reach threshold first. One interesting feature is t8s0 = Plaunchea/Pin,1060). There are a number of spectral
power ratio of the~1-um outputs,Piog0/ Piogo, @s a function features in addition to the pump and the twd-um wave-

of launched pump power (see inset of Fig. 1). We observe thangths. First, there exists violet emission at wavelength of 401
the P1oe0/ P1ogo ratio is a decreasing function of the launchedm that was visible with the naked eye and was characterized
pump power and decreases to vatud.5 for large values of by a full-width at half-maximum (FWHM) of< 1 nm. Vi-

the launched pump power. The cause for the highly nonlinealet emission at 412 and 381 nm has been shown to emit from
trend in the ratio wherP, 1000 < Paunch < 2 W (where Nd**-doped fluoride fiber lasers [15]. These violet emissions
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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
Fig. 3. Simultaneously measured 1060- and 1090-nm output from thﬁ)de-pumpedﬁd“-doped silica double-clad fiber laser.

diode-pumped\Nd**-doped silica double-clad fiber laser when the 805-nm
pump light was modulated at a frequency of 380 Hz angho = 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 transitiofB;,, —* I;1,» and (e)
4D3/2 —4 I;1/ for the 412- and 381-nm wavelengths, re-
spectively. Fluorescence at381 nm was not observed in our
silica-based fiber because tﬁBg/Q level is thoroughly depop-
ulated as result of multiphonon emission to HR%/Q level. A
possible mechanism for populating t?'lég/z level is pump ex-
cited-state absorption from tHg; /2 level. The broad-900-nm
peak is associated with tH&';,, —* I/, transition and the
peak at~1250 nm may relate to the fluorescence transition
*F3/5 —*1;3/2. The other peaks observed in the spectrum relate
to stray light within the spectrum analyzer. The inset to Fig. 2 T
displays the evolution of the 1060- and 1090-nm laser output as '
function Of’l“logo. -
Fig. 3 displays the temporal characteristic of the 1060- and 1040 1060 _ 1080 1100
1090-nm emissions when the 805-nm pump light is modulated Wavelength (nm)
at a frequency of 380 Hz and the level of launched pump power
adjusted so that;og9 ~ 60. As expected, the 1060-nm emissiorfrig- 5. Measured optical spectrum of the dual wavelength output exiting from
reaches threshold firs¢50 s prior to the onset of the 1099—nm{§‘§3§33 c:geo(; Ss'iﬂg!f;jrgggg_sc':ﬁffi'gg I"{;’ssrnvf,gi 'gt)‘”gg‘;d&i:‘ipg’g?f(ggtc’ the
emission and displays characteristic relaxation oscillation23w ¢,o50 = 31), (¢) 2.42 W 1060 = 61), (d) 4.26 W {1060 = 107), (€)
which quickly lead to continuous wave (CW) oscillation. Th@-49 W (1060 = 137), and (f) 6.73 W {1060 = 168).
1090-nm emission displays a lower level of temporal stability
as compared to the 1060-nm emission: a feature that may relB0® m of single-mode silica fiber. As the launched pump power
to the lower pump rate for the 1090-nm emissiongo ~ 13). to theNd”-doped silica fiber laser in increased, the output at
The power of the 1060-nm emission decreases slightly whed60 nm decreases relative to the 1090-nm output because the
the 1090-nm emission reaches threshold (see inset of Fig. B)60 nm is acting as the pump for the first Stokes shift at 1090
The wider*F;/, —*1;» fluorescence associated withl**  nm. At alaunched pump power into thel** -doped silica fiber
ions situated im\1**-rich sites overlaps with the fluorescencéaser of 7.2 W, the output power at 1060 and 1090 nm are near
relating toNd** ions situated inGe**-rich sites and conse- identical having a measured power-of W each. (This equates
quently, when the 1090-nm emission reaches threshold, sotmen optical-to-optical efficiency of77% with respect to the
of the population inversion relating t8d** ions atA1>T-rich incident duak-1-xm input.) On further increasing the launched
sites is depleted. This depletion is incomplete owing to thpump power, the relative proportion of the total power com-
degree of site inhomogeneity. prising the 1090-nm emission is increased. Fig. 5 displays the
With the use of a suitable length of single-mode silica fibespectral output as a function of launched pump power to the
the total power can be shared equally between the<tigum  Nd**-doped silica fiber laser after the dual wavelength output
emissions with the use of SRS. Fig. 4 displays the 1060 nigJaunched into the single-mode silica fiber. Note that the orig-
the 1090 nm, and combined outputs after the dual-wavelengtial 1090-nm output is now widened and covers the range of
output from theNd**-doped silica fiber laser is launched into1090—1100 nm.
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Fig. 6. Simultaneously measured 1060- and 1090-nm modulated outpig. 7. Measured output power of the 1060-nm emission, 1090-nm emission,

emitted from the 500 m of single-mode silica fiber wheng, = 137 and combined emissions from a diode-pumpet¥* -doped silica double-clad

(Prawner, = 5.5 W) and the frequency of the chopper was set at 400 Hz. THier laser as a function launched pump power for a fiber that had a smaller

inset shows in more detail, the region toward the end of the dual wavelengffective absorption coefficient. The fiber length was 100 m. The inset displays

emission. the power ratioPi 60/ Piooo Of the two outputs also as a function of the
launched pump power.

Fig. 6 displays the dual wavelength emission that exit it . 34 .
the single-mode silica fiber when the pump power to tré%ass system that hé"™" -rich regions andul"*-rich regions.

Nd**-doped silica fiber laser is chopped. We can obser pectral ho[e .b'urning in conju.nction.v.vith a singiel”" site
the normal relaxation oscillations relating to each emissic?r?d full miscibility of the two binary silicate glasses could be

present at the beginning of the pulse. Toward the end of tHBerating, however, the fact that Fhe threshol_ds for each emis-
1090-nm emission, however, we observe a sharp spike in anare close does not support this hypothesis.) Factors such as

1090-nm emission with a corresponding dip in the 1060-n e soot deposition temperature, which influences the pgrosity
emission (see inset of Fig. 6). The origin of this spike i the glass, and the different ion exchange rates ot

3+ . . . - . _
the 1090-nm emission after passing through the single-ma dAI™ ions _ﬁurllng_t?le dOD'TE p:_atsebotf_ the fflger fa?_nca
fiber is currently under investigation. However, the dip in th on plrocess Wi aksp n ue_nc(;et ? ”'S nh u 'O? o 2’;?” |0|rt1_s.
1060-nm emission relates to cross saturation between the pu ﬁ?r Y, more work 1S required to Tully characterize this multi-

1060 d Stokes (1090 161, component glass system.
( nm) and Stokes ( nm) waves [16] 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
The results presented above indicate that two practically idugher values of the launched pump (1060 nm) power; prac-
lated laser systems are operating in this fiber |8$é¥."-doped tically all of the 1060-nm emission could be converted to the
aluminosilicate fiber lasers andd®**-doped germanosilicate 1090-nm emission. With the incorporation of Bragg gratings for
fiber lasers in separate configurations and under free-runnitng Nd>*-doped germano-aluminosilicate fiber laser, the spec-
conditions lase at 1060 and 1088 nm, respectively. In the fabally complex output shown in Fig. 5 could be further refined.
rication of our fiber, reasonably large quantities/d O3 and Fig. 7 displays the 1060- and 1090-nm output from a
GeO, were used for dissolution ®fd> T clusters and for raising Nd®T-doped germano-aluminosilicate fiber laser which uti-
the core refractive index. The fact that the fiber laser oscillatéges a fiber that has an effective absorption coefficient of
at wavelengths close to those related to the isolated fiber la8ed32m~" a core diameter of 4.38m and NA of 0.17 and
systems indicates that most of tNe>* ions are situated in re- thus supported single mode operation down-&75 nm. The
gions dominated by either aluminosilicate or by germanosilicatd®":Nd>* concentration ratio was 15:1 and tNé>* concen-
glass. Phase separation of the binary silicate glasses themsehag®on similar to the previous fiber. The pump diameter of this
strongly relates to the ionic potentiat (Z /r, whereZ isthe va- fiber was 30Qum and hence enabled a higher launch efficiency
lence and is the ionic radius) of the network modifying cationsof 60%. 100 m of this fiber was used for the experiments and
[17], whereby the greater the ionic potential, the greater the 6% of the launched pump power was absorbed. The measured
gion of immiscibility. In general, the aluminosilicate glasses adope efficiency of 65% with respect to the launched pump
very miscible, whereby thal>* ions are generally Si-substitu-power for this fiber laser can be accounted for by the fact that
tional in which three Si-substitutionall>* ions in close prox- the higherAl**:Nd3* concentration ratio should lead to lower
imity have the charge compensated by a foukti™ ion ac- 4F3/2 level lifetime quenching and the increase in the fractional
commodated in the interstitial part of the silica network [18amount of launched pump light that is absorbed. The 1090-nm
For theAl,O3 and GeO, concentration levels used here, botlemission was the dominant output whBg,,ncn > 4.5 W.
the binary silicate glasses should display no independent ph@be change in th®1960/P1090 ratio with the launched pump
separation. Sincée** is a network former and1>* anetwork power also displays very different behavior as compared to
modifier, theNd®* ions are perhaps doped into a fully miscibleéhe previous fiber. This behavior can be explained by the fact

IV. DISCUSSION
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that the factor-of-three increase in the length of fiber required[s] J. Azkargorta, I. Iparraguirre, R. Balda, J. Fernandez, J. L. Adam, E.

for efficiently generated output increases the level of SRS in ~ Denoue, and J. Lucas, "Site-effects on the laser emissionldf ions
in a new fluoride glass,J. Non-Cryst. Solidssol. 213-214, pp. 271-5,

the Nd**-doped germano-aluminosilicate glass fiber laser and ~ 7gg7
hence we observe a strong transference from the 1060-nnB] K. Otsuka, R. Kawai, and Y. Asakawa, “Intracavity second-harmonic

emission to the 1090-nm emission. With careful control and and sum-frequency generation with a laser-diode-pumped multitransi-
L. . L . tion-oscillationLiNdP,O,,,” Opt. Lett, vol. 24, no. 22, pp. 1611-13,
monitoring of the fiber fabrication parameters, the fiber compo- 1999
sition can be tailored according to the desired output required7] K. Arai, H. Namikawa, K. Kumata, T. Honda, Y. Ishii, and T. Handa,
from the fiber laser. “Aluminum or phosphorus co-doping effects on the fluorescence and
Th f i | for th . f It structural properties of neodymium-doped silica glagsAppl. Phys.
e use of multicomponent glasses for the creation of multi- | ‘59, no. 10, pp. 3430-6, 1986.
wavelength output with the same dopant ion allows a number ofi8] J. Stone and C. A. Burrus, “Neodymium-doped silica lasers in end-

possibilities. The wide 30-nm separation between the emission Eg%ped fiber geometryAppl. Phys. Lett.vol. 23, no. 7, pp. 388-9,
wavelengths of this device will provide for applications such as (g; | p_willer, D. B. Mortimore, P. Urquhart, B. J. Ainslie, S. P. Craig

differential absorption spectroscopy. Combining the three main  C. A. Millar, and D. B. Payne, “ANd**-doped CW fiber laser using
co-dopants of silica namelgeO,, Al,03, andP, 0 together all-fiber reflectors,"Appl. Opt, vol. 26, no. 11, pp. 2197-201.

. . Hi Id all for | illati b [10] K. Liu, M. Digonnet, H. J. Shaw, B. J. Ainslie, and S. P. Craig, “10 mW
In various ratios could allow for laser oscillation on a number superfluorescent single-mode fiber source at 1060 tettron. Lett,

of wavelengths using a single rare earth ion transition in which  vol. 23, no. 24, pp. 1320-1, 1987.

the ion is situated in a number of quite different sites. [11] T. Miyazaki, Y. Karasawa, and M. Yoshida, “Neodymium-doped fiber
amplifier at 1.064um,” Electron. Lett, vol. 30, no. 25, pp. 2142-3,
1994.
V. CONCLUSION [12] H. Zellmer, U. Willamowski, A. Tunnermann, H. Welling, S. Unger,

. o V. Reichel, H.-R. Muller, T. Kirchhof, and P. Albers, “High-power
We have demonstrated the simultaneous oscillation at 1060 cw neodymium-doped fiber laser operating at 9.2 W with high beam

and 1090 nm from a diode-cladding-pump@dl®*+-doped quality,” Opt. Lett, vol. 20, no. 6, pp. 578-80, 1995.

. - . .. )}13] S. Sen, “Atomic environment of high-field strength Nd and Al cations as
multicomponent silica glass fiber laser. The slope efficienc dopants and major components in silicate glasses: A.Ndedge and

of the 1060- and 1090-nm emission was measured to be 39% Al K-edge X-ray absorption spectroscopic study,Non-Cryst. Solids

0 ; ; vol. 261, no. 1-3, pp. 226-36, 2000.
and 12%, respectively, with respect to the launched pum 4] R.J. Mears, L. Reekie, . B. Poole, and D. N. Payne, “Neodymium-

power and 42% and 13% with respect to the absorbed pump  goped silica single-mode fiber laser&lectron. Lett, vol. 21, no. 17,
power. For values of the launched pump power well above the  pp. 738-40, 1985.

; _ 15] D.S. Funk, J. W. Carlson, and J. G. Eden, “Room-temperature fluorozir-
threshold level, the power ratio of the 1060-nm output to the[ conate glass fiber laser in the violet (412 nmpt. Lett, vol. 20, pp.

1090-nm output was approximately 3.5:1 wHer= 35 m. On 1474-1476, 1995.
modulating the 805-nm pump light, there existed anti-phasél6] S.D. Jackson and P. H. Muir, “Theory and numerical simulation of nth-

dynamics between the 1060- and the 1090-nm emissions as a order cascaded raman fiber laseik,Opt. Soc. Amer. Brol. 18, no. 9,
pp. 1297-306, 2001.

result of the spectral overlap between the fluorescence arising7] p. Hudon and D. R. Bake, “The nature of phase separation in binary
from Nd®7 ions situated inA13T-rich sites and fromNd®t oxide melts and glasses. . silicate systendsXNon-Cryst. Solidsvol.
ions situated inGe**-rich sites. On passing the dual-wave- __ 303 0.3, pp. 299-345, 2002.

- . 18] J. Laegsgaard, “Theory @fl, O3 incorporation if5iO»,” Phys. Rev. B
length ~1um output from theNd**-doped silica fiber laser ' VoL 65 T 17, op. 74 1041116, 2002, 2 Y

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 (te-1W) between the }xm emissions because siyart D. Jackson received the B.Sc. degree in 1989 and the B.Sc. (Hons.)
of transference from the 1060-nm emission to the 1090-ndegree in 1990, both from the University of Newcastle, Newcastle, Australia,

emission as a result of SRS and the Ph.D. degree from the Centre for Lasers and Applications, Macquarie

’ University, Sydney, Australia, in 1996.
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