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Abstract. We analyze Raman lasing bandwidth for TiO,-doped single-mode fibre as
a function of pumping power, following from modelling of the gain profile, and
compare it with that typical for an etalon Raman (GeO,-doped) fibre. The both
Raman gain profiles are quantified using the spontaneous Raman cross-sections
derived with an original spectroscopic method. Extremely high accuracy of the
multimode Gaussian decomposition is obtained for the Raman gain profiles. As a
result, the Raman gain profiles can be presented in analytical form. A threshold
spectral Raman profile is introduced and the lasing bands in the both single-mode
fibres are simulated numerically. We discuss also the advantages of TiO,-doped
fibres as the active media for fibre Raman lasing and compare their characteristics
with those of the other fibre types.
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1. Introduction

Progress in the field of optical fibres is usually achieved in close collaboration of waveguide and
materials engineers [1]. While earlier efforts of developers have been mainly focused on the novel
waveguide designs, nowadays we witness a clear emphasis on the studies of fibre materials, in
particular, as active media for optical amplification [1, 2]. A continuous worldwide exponential
growth in the demands for optical fibre transmission is now satisfied by applications of fibre
Raman amplifiers. Indeed, the use of single ultra-long-span links as long as several hundred
kilometres is extended steadily. It is firmly confirmed [3] that ultra-long-span unrepeated systems
that employ distributed Raman amplifiers represent a simple and cost-effective solution that does
not require active in-line components. The transmission performance can be enhanced by
improvements in the design of fibre-optic core and material characteristics [4], including the fibres
with large effective-core area [5] and very low-loss fibres [6]. Simultaneously with application of
fibre Raman amplifiers, the propagation distance for unrepeatered systems is being extended, with
no discrete active devices. It is the ability to provide distributed amplification within the
transmission fibre [7] that represents the main advantage of Raman amplifiers over the other
optical amplifier types such as erbium-doped fibres or semiconductor optical amplifiers.
Distributed Raman amplification scheme has been used [8] to reach 10x116 Gb/s DP-QPSK
WDM data transmission on a distances up to 7915 km. Recently, the researchers have achieved
reliable transfer of optical data after 6000 km transmission with 9 Tb/s capacity, using the Raman
amplifiers [9].

Modern progress in the development of fibre lasers in terms of their working spectrum,
emitting linewidth, output power and pulse energy is essentially determined by special dopants
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incorporated in fibre core. The output power of fibre-optical sources based on both rare-earth-
doped fibres [10—12] and Raman lasers [13, 14] has been increased dramatically over the past
decade. In particular, a short piece (~ 30 m) of standard single-mode silica fibre has been used in
Ref. [15] in a fibre Raman laser (FRL).

Traditionally the FRL systems are produced using germano-silicate fibres as an active
medium for stimulated Raman light emission [16—18]. Their main advantage is higher Raman
scattering cross-section, when compared to the other silica fibres [19]. A GeO,-doped fibre has
been used both for the Raman amplification of optical signals and in the fibre lasers [20, 21]. A
high-power FRL has been demonstrated recently in Ref. [22], with the 1.28 kW ¢. w. output power
obtained using a piece of 70 m-long germanium-doped fibre. Furthermore, the GeO,-doped fibre is
a key element in highly efficient Raman wavelength converters from 1080 to 1120 nm. Earlier we
have presented [23] a detailed analysis of Raman lasing threshold and generation bandwidth for
the GeO,-doped single-mode fibre (SMF). Since the Raman properties of this fibre are well
studied, we use the GeO,-doped fibre as a Raman etalon in our studies of TiO,-doped fibre.

Notice that the Raman properties of the other fibre types and, in particular, of TiO,-doped
silica SMFs have not yet been studied sufficiently. In the present work, we apply an original
spectroscopic method to determine quantitatively the Raman properties of the GeO,- and TiO,-
doped SMFs. A primary aim of our study is to compare the Raman gain profiles for these fibres in
analytical form and obtain the lasing bandwidths for the TiO,/GeO,-doped silica fibres.

2. Modelling background and experimental data processing

The ranges of Stokes shifts found in the Raman spectra of the optical fibres based on amorphous
silica glass are extremely wide. They extend continuously and irregularly over more than 1000 cm™
' (i.e., 30 THz). The shift is formed by several unresolved phonon bands due to strongly
overlapping and widened spectral lines up to 100 cm ™' = 3.3 THz (see Fig. 1a and Fig. 1b). Thus,
high-quality amplification of optical signals can be made with the working frequency bandwidth of
at least 10 THz, using a stimulated Raman effect. Accordingly, ultra-wideband FRAs with very
low self-noises have already been implemented with pumping at several wavelengths.
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Fig. 1. Spontaneous Raman spectrum (a) and gain profile (b) for TiO,-doped fibre as compared with the
corresponding data for germanium-silicate single-mode fibre.
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On the other hand, a ‘diffuse’ nature of amplification spectra complicates significantly any
attempts to model the Raman gain profiles. This needs implementation of some special
spectroscopic techniques.

2.1. Theoretical basis for determination of Raman gain profile
It is well known [21] that the stimulated Raman scattering does not depend on temperature. Then
the Raman gain profile gp(w) is also temperature-independent. On the other hand, g (w) can be

expressed using the spontaneous Raman cross-section oy(w) determined at 7= 0 as

3
gr(w)=0y(0) —— (1)

where A, is the Stokes wavelength, ¢ the speed of light in vacuum, /4 the Planck constant, Aé’gi the

effective area of the region where the pumping and signal waves are overlapped, and 7, the
refractive index actual at the pumping wavelength.
The spontaneous cross-section of{w) at 7> 0 refers to a zero-temperature Raman cross-
section op(w) as
or(w)
ng(@,T)+1’

)

oy(@) =

where ng(w,T) =[exp(hw/ kgT)— 1]_1 is the Bose—Einstein factor and k the Boltzmann constant.

Fig. 1 shows the difference between the spontancous Stokes spectra (Fig. 1a) and the Raman
gain profiles (Fig. 1b) obtained at the room temperature for the GeO,-doped and TiO,-doped
single-mode silica fibres. All the spectra in Fig. 1 are normalized to the spontaneous Raman
spectrum for the GeO,-doped fibre, where the maximal Stokes intensity 7,,,.(GeO,) is observed at
the main peak located at 430 cm'. The Raman gain profiles are obtained with taking Egs. (1) and
(2) into account. They are shown in Fig. 1b with the relative intensity of TiO, spectrum fixed with
respect to the etalon Stokes spectrum of GeO,.

Note that essentially multimode spontaneous Raman spectrum is observed for the TiO,-
doped fibre, whereas its absolute intensity maximum 1,,(TiO,) is detected at the frequency
930 cm™'. Comparing the both spontaneous Stokes spectra, we have found directly the ratio
1,,05:(Ge0)/1,,,(TiO,) = 1.3042. Then the Raman gain profiles for the TiO,-doped fibre can be
quantified based on the known Raman gain data for TiO, [19] as a reference.

2.2. Analytic form of Raman gain profile
We have performed a standard decomposition into vibrational modes for a complicated Raman
spectrum in a manner different from the standard one. Namely, we have solved this problem in
order to represent the spectrum in analytical form [23]. This application of the decomposition
differs from its common purpose, interpretation of experimental Raman gain data and
classification of associated oscillators. In accordance with spectroscopic classification, each
phonon mode in the case of homogeneous broadening should be observed as a pure linear
oscillator (of a Lorentz type). Alternatively, it can be described with a Gauss lineform in the case
of nonuniform broadening. Since every vibration in the fused silica glass suffers extreme
broadening, our modelling has proved that the Gaussian decomposition results in essentially
higher accuracy, if compared with a common oscillator approximation.

Therefore all the Raman gain profiles in our work are decomposed with the Gaussian
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components as

N —m )2
gp(@) =>4, expl—%l, 3)

i=1 i

where N implies the number of Gaussian vibrational modes, @y; the central frequency for the i-th
mode, I'; = 0.6*FWHM,; the dumping constant, FWHM,; the full width at half maximum for the i-th
mode, and 4; the phonon amplitude.

To avoid well-known ambiguities in the interpretation of phonon spectra, we have performed
decomposition procedures for an arbitrary number of Gaussian components. Our principal aim has
been maximizing the fitting accuracy for all the experimental profiles. The main decomposition
results for the Raman gain profiles are presented in Table 1 and Table 2 respectively for the
reference GeO,-doped silica fibre and the TiO,-doped fibre. The fitting parameters 4;, ,; and I';
represent a complete set of parameters needed for representation of the Raman gain profiles in
analytical form using Eq. (3).

Table 1. Results of Gaussian decomposition of the Raman gain profile for GeO,-doped silica fibre
in the region 20-1200 cm™': 4; denote amplitudes, my; frequencies and I'; dumping constants.

Mode GeO,  rmar=06.3 (Whkm) "~
No A ;i [em™] I [cm]
G, 0.04 48 25
G, 0.09 89 53
G; 0.18 179 102
Gy 0.49 360 119
Gs 0.68 448 80
Gs 0.08 481 21
G, 0.25 573 43
G 0.21 670 71
Go 0.09 796 48
Gyo 0.04 996 175
Gy, 0.02 1133 81

* Data of the Raman gain peak value taken from Ref. [19]

Table 2. Results of Gaussian decomposition of the Raman gain profile for TiO,-doped silica fibre in
the region 201200 cm™": 4; denote amplitudes, v, frequencies and I'; dumping constants.

Mode TlOz ngax:4~8 (ka)*l "

No Ai ; [em™] I [em™']
Gy 0.11 67 38
G, 0.13 130 75
G; 0.53 381 215
Gy 0.09 418 56
Gs 0.07 493 14
G 0.03 599 16
G, 0.19 712 94
Gg 0.21 811 41
Gy 1.00 928 44
Gio 0.13 1097 26
Gy 0.17 1135 115
Gy, 0.02 1173 20

* Our estimation is referred to GeO, SMF (see Fig. 1b)
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Fig. 2. Multimode Gaussian decomposition for GeO,-
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Fig. 3. Multimode Gaussian decomposition for TiO,-
doped silica fibre. Panel (a) shows experimental
Raman gain profile (blue circles) and its fit (red solid
line) obtained with Eq.(3), and panel (b) displays
overall fitted spectrum (dotted line) and twelve
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Gaussian components (solid lines of different colours).

A degree of compliance between the experimental Raman gain profiles and their counterparts
calculated analytically can be seen from Fig. 2 for the reference GeO,-doped fibre. The same data

for the TiO,-doped silica fibre under test is depicted in Fig. 3.

2.3. Verification of Gaussian decomposition for silica fibres

It is generally accepted in practical spectroscopy that the decomposition procedure performed in
the case of strong overlapping of more than two vibrational modes cannot yield unambiguous
separation of individual spectral contours. As a consequence, one might have reckoned that the
sets of a dozen of Gaussian modes presented above cannot be considered as corresponding
univocally to some framework of real oscillators that form the stimulated Raman spectrum.
However, almost perfect coincidence of the calculated Raman gain profiles with the experimental
data points to a very high accuracy of our decomposition procedure.

To eclucidate further these points, we have analyzed the accuracy of the Gaussian
decomposition for our silica fibres in a more detail. The discrepancies of our analytical model
from the experimental data for GeO,- and TiO,-doped silica fibres are shown on a larger scale
respectively in Fig. 4 and Fig. 5. In particular, the upper panel of Fig. 4 demonstrates a perfect
coverage of the experimental Raman gain profile for the TiO,-doped fibre by its analytical form
given by Eq. (3). Here the eleven Gaussian modes are defined by the parameters gathered in
Table 1. We have picked out three different fragments of the Raman gain profile, which are
denoted as I, II and III, with the respective spectral regions 100-200 cm™ (3-6 THz), 400-500 cm !
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The results of modelling of the Raman gain profile for TiO,-doped silica fibre are similar
(see Fig. 5). Here we have marked out the following fragments: 200—-600 cm' (6-18 THz),
600—-1000 cm ™' (18-30 THz) and 1000-1300 cm™ (30-39 THz). Unlike the data for GeO,-doped
silica fibre, the spectrum of the TiO,-doped fibre can deviate slightly stronger (>2%) from
the model. Here the experimental Raman gain profile is fitted with the curve that involves
twelve Gaussians. Although we have been unable to remove the 2% experiment—theory
deviation observed for the Gaussian peak Go centred at 928 cm' (see Fig. 5b), such a
deviation value is less than the measurement accuracy. Of course, one could increase the
fitting accuracy and remove the 2.3% deviation near the minimum at 1010 cm™' (see Fig. 5¢)
via adding more Gaussian modes. However, we consider this complication of the model as
unjustified.

Summing up, the most interesting applied aspect of the Gaussian decomposition performed in
our work consists in the fact that the analytical function gp(®) is capable of extremely accurate

fit of the experimental Raman gain profiles. Of course, besides of the reasoning of maXimal
accuracy, the simplest sum in Eq. (3) with the least number of Gaussians is also preferable. Notice
also that only the parameters 4;, ®u;, and I'; with positive values have a strict physical meaning in
the g (w) formula (see Eq. (3)).

Therefore a computer procedure of nonlinear fitting has been used in our work and all the
above argumentations have been taken into account. The best match has been obtained using a
known Levenberg—Marquardt method, which represents a generalization of the common least-
squares method for searching a minimum of objective function. In particular, very good fitting
results have been obtained with a high-speed descent algorithm applied to the problem of quadratic
minimization. As a result, the sums given by Eq. (3) for the both fibre types can be considered as
practically exact analytical representations of the Raman gain profiles gp(w), since the

appropriate calculation errors turn out to be essentially less than the random deviations in the
experimental spectra.

Hence, one can directly determine the Raman gain profile while extracting the temperature-
independent part from the spontaneous Raman scattering spectrum measured experimentally.
Finally, an almost exact analytical form of the experimental Raman gain profile can result from a
proper utilization of multi-mode decomposition. The above results provide a reliable basis for
modelling of both FRLs and fibre Raman amplifiers.

3. Raman amplification threshold and absolute transparency of fibre

The physical meaning of Raman amplification threshold is achieving a state of complete optical
transparency of a fibre due to compensation of fibre losses by nonlinear gain through stimulated
Raman scattering. The threshold conditions may be derived directly from the well-known coupled-
wave equations (see, e.g., Ref. [23]).

3.1. Absolute transparency function

Lossless propagation of a Stokes wave along the z-direction in a fibre implies that the Stokes
intensity /; remains constant along the z-coordinate. Then the expression d/;/dz =0 would define
the condition for absolute transparency. Taking into account the condition d/,/dz =0 as a special
point in the coupled-wave equations [23], one can derive the absolute transparency function

P}t,h (o) in the following form:
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with o4 denoting the absorption coefficient. The transparency function P;,h (w) given by Eq. (4)

corresponds to the pumping power needed for achieving the lasing threshold as a function of
Stokes-shifted frequency . Usually it is assumed that the approximation o, = o, = o (with ¢, and
oy, being the absorption coefficients respectively at the Stokes and pumping wavelengths) works
well enough, whereas in practice the attenuations «’s do not change inside the whole band of
Stokes-shifted components, ~ 1000 cm'. Hence, after substituting the analytical form for the
Raman gain profile gp(w) given by Eq.(3) into Eq.(4), one can also obtain analytical

representation of the transparency function P;,h (w) . Neglecting the loss variations over the

transparency window near 1.55 um, we have assumed that the absorption constant ¢ is equal to
0.2 dB/km for the GeO,-doped fibre and 0.3 dB/km for the TiO,-doped fibre.
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Fig. 6. Threshold Raman spectral profiles as functions of light wavelength for GeO,-doped (blue, 4, = 1.45 pm)

and TiO,-doped (brown, 4, = 1.355 pm) silica SMFs. The whole lasing bands of GeO, and TiO,-doped fibres are
compared at P, =200 mW (i.e., 23 dBm).

To illustrate the potentials of application of the absolute transparency function P;,h (o), we

have compared the Raman gain bands in the GeO,- and TiO,-doped fibres at the pumping power
200 mW. Two pumping sources at A,=1.45um (for the case of GeO,-based SMF) and
A, = 1.355 pm (for the TiO,-based SMF) have been used in our simulations. The modelling results
obtained for the Raman gain bands in the both SMFs are shown in Fig. 6. The above pumping
parameters have been chosen to minimize the Raman threshold in the C-window (4 = 1.55 pum) for
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each of the SMF types. Simultaneously, TiO,-based SMF can be used for a number of lasers and to
carry signals at the wavelengths in the both C- and L-telecommunication windows.

3.2. Optical Raman amplification bandwidth and lasing band

Simulations of both the optical bandwidth and the lasing band for the Raman gain can be
essentially simplified if one uses the transparency function P}’,h (w) in its analytical form. In

contrast to the GeO,-doped SMF, the TiO,-doped fibre has two main minima of the pump power
(see Fig. 6). They correspond to the gain peaks located at 430 cm™ (13 THz) and 900 cm™
(27 THz) and associated with the Stokes-shifted frequencies.

The pumping parameters used to obtain the plots in Fig. 6 enable to reach a continuous
optical Raman amplification in the TiO,-doped SMF from 1.36 to 1.63 um. Its total bandwidth
amounts to ~36.5 THz when a single pump source is used. Such a Raman gain bandwidth is
almost doubled if compared with the case of singly pumped GeO,-doped SMF (21.4 THz).
Moreover, this fibre can be used to produce low-power signal-carrying lasers and generate
additional pumping sources for the fibre Raman amplifiers.

4. Conclusion

Summarizing, we have studied the Raman gain properties of the TiO,-doped single-mode fibres,
which can be applied in many photonic devices. The main Raman features of the TiO,-doped
SMFs have been compared with those peculiar for the most efficient (at the present time) active
medium for the FRLs. This is the medium based upon highly GeO,-doped Raman fibres. It is
shown that, besides of a slight increase in the lasing threshold, a monochromatic working regime
of TiO,-based FRLs can be implemented. Then we obtain almost twice as wider spectral region,
when compared with the lasing band typical for the GeO,-doped fibre. These facts are confirmed
by our modelling and numerical results. In particular, the continuous-lasing band for the TiO,-
doped single-mode fibres can be up to 270 nm at the relatively low pumping power (less than
200 mW). The Raman gain profile has been determined using the original spectroscopic method. It
works on a reliable basis of fundamental theory and employs the experimental Raman cross-
section of spontaneous scattering in the fibre under study. In the present work, we have used the
standard spectroscopic procedure of multimode decomposition exclusively for the practical
purpose of maximizing the accuracy of fit of the nonuniform Stokes continuum with the optimal
number of Gaussian components. It has enabled us to obtain the analytical forms that provide very
accurate fits of the experimental Raman gain profiles for the fibres under examination.
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Anomauin. Ha ocnosi modentoganns npo@inio niOCUieHHs NpoaHANi308aHO WUPUHY CMYy2U
NPONYCKAHHS PAMAHIBCHK020 nasepa 0 1e208ano2o TiO; 00HOMOO008020 BONOKHA SIK (DYHKYIIO
nomyocHocmi HazhimauuA. Bukowano  nopieHauHA 3 MunoguMuU NApamempamiu emanioHHO20
PAMAHi6CbK020 80J0KHA, Ne2oéarnozo GeQ;. Ob6uosa npodini pamaniecbko2o niOCuieHHst OYiHeHo
KIbKICHO HA OCHOBI CHOHMAHHUX DAMAHIECOKUX NePemunis, 00epICAHUX 3d OPUSIHATbHUM
CNEeKmpOCKONIYHUM MemoOoM. st npoinie pamaniécbk020 NIOCUNCHHST 00ePAHCAHO HAO36UYAIHO
BUCOKY MOYHICMb PO3KIAOAHHSA CNEKMPIE HA Tayco8ux Mo0. AK HAciOoK, npoghini pamaHiecbko2o
RIOCUNeHHSI MOJICHA NPeoCcmasumu 6 auauimuyHit gopmi. Beedeno nopozosuii cnekmpanbHull
PAMAHIECHKUTL NPOQine [ YUCEIbHO NPOMOOEIbOBAHO JA3ePHI cMyau 015 000X O0OHOMOOOBUX
6010Kk0H.  Ob2080openo nepesacu 60n0KOH, necosanux TiO, K akmueHux cepedoguwy Ol
DPAMAHIBCHKO20  GOJNOKOHHUX — 1A3€pie, a MAaKodC NOPIGHAHO IXHI XapaKkmepucmuxku 3
Xapakxmepucmuxkamu THUWUX munié 60J10KOH.
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