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Abstract

We propose a three-layered W-type structure for laser fiber to facilitate the three-level radiative transition near 940
nm region of Nd ion, while suppressing the competing four-level transition near 1060 nm by introducing a novel highly
wavelength selective loss mechanism. In order to achieve a net gain around 940 nm, requirements in fiber waveguide
parameters for the LPy; mode cut-off and bending loss were theoretically investigated. The waveguide designs were
experimentally confirmed generating stable CW single mode output power of 705 mW.
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1. Introduction

Neodymium (Nd) ions have been well charac-
terized in varieties of silica glass fibers and they
provide competing radiative transitions in the near
IR range, one around 1060 nm from the four-level
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transitions, *Fs» — *I 1, and the other around
940 nm from the three-level 4F3/2 — 419/2. Espe-
cially the radiation near 920 nm has recently
drawn intense attentions for applications in
Raman fiber amplifier pumps for optical commu-
nications and high output blue laser by frequency
doubling for optical displays [1-3]. In Nd-doped
silica fibers, however, the 1060-nm transition dom-
inates in the net optical gain due to its four-level
natures [4-6]. The three-level system near 940
nm, *Fs» — %o, suffers from the ground state
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absorption (GSA) and requires higher pumping
power to support the population inversion. There-
fore, a novel optical mechanism is required to
selectively obtain the gain in the 940-nm region
while suppressing the competing 1060-nm radia-
tive transition. Recently, Nd-doped fiber laser at
938 nm with 11 W output has been reported using
a large core fiber [7] which had a certain ratio of
the fiber core to cladding for optimal operation.
However, this report lacked the beam quality due
to its multimode operation. Another technique
was attempted by adopting a Nd-doped W-type
fiber as an amplifier where 914-nm CW laser was
reported [8] and S-band erbium-doped fiber ampli-
fier was also adopted W-type fiber structure [9].
These prior works, however, have focused primar-
ily on the experimental observations yet detailed
analyses of waveguide designs for the laser cavity
fiber and parametric comparisons between theories
and experiments have been very rare until now.

Unlike conventional matched clad fibers,
W-type fiber has the fundamental LP;; mode
cut-off, A., and the signal whose wavelength is
longer than A, will leak out as a radiation mode
to result in a short wavelength pass filter character-
istic [10,11]. We will systematically apply this un-
ique short-pass filter property of the W-fiber in a
Nd-doped single mode silica fiber to effectively fil-
ter out the competing longer wavelength emission
in 1060 nm ultimately facilitating 940 nm lasing.
In this paper, we present detailed theoretical anal-
yses on W-type fiber designs to obtain the optimal
wavelength-selective transmission, high transpar-
ency in 940 nm and high attenuation in 1060 nm
region. Parametric studies on the impact of fiber
structural deviation over the location of the LPy;
mode cut-off wavelength and bending loss are
carried.

2. Fiber waveguide design

In Fig. 1, we present typical fluorescence spectra
of Nd ions in silica glass fibers and the schematic
for selective suppression of 1060 nm emission.
The emission spectra of Nd ions do depend on
glass hosts and as shown in Fig. 1(a), excited Nd

ions pumped by 808 nm laser generate two fluores-
cence bands one around 900-940 nm and the other
1090-1120 nm in Ge,O-SiO, glass. On the while,
the fluorescence of Nd ions in Al,O05-SiO, glass
shifts to a shorter wavelength around 880-900
and 1060-1090 nm [12,13]. Taking account of the
peaks around 900 and 1060 nm, suppression of
emission above 1060 nm as well as high transpar-
ency below 940 nm is critical to prevent population
inversion between *Fs/, and *I,), levels while pre-
serving the transition of *Fs, — *Ig» to achieve
laser acting in 900 nm region.

The proposed W-type fiber is illustrated in Fig.
1(b). The fiber is composed of three layers; Nd-
doped core, depressed inner-cladding and silica
cladding. Depressed index in the inner-cladding
is achieved by doping fluorine or boron in silica,
while the core index is raised by doping germa-
nium and/or aluminum along with Nd ions. The
main waveguide parameters are: (1) the refractive
indices of the core, inner-cladding, and cladding
denoted as n*, n~ and ny, respectively, (2) the core
radius, @, and the inner-cladding radius, b. Refrac-
tive index differences between each layers are also

denoted as An* = (n* — ng) and An~ = —(n" — ny).
These parameters define the LPy; mode cut-off
wavelength.

Due to the short-pass filter characteristics, a
Nd-doped W-fiber can be designed to induce
a large attenuation near 1060 nm while keeping a
high transparency in 940 nm region by locating
the LPy; mode cut-off below 1060 nm. See the
transmission curves in Fig. 1(b). For a given cut-
off A, in a fiber, we can furthermore fine-tune its
location by bending the fiber in a certain radius
of curvature. The bend will affect the effective in-
dex structure as shown in the bottom of Fig. 1(b)
and will induce a larger attenuation in the longer
wavelength to effectively shift 4, to a shorter wave-
length. We, therefore, propose a novel technique
to impose a highly selective attenuation in 1060
nm emission of Nd by designing a W-type wave-
guide with short-pass characteristics and wave-
length-selective bend-induced loss therein.

The longitudinal components of the electric
field in the LPy; mode in W-type fiber is given as
below [11], and the coefficients, 4; and subse-
quently the effective index of the mode can be com-
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Fig. 1. (a) Fluorescence spectra and the energy level diagram Nd>* ions in silica fibers and (b) structure of W-type fiber and schematics
of suppression of 1060 nm. (a) The solid line and dotted line curves represent the fluorescence spectra of Nd ions from Ge,O-SiO, and
Al,03-Si0, core fibers, respectively. It is noted that relative intensity near 940 nm increases in Ge,O-SiO, fiber [12,13]. (b) Waveguide
parameters of W-type fiber are shown in the inset figure on the left hand side along with the schematic of suppression of 1060 nm. Here
n*, n, no, a, and b are refractive index of core, depressed cladding, outer cladding, core radius, and depressed cladding radius,
respectively. The refractive index differences are expressed as An* = (n* — np) and An~ = —(n~ — ny). Firstly using the LPy, mode cut-
off, the 1060 nm signal is leaked out as a radiation mode then the wavelength selective bending loss, which effectively shifts the cut-off
from 2, to A, is furthermore applied to suppress emission near 1060 nm.

puted by solving vectorial Maxwell’s equations at
the boundaries

Aosa(u)
Al <W7 ’Z) + A>K, (W7 i)
A3Ko (w5)

E(r) =

where J, Iy and K are Bessel function of the first
kind, modified Bessel functions of the first kind
and the second kind, respectively. The normalized
propagation constants, u, w~ and w, are defined as
u=ai(kon™)’ = 312, wT=b{f — (kon )}
and w = b{B* — (kong)*} "%, respectively.

Here, we assumed the core index is raised by
germanium and the inner-cladding index is

for a < r < b in the inner — cladding,

depressed by boron. The material dispersion of
the doped layers was calculated using three term

for r < a in the core,

(1)

for » > b in the cladding,

Sellmeier equations for binary germanosilica glass
[14] and single Sellmeier oscillator expression for
B-doped silica [15]. The wavelength is scanned un-
til the effective index of the LP,;, matches the
refractive index of the silica cladding, at which
the mode cut-off, A, is evaluated. The routine is re-
peated for variation of fiber parameters to analyze
their impacts on the location of A.. When we
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varied one parameter in the analysis, all the rest of
waveguide parameters were kept unchanged. In
the calculation, the outer-cladding is assumed to
expand infinitely.

Macro bending loss also affects the output spec-
trum of a fiber and is described as below in the
LPy; mode [16,17]

. b\ ox 4 Ry w4
~ \16aRyw3 P 3a 1?

oo . 1 2 o0 1
X{/o {l—f}EFordr] //0 Fé;rdr

(2)
with refractive index profile function, f,
0, O<r<a,
f=35%2, a<r<b (3)
1 r>b

and with refractive index parameter, 4, is given by

i i) o

where Ry, is bending radius and Fj is the electric
field magnitude, which can be obtained from the
solution of Eq. (1).

Note that the bending loss does depend on
wavelength as in Eq. (2) inducing a higher loss at
a longer wavelength, which will corroborate W-
type fiber design to suppress 1060 nm emission
while keeping the high transparency at 940 nm.

In order to analyze the effects of waveguide
parameters and bending, we have designed W-type
fibers by solving Eq. (1) to have the LPy; cut-off
wavelengths, A., at an appropriate spectral posi-
tion below 1060 nm. The parameters given in

Table 1

Table 1 were determined by following procedure.
Firstly, we set An~ as 0.003, which is a typical va-
lue achieved by B doping in SiO, glass layer in
conventional fiber manufacturing process. In W-
type fibers, the ratio of refractive index contrast
between depressed inner-cladding and core,
An~/An", and the ratio of depressed cladding ra-
dius to core radius, b/a, are known to characterize
the performance [10,11] and An /An* =1 and
bla = 2.5 have shown a stable guiding performance
against variations in the cut-off wavelength [10].
Therefore, the An* was decided to be 1.4600 to
provide An~/An* = 1. Then, the radii of core and
depressed inner cladding were adjusted to satisfy
both bla=2.5 and A. <1060 nm. By the above
considerations in waveguide design, /. was located
at 1000 nm with 2.8 pm of core radius, ¢, and 7 pum
of depressed cladding radius, b, for stable guiding
performances at 940 nm and suppression of 1060
nm emission band.

3. Theoretical analysis
3.1. Impact of waveguide parameters

For the given W-fiber parameters in the first
row of Table 1, the impacts of the core parameters
such as n*, and a, over /. are analyzed and the re-
sults are summarized in Fig. 2. Considering con-
ventional fiber fabrication techniques the
variation ranges of the core parameters were cho-
sen. In the region of 1.4535<n*<1.4605 and
2.7<a<29, the A, was plotted in Fig. 2(a) and
(b), respectively. Note that the ranges correspond
to —0.034 < An*/n* <0.034%, and —3.47 < Aal
a < 3.47%. With regard to these variations in core

The parameters of calculated and fabricated Nd-doped W-type fibers for fiber lasers in 900 nm region (The parameters in fabrication

were obtained by experimental measurements)

Host glass of fiber core  n* n- a(um) b (um)  r(um) A in LPy mode (nm)
In calculation - 1.4600 1.4540 1.4570 2.80 7.00 - 1000
In fabrication Ge0,-Si0, 1.4605 1.4540 1.4570 2.90 8.28 40 1120

n*, refractive index of core; n~, refractive index of depressed inner cladding; and ny, refractive index of outer-cladding.
a, core radius; b, depressed cladding radius from the center; and ry, fiber radius.
/e, cut-off wavelength evaluated from the parameters shown in the table.
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Fig. 2. Dependence of the LPy; mode cut-off wavelengths, ., on the variation of (a) refractive index of core, An*/n* and (b) core
radius, Aa/a. Here for the negative An*/n* and Aala). decreases and its relative magnitude is plotted. The A is 1000 nm when An*/n*

and Aa/a = 0. The initial fiber parameters are given in Table 1.

parameters, A, significantly shifts in a linear man-
ner so that higher core index, positive An*/n",
and a larger core radius, positive Aa/a, shifted A,
to a longer wavelength. It is found that A, initially
set at 1000 nm by the waveguide parameters in Ta-
ble 1, increases to 1110 nm for 0.034% increment
in An*/n* and it decreases to 890 nm for 0.034%
reduction. The curves were linearly fitted to find
the slopes, (|ALJ/A)/(Ani/ny), to be 325.4. 1t is ob-
served that /. is more sensitive to the variation in
the core refractive index than core radius. Varia-
tion in Aa/a within 3.47% gave rise to change
of . from 970 to 1040 nm. The slope, (|AL/2)/
(Aala), was found to be —0.91 in the case of Aa/
a <0 and 1.09 for Aa/a > 0.

Similar to the core index, the ranges of
inner-cladding index variation were chosen as
—0.034 < An"/n~ <0.034%  corresponding to
+0.0005 variation of n~. The shift of A, is plotted
in Fig. 3(a). For the case of inner-cladding radius,
b, it varied up to 14 pm (100%) from 5.6 pm
(—20%) to investigate the behavior of A, for Ab/b
and the results are shown in Fig. 3(b). /. shifts to

longer wavelength with increasing An /n~ as in
Fig. 3(a) and shows a steeper increase in
An~/n~ >0 than in n /n~ <0. The linear fitting
produced 20 and 30 nm shift in A. for —0.0005
and +0.0005 deviation of n~, respectively. The
cut-off wavelength, /., monotonically decreases
step-wise for increasing Ab/b until Ab/b reaches
—5% from —20% of Ab/b. When the inner-cladding
further expanded more, /. stays at 1000 nm. It is
found that A, shows no shift in common fabrication
error range in inner cladding radius, Ab < 0.1 pm.

3.2. Wavelength selective macrobending loss and
effective cut-off

It is noteworthy to find the practical implica-
tions of shift range of /. for the fiber parameter
variations. For the core radius variation of
3.47%, or equivalently 0.1 pm deviation, A. was
found to shift up to 1040 nm. This spectral loca-
tion might not be far enough from the 1060 nm
emission band for it to be suppressed. Conse-
quently, Nd-doped W-fibers should require precise
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Fig. 3. Dependence of cut-off wavelengths, ., on the variation of (a) refractive index of depressed cladding, An/n—, and (b) depressed
cladding radius, Ab/b. (b) Here for the negative An"/n~ A. decreases and its relative magnitude is plotted. The A, is 1000 nm when
An~/n~ and Ab/b = 0. The initial fiber parameters are given in Table 1.

radius control within 0.1 um. For the core index
variation over 0.02%, or equivalently 0.0005 in
refractive index, . exceed 1060 nm, which will al-
low the guidance of 1060 nm emission. These
ranges of variations could be achieved only by
elaborated control even using the sate of art fabri-
cation facility. In order to circumvent these
demanding fabrication accuracies, we propose that
the wavelength dependent macro-bending loss be
induced on a W-type fiber to further fine-tune
the spectral position of A.. In this proposed tech-
nique, a W-type fiber with a longer cut-off, . as
is shown in Fig. 1(b), is fabricated with a less
demanding fabrication tolerance. Then the fiber
is wound with a certain radius of curvature to in-
duce bending loss that grows exponentially with
increasing wavelength [18], which will effectively
shift the cut-off to the appropriate A..

Bending losses at 940 and 1060 nm were calcu-
lated for the proposed W-fiber using Eq. (2) to
analyze the wavelength selectivity, and the results
are plotted in Fig. 4 as a function of An*/n*. Since
only the variation in n" resulted in /. shift beyond
1060 nm in the previous parametric studies, we will
confine our discussion on the core index variation.
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Fig. 4. Bending loss of W-type Nd-doped fiber as a function of
refractive index of core, An*/n". Under the lower horizontal line
at 1072 dB/m, the transparency in 900 nm region is maintained
while the wavelengths in 1060 nm region is suppressed above
the upper horizontal line at 20 dB/m with 10m long W-type
fibers.

In Fig. 4, when the allowed An*/n" is 0.034%, the
bending losses at 940 and 1060 nm with R =25
mm are 1072 and 2x10° dB/m, respectively.
Assuming that the fiber length of 10 m is wound
on a post of R=25 mm, the emission beyond
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1060 nm will be effectively suppressed by bending
loss over 2 x 107 dB while keeping a high transpar-
ency of 0.1 dB at 940 nm. Bending losses with
R =30 mm shows similar results such as 2 x 107°
dB at 940 nm and 6x 10> dB at 1060 nm with
10m long Nd-doped W-fiber. Therefore, the cut-
off shift induced by the fabrication inaccuracy of
0.0005 in refractive index of the core,
An*/n = 0.034%, can be compensated by bending
loss. Note that the fiber length of 10 m is arbitrary
but it is representing actual fiber length in rare
earth doped fiber lasers. Two horizontal dotted
lines are added on Fig. 4, which correspond to
the bending losses of 1072 and 20 dB/m. These will
serve as a guideline for 10~ dB loss in 900 nm re-
gion and 200 dB loss for 1060 nm band for 10 m
long fibers [9].

In order to further analyze the effect of bending
loss in the spectral domain, we calculated the
bending loss as a function of wavelength for vari-
ous bending radii as in Fig. 5. Here, we examined
specific case of An‘/n=0.034% with the cut-off
wavelength at 1110 nm. By applying bending to
this W-fiber of 10 m long, wavelength dependent
loss will result in effective shift of A. toward the
shorter wavelength as schematically illustrated in

0.30

Fig. 1(b). The cut-off wavelength has been deter-
mined at the point where the maximum transmit-
ted power drops by 2 dB [19]. Assuming 10 long
fiber, we drew 0.2 dB/m horizontal line in Fig.
5(a) to estimate the effective cut-offs for different
bending radii. In Fig. 5(a), the effective 1. moves
to 1060, 1015 and 958 nm for R = 35, 30, and 25
mm, respectively. However, the cut-off shift alone
is not enough to suppress the competing emission
at the longer wavelength and we need to confirm
more than 200 dB loss as recommended in [9]. In
Fig. 5(b), losses over 200 dB can be achieved in
10 m long W-fibers above 1077, 1040 and 990
nm for R =35, 30 and 25 mm, respectively. See
the intersection of the plot with the horizontal line
at 20 dB/m. These results clearly show that the
bending loss provides an effective post-fiber fabri-
cation technique to control the LPy; mode cut-off
wavelength of W-fiber, compensating fiber param-
eter deviations.

4. Experimental results and discussion

Nd-doped W-type fiber preform was fabricated
by conventional modified chemical vapor
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horizontal lines in (a) and (b) indicate the effective cut-off condition and the complete suppression in 1060 nm region with 10m fiber
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deposition (MCVD) process along with solution
doping techniques [20]. The composition of
Ge0O,-Si0, was chosen as core material to take
advantage of higher emission cross-section in 900
nm region compared to Al,053-SiO, [12,13]. The
concentration of Nd was 240 ppm distributed over
the whole core. The preform was prepared in D-
shape to enhance the overlap between Nd ions in
the core and pump guided along the cladding. Then
the fibers were drawn with 80 pm diameter. The de-
tailed parameters of fabricated Nd-doped W-fiber
are given in the second row of Table 1. The fiber
has its LPy; mode cut-off at 1120 nm due to fabrica-
tion error. However, the variations in core radius, «,
and core refractive index, n*, were kept within the
range discussed in the theoretical analyses.

The fiber laser setup is presented in Fig. 6. A
Fabry—Perot oscillator was formed by two
dichroic mirrors at the end of fiber along with
focusing optics. The laser performance was investi-
gated with bi-directional pumping at 808 nm with
the maximum coupled power of 4.5 and 3.5 W at
each end. The fiber was wound in an appropriate
bending radius to further suppress 1060 nm emis-
sion. One end of the fiber was angle-cleaved to pre-
vent fresnel reflection and the output laser
wavelength in 900 nm region was tuned by a bulk
grating at the angle-cleaved end of the fiber cavity.

In Fig. 7, we show the effect of bending in A,
shift in experiment. The straight fiber of 1.5 m
showed the LPy; mode cut-off beyond 1060 nm,
the solid line. By bending the fiber, however, the
effective the effective cut-off shits to a shorter
wavelength to result in high transparency below
940 nm and large attenuation beyond 1060 nm.
The effective A. shifted to a shorter wavelength
with reducing bending radius as predicted in theo-
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Fig. 7. Suppression of guidance above 1060 nm by bending.
Note that the absorption around 900 nm is the Ground State
Absorption (GSA) of Nd ions.

retical analysis. The results clearly manifest that
the laser acting in 900 nm region is obtainable by
our proposed scheme. The absorption peak
around 900 nm is caused by ground state absorp-
tion (GSA) subject to “Io, — *F3» of Nd**.

The typical spectrum of fiber laser operating
in 900 nm region is shown in solid line in Fig.
8 along with measured emission cross-section in
dotted line. Here, we bent the fiber in the radius
of 30 mm. The emission cross-section was ob-
tained from the side-measured fluorescence spec-
tra of a straight fiber using the relation by

[6,21,22],
PI()

N U0 R 5

% = Bnentt [1.(2) dJ ®)

where I, is fluorescence intensity in [W/m?], 7 is life
time, ~490 ps in our experiments, n is refractive
index of doped glass, and ¢ is the velocity of light.

Nd-doped W-type fiber

DM DM
2R
e N =)

1 Lens

Output in 900nm region

Lens I
W Bulk grating

Fig. 6. Fiber laser setup. DM: Dichroic mirror, LD: Laser diode, and R: Bending radius.
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In Fig. 8, we experimentally demonstrated that our
proposed highly wavelength selective loss mecha-
nism-W-type fiber along with macro-bending loss,
can effectively manipulate the net emission cross-
section of Nd ions to suppress lasing in 1060 nm
region obtaining CW laser action at 944 nm.

In Fig. 9, we obtained the slope efficiency of
12% with respect to the launched pump power at
944 nm with 57 m fiber length. The threshold
was around 2 W. The wavelength-tunability was
investigated and the fiber showed laser operating
in 932-953 nm with highest peak power of 705
mW at 944 nm for the available pumps. The out-
put beam was found to be in the single mode with
M?=1.14 [23].

5. Conclusions

Continuous wave oscillation at 944 nm was suc-
cessfully demonstrated from Nd-doped fiber by
implementing a novel highly wavelength selective
loss mechanism-the LPy; mode cut-off in W-type
fiber along with macro-bending loss. The wave-
length selectivity of the proposed structure has
been theoretically analyzed for variations in fiber
waveguide parameters. The shift in LPy; cut-off
wavelength significantly depends on the core
parameters, especially the core refractive index,
rather than inner-cladding parameters. Macro-
bending loss was found to be a useful post-fiber
technique to control the effective cut-off wave-
length. The theoretical analyses have been success-
fully confirmed by experiments in a fiber Fabry—
Perot cavity with Nd-doped W-type fiber along
with macro-bending to achieve CW oscillation at
944 nm suppressing 1060 nm emission.
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