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Two kinds of Nb-doped silica fibers, an NbCls-doped fiber and an Nb,Os-doped fiber, are fabricated and char-
acterized in this Letter. First, the refractive index profiles of both fibers are obtained, and then their Raman
spectra are measured with 785 nm exciting light. The Nb-doped fibers’” Raman spectra are compared with a
conventional GeO,y-doped single-mode silica fiber that is prepared with the same method and under the same
conditions. As a result, the Raman gain coefficients of the Nb-doped silica fiber core are obtained. The exper-
imental results show that Nb,O5 doping can enhance the Raman scattering intensity of the optical fibers.
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Stimulated Raman scattering (SRS) is a very important
non-linear effect in optical fibers. In optical fiber commu-
nication, SRS can cause an energy transfer between adja-
cent channels, which limits the multichannel fiber optic
system’s performance. However, people still take advan-
tage of SRS in fibers, and its excellent performance can
be used in broadband Raman amplifiers, Raman fiber
lasers, and Raman fiber sensors2. In these applications,
we expect to have optical fibers that have a high Raman
gain but low loss to be applied as a Raman amplifying
medium. At present, researchers have studied many kinds
of Raman scattering-enhanced materials, which can be
made of new optical fibers, such as thallium-tellurium
oxide glass, a single-crystal sapphire fiber, and a Yb:YAG
crystal-derived optical fiber®?. Among the advanced
materials for Raman amplification, one of the most inter-
esting is oxide glass. This is because the optical properties
of oxide glasses can be easily modulated, acting on
both the chemical composition and the microstructure.
Thallium-tellurium oxide glasses and chalcogenide-based
glasses combine a large scattering intensity and band-
width, giving very high Raman gains as compared to pure
Si0,. AsySe; and AsyS3 glasses also attracted particular
interest, and researchers have studied many characteris-
tics of the glass and the fiber. It is known from the
spectra that spontaneous Raman scattering of these
glasses are much more intense than those of fused silica.
This property has stimulated interest in other Raman
gain media, and multiple glasses have been investigated,
usually after being drawn into fibers. Although the glasses
will ultimately be used in fiber form, the fabrication of
experimental fibers from new glasses is a complex and
time-consuming process. So their fabrication demands
particularly careful precautions, including a controlled
melting atmosphere. Thus, silicon dioxide-based glasses,
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due to their compatibility with existing optical fiber
technology and the low loss, are more attractive than
tellurite-like materials. In these works, NbyOs can be
found doped in tellurite classes and silicon dioxide-based
glasses, and it can enhance the Raman gain characteristic
of the glasses™2.

In this Letter, novel specialty fiber, Nb-doped silica
fibers were fabricated with the modified chemical vapor
deposition method. Meanwhile, a standard single-mode
optical fiber, which was a GeOy-doped silica fiber without
the Nb dopant, was also made as the contrast of the
Nb-doped fiber with the same technology. The Raman
spectra of the NbCls-doped fiber and the Nb,Os-doped
fiber were measured and compared with the standard
single-mode optical fiber.

We measured the refractive index profiles of the
NbCl;5-doped fiber and NbyO5-doped the fiber with fiber
index analyzer S14, and the results are shown in Figs. 1
and 2, respectively. The refractive index difference
between the fiber core and cladding of the NbCls-doped
fiber is about 0.0095. As for the Nb,Os-doped fiber, it
is a little higher, around 0.0135.

8 0.012 ——NbCl5-doped fiber
<

2 0.010
o

E

T

= 0.008
[}

°

£ 0.006
[]

2

T 0.004-
S

@

o 0.0024

0.000 T T T T T
-60 -40 -20 0 20 40 60

Diatance (pm)

Fig. 1. Refractive index profile of NbCls-doped fiber.
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Fig. 2. Refractive index profile of Nb,Os-doped fiber.

Optical amplification via SRS, called Raman amplifica-
tion, has the advantages of self-phase matching between
the pump and the signal, and a broad bandwidth or
high-speed response, compared with other non-linear
processes.

When a weak signal is launched with a stronger pump,
it will be amplified due to SRS. The amplification of the
signal is described through the following equations?:
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where c is the velocity of light, h is Planck’s constant, 44 is
the Stokes wavelength, n(v) is the refractive index, which
is frequency dependent, and K is the polarization factor,
which is 1 if the pump and signal waves are polarization
matched, or 2 if they are depolarized. The spontaneous
zero Kelvin Raman cross section oy(v) is defined as the
ratio of the radiated power at the Stokes wavelengths
to the pump power at temperature 0 K.

In the experiments, we measured the Raman spectra of
the NbCls-doped and Nb,Os-doped silica fiber preforms,
the Nby,Os-doped and Nb,Oj5-doped silica fibers, and the
contrast GeO,-doped silica fiber. The schematic of the ex-
periment is shown in Fig. 3. The system mainly includes a
785 nm laser, a Raman spectrometer, and a computer con-
trol system. Through a microscope, the 785 nm laser is
coupled into the fiber, and the spontaneous backward
Raman scattering light in the fiber is collected into the
spectrometer by the same microscope. The Raman spec-
trum reflects the molecular vibration mode, and the
Raman gain spectra of different wavelengths of exciting
light have no significant difference. But the Raman gain
spectrum measurement of the doped fiber is susceptible to
be interfered with by the fiber’s fluorescence characteris-
tic, so a 785 nm laser is used as the pump source in the
experiment, which could effectively avoid the interference
of the fluorescence effect in the fiber and ensures the
accuracy of the optical fiber’s Raman gain spectrum
measurements.

The Raman gain coefficient is an important parameter
in measuring the Raman gain properties of a material.
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Fig. 3. Raman spectrum measurement apparatus for Nb-doped
optical fiber.

Methods of measuring the Raman gain coefficient of
materials have been reported™. One method used to
obtain the Raman gain coefficient is based on the sponta-
neous Raman spectra. This method needs to measure the
spontaneous Raman scattering spectra of the test sample
and the standard sample (typically SiO,) under the same
conditions and then uses normalization to obtain the test
sample’s Raman gain coefficient.

With this method, we measured the Raman spectra of
the fiber preform slices’ cladding section (pure silica) and
the Nb-doped core under the same conditions, and then we
used normalization to obtain the Raman gain coefficient
of the Nb-doped silica core. The results are shown in Fig. 4.
The Raman gain coefficient of pure SiOy is 1.26 x
107" m/W at a frequency shift of 440 cm ™! for 785 nm ex-
citation. This value was obtained by simply scaling the ex-
perimental gain coefficient of silica for 532 nm pumping,
assuming 1/2,ump dependence™. It can be obtained from
Fig. 4 that the Raman gain coefficient of the silica core
doped with NbClj; is about 1.83 x 1073 m/W, and the
other one doped with NbyOj is 2.68 x 107 m/W at
440 cm~! for 785 nm pumping. Therefore, the Raman gain
coefficients of the silica cores doped with niobium and
germanium were significantly improved.

To better analyze the Nb-doped fiber’'s Raman gain
characteristics, the Raman spectra of the NbCls-doped
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Fig. 4. Raman gain coefficient of the Nb-doped silica core of the
fiber preform slice.
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fiber, NbyOs-doped fiber, and contrast GeOy-doped fiber
are all measured under the same conditions. In the experi-
ments, the length of the fibers under test is 10 m and the
power of the 785 nm exciting light is 15 mW. The mea-
sured Raman gain spectra of the NbCls-doped fiber and
standard fiber are shown in Fig. 5.

As can be seen from Fig. 5, the main Raman peaks of the
NbCls-doped silica fiber and the standard fiber are almost
at the same location. In the vicinity of the frequency shift
band at 445 cm ™! is symmetrical stretching of the bridg-
ing oxygens related to six membered SiO, rings: Si-O-Si.
The wave numbers of 491 and 605 cm ™! are also assigned
to the breathing motions of the bridging oxygens, and the
shift at 491 ecm™' is associated with 4 membered SiO,
rings, while 605 cm ™! is similar to 3 membered SiO, rings.
The asymmetric broadband at around 800 cm™! is the
TO/LO split bending modes. In the 1060 cm™! peak,
there is obvious asymmetrical stretching of bridging
oxygens. Although the two fibers have the same Raman
shifts, when their Raman intensities are compared, the
NbCls-doped fiber is higher than the single-mode fiber
at 445 cm~!. From the Raman gain spectrum in Fig. 5,
one can see that for the Raman gain intensity at the
Raman shift 960 cm ™!, the standard fiber is the same
as the NbCls-doped fiber. But for the silica fiber, we
are more concerned about the main Raman gain band
at 445 cm~!. Thus, in some applications, such as Raman
fiber amplifiers, when using an optical fiber as the Raman
gain medium, the same length of NbCls-doped specialty
fiber will have a higher Raman gain than an ordinary
single-mode silica fiber for the Raman fiber amplifier.

Figure 6 shows the results of the NbyOs-doped fiber
compared with the standard fiber. It indicates that the
Raman scattering intensity of the NbyOs-doped silica fiber
is significantly more enhanced than the standard fiber,
especially at the wavenumber 445 cm~!. Comparing the
measurement results shown in Figs. 5 and 6, it can be
found that the Raman peak intensity of the NbCl;-doped
fiber is approximately 1.5 times more than that of the
standard fiber at 445 cm™!, and the NbyOs-doped fiber
is about 3.5 times more than the standard fiber.

From the experimental results, it can be seen that the
Raman scattering intensities of both the NbCls-doped and
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Fig. 5. Raman spectra of NbCl;-doped optical fiber and conven-
tional GeO,-doped single-mode fiber.
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Fig. 6. Raman spectra of NbyO5-doped optical fiber and conven-
tional GeO,-doped single-mode fiber.

the Nby,Os-doped silica fibers are significantly enhanced
more than the ordinary single-mode silica fiber. In particu-
lar, for the NbyOs-doped silica fiber, the Raman scattering
intensity is about 3.5 times more than the standard single-
mode optical fiber. Different materials doped in the core of
a silica fiber will change the non-linear optical property of
the optical fiber. Because the molecular structure and
energy level structure of the fiber materials are different,
the Raman gain of the fiber may have a certain amount of
enhanced features.

In order to further analyze the contribution of the
NbCl; and Nby,O5 dopants to the Raman enhancement,
GeOy’s contribution needs to be excluded. Based on the
measured refractive index profile of the Nb-doped fibers
in Figs. 1 and 2, we can obtain the GeO,-doping concen-
tration of both fibers. The change in the Raman cross
section with GeO,-doping mol% (yceo,) in pure silica

has been summarized in¥:

00(XGe0,: V) = 0((Si09,v) + C(v) - xceo,, (3)

where 6(,(5i0,,v) and 6((yceo,, V), respectively, represent
the Raman cross sections of pure silica and GeO,y-doped
silica, normalized with respect to the peak Raman cross
section of pure silica, and C(v) is a linear regression factor
(¥ceo,) whose value at different frequency shifts v,

In the fiber core of the NbCly and Nb,Oj fibers, GeO,
and compounds containing niobium coexist. Then, the
Eq. (3) can be written as

00(XGeo, by V) = 0((S109, 1) + Ceo, (V) - Xceo,
+ Cxp () - b (4)

From the refractive index difference between Figs. 1
and 2, we obtained the mole percentage of GeO, in
NbCl; and NbyOs5 fibers as 7.49 and 9.21, respectively.
Then, Cgeo,(v) * XGeo, can be obtained for the NbCl;
and NbyOj fibers. By comparing these with the
experiment results in Fig. 4, the calculated results of
Cxp(v) + ynp are shown in Fig. 7.

Taking into account the experimental error, it can be
seen from Fig. 7 that the linear regression factor of
NbClj; is around zero. This means that the NbCl; dopant
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Fig. 7. Linear regression factor.

makes little contribution to the fiber’s Raman scattering
enhancement. But for Nby,O5, Cxy(v) - ynp is about 0.5
during the frequency shift from 350 to 470 cm™!. There-
fore, the Nby,Os dopant actually enhanced the Raman
scattering intensity of the fiber.

Nb-doped specialty fibers are prepared and investigated
with specific reference to the Raman gain spectrum.
A significant Raman gain enhancement with respect to
a standard single-mode optical fiber is demonstrated.
From the application point of view, the merits of our
results are related to the advantages of the investigated
Nb-doped optical silica fibers, which demand no challeng-
ing fabrication and are also compatible with the current
optical fiber technology. Additionally, NbyOs-doped opti-
cal silica fibers have a higher Raman gain than standard
single-mode fibers but have a lower loss than metal-oxide
glass optical fibers. This shows us that by selecting a
specific doping material such as NbyOy and using the
appropriate process incorporate it into a normal silica
fiber, it will be possible to obtain a specialty fiber
with Raman-enhancing properties, which is valuable for
future applications of non-linear optical devices.
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