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SPECTROSCOPIC FEATURES
OF RAMAN GAIN PROFILES IN SINGLE-MODE
FIBERS BASED ON SILICA GLASS

The spectroscopic analysis of the frequency distribution of the amplification of optical radia-
tion due to the Raman effect (Raman gain profile) in single-mode fibers based on silica glass
has been carried out in the region of Stokes frequency shifts from 0 to 1400 cm™*. The Ra-
man gain profiles are determined from the experimental spectra of spontaneous scattering for
widespread fibers, namely for pure SiO2, GeOz, P20s, and TiOz doped fibers. The analytic
expressions of the Raman gain profiles are given. They are obtained, by using the Gaussian
decomposition by means of 11-12 modes, and the experimental profile is approxzimated with an
accuracy of not less than 0.8%. The decomposition results are analyzed in terms of the fun-
damental oscillatory dynamics of molecular nanocomplexes in amorphous glass, as well as in
the application aspect of the modeling of photonics devices. Examples of the proposed method
applications are presented for the analysis of noise parameters of the fiber Raman amplifiers
and for the generation bandwidth in fiber Raman lasers.
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1. Introduction

Modern advances in the fiber lasers technology de-
monstrate the outstanding parameters such as the
spectral purity and generation line width, output
power, energy, and duration of ultrashort pulses [1].
They are primarily associated with the use of vari-
ous doping impurities to silica glass, from which the
most common fibers are made. Over the last decade,
the impressive achievements in increasing the output
power have been registered both for laser sources on
rare earth ions [2-4] and for non-inverse lasers based
on the effect of stimulated Raman scattering (SRS) of
light [5, 6]. For example, a fiber Raman laser (FRL)
at an arbitrary wavelength can be built, by using a
short (~30 m) sample of standard single-mode fiber
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made of silica glass [7]. However, the outstanding pa-
rameters of fiber lasers are realized, first of all, by
modifying the fiber core with appropriate impurities.

For quite a long time, germanosilicate fibers were
mainly used as the most efficient active medium for
FRLs [8-10]. Just in germanosilicate fibers, the Ra-
man cross-section of a core material is higher by more
than one order of magnitude compared with fibers
based on pure SiOs [11]. Thus, these fibers are suc-
cessfully used for both fiber Raman amplifiers (FRAs)
of optical signals and for FRLs [12, 13]. Recently [14],
an FRL with an output power of 188 kW with the use
of the 70-m-long germanium fiber was reported. A
high-efficiency Raman converter from 1080 nm to
1120 nm with a GeOs-doped fiber is a key element of
such laser with the output power as high as kilowatts.

A detailed analysis of the threshold conditions
and the working generation band of an FRL based
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Fig. 1. Near order in the formation of amorphous glass
from molecular nanocomplexes containing Si-O-Si and Si—O—
Ge bond types

on GeOs-doped single-mode fibers was presented in
[15]. In the present paper, we describe our calcula-
tion technique and give the numerical results of the
spectroscopic analysis of the Raman gain profile for
a number of other single-mode fibers based on silica
glass in the Stokes shift region from 0 to 1400 cm ™.

2. Theoretical Basics
of Spontaneous and Stimulated
Raman Scattering in Optical Fibers

Spontaneous Raman scattering (RS) occurs as a re-
sult of the interaction between the optical wave field
and vibrations of separate molecular nanocomplexes
in amorphous compounds, from which the optical
fiber core is made.

2.1. Oscillatory model
of Raman active vibrations of molecular
nanocomplexes in amorphous glass

The most common fiber (“pure” SiO; fiber) is made
of silica glass SiOs with small impurities of germa-
nium GeOQs into the fiber core to form a waveguide. It
should be noted that this is a standard fiber com-
monly referred to as a “pure” SiOs fiber, but it ac-
tually contains several volume percents of GeOs im-
purities inducing the formation of the region with in-
creased refractive index. A change in the refractive in-
dex of a single-mode fiber core relative to the cladding
makes up An ~ 1072, as a rule, and it directly de-
pends on the GeOy impurity concentration. At the
same time, a small amount of germanium impurities
makes it possible to attribute this most common type
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of fibers to pure SiOy (hereinafter, the quotes sym-
bols will be omitted). When the GeOg concentration
in the core is raised up to 25%, the observed Raman
gain coefficient is grown more than an order of magni-
tude in accordance with an increase in the stimulated
Raman cross-section in the spectrum of molecular os-
cillation modes nearby the 440-cm™! peak. Because
of a sharp increase in the Raman amplification, this
type of fibers is referred to a separate class called a
Raman fiber or GeOs-doped fiber, and it is used as a
working active medium for the vast majority of mod-
ern Raman lasers.

The glass of both fiber cores is rather complicated,
since it is formed by an amorphous compound from
molecular nanocomplexes containing Si—O-Si, Si—-O—
Ge (Fig. 1), and seldom Ge-O-Ge bonds. We con-
sider the elastic bond of an oxygen atom with two
adjacent silicon or germanium atoms in the modeling
of Raman processes. Since the oxygen atom is lighter
than other atoms, it is often assumed [11] that the vi-
brations of these atoms create a harmonic oscillators
system for the Raman process. Although the oscillat-
ing spectrum of molecular nanocomplexes is clearly
not limited to oscillations of only oxygen atoms, it is
efficient to quantitatively describe the features of the
Raman gain against the background of the sponta-
neous scattering, by using the model of one oscillat-
ing mode.

In the most probable process of inelastic scattering
of a photon of an optical radiation field on this oscil-
lation, the oscillator energy is increased. Simultane-
ously with a decrease in the incident photon energy,
the scattered light (Stokes wave) acquires a lower op-
tical frequency, and its frequency is shifted by the
phonon oscillation frequency of the mentioned molec-
ular nanocomplexes. The spontaneous Raman cross-
section does not depend on the intensity of excitation
radiation and differs from zero in the centrally sym-
metric glass only for non-polar oscillations.

The relaxation of the excited oscillator to the fu-
ture equilibrium position in irregular amorphous com-
pounds, such as glass, occurs very rapidly (on fem-
tosecond time intervals) through various interaction
processes with other oscillators. Therefore, the re-
newal of the equilibrium state of glass occurs almost
instantaneously. As a result, the spontaneous Raman
cross-section turns out to be temperature-dependent
due to the Bose factor of the phonon population on
oscillator’s energy levels.
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In the presence of a Stokes wave, which can be an
external optical signal, the stimulated Raman pro-
cess occurs. It becomes apparent in the exponential
growth of the Stokes wave power propagating through
the fiber. The conversion efficiency of the pumping
power into a Stokes wave due to the Raman ampli-
fication is proportional to the pumping wave inten-
sity. Therefore, in order to characterize the dynamics
of the Raman gain process, the gain coefficient of the
electromagnetic wave propagating in the fiber instead
of the scattering cross-section is introduced.

Within our work, we rely on results of the station-
ary Raman theory in fibers for the quantum and semi-
classical approaches. The Raman amplification pro-
cess is described by means of continuous waves for
both the pumping wave and signal wave. This ap-
proximation involving the rapid relaxation of fiber’s
phonon system is proved to be rightful for the exper-
imental data interpretation even for relatively short
pulses with subpicosecond duration and for signal fre-
quencies extending up to several dozen GHz.

2.2. Quantum dynamics of spontaneous
and stimulated light scattering on phonons

In terms of quantum dynamics, the elementary act of
Raman scattering consists in the that a photon with
angular frequency w,, is inelastically scattered on a
molecule, and two events can occur: i) Stokes and
ii) anti-Stokes processes. The Stokes process consists
in the birth of a phonon with angular frequency w, in
addition to a photon with a lower angular frequency
ws = wp — w,. In the case of anti-Stokes process, an
incident photon receives the phonon energy and, after
the scattering process, acquires a higher angular fre-
quency wgs = wp +w,. These events may occur spon-
taneously or be stimulated by photons at the Stokes
or anti-Stokes frequencies.

Based on the quantum approach, the dynamic
equation for a change in the number of photons ng
with the frequency ws in the process of inelastic light
scattering (spontaneous + stimulated) depending on
the photon propagation z—distance along the fiber
was obtained [16] in the first-order perturbation the-
ory in the form

dng
dz

where n, is the number of pumping photons, n, is
the number of phonons of molecular oscillations of

=A [nsnp — NNy + (nv + 1)np]7 (1)
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a fiber core. Due to the fast relaxation of molecu-
lar oscillations, we can assume that n, is maintained
under conditions of thermodynamic equilibrium, i.e.,
the population n,, is determined by the Bose—Einstein
distribution:

Ny = [exp(hw, /kpT) — 1]71, (2)

where i = h/27 is the Planck constant, kg is the
Boltzmann constant, 7' is the absolute temperature,
and the coefficient A in Eq. (1) has the form
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where da/0q is the differential polarizability of a
molecule determined by a derivative of the polariz-
ability a with respect to the displacement coordinate
q, m is the effective mass associated with a vibration,
N is the number of oscillators in the interaction vol-
ume V, €, and ¢, are the dielectric permittivities for
Stokes and pumping waves, correspondingly, they are
given in scalar approximation; v = ¢/y/es/eq is the
phase velocity of a Stokes wave, c is the light velocity
in vacuum, ¢q is the dielectric constant, and p(fuwy)
is the density of final states, in which the system may
find itself after the scattering. The density involves
the sum of contributions from all possible final states.
The density of states p(hwy) is a parameter of quan-
tum theory. It is difficult to calculate the density of
states directly, especially in the case of the irregular
medium of an amorphous fiber core, since it requires
the determination of all electron-vibrational energy
levels of each molecule. In addition, this density de-
pends on the phonon damping, which returns the sys-
tem from the final state to the initial one through
molecular transitions. There are many processes that
return the system to a state of thermal equilibrium.
Despite the difficulties associated with the exact
solution of the quantum equation (1), we can make a
number of important conclusions regarding the phys-
ical features of the Raman amplification of a Stokes
photon against the background of spontaneous Ra-
man scattering as the main source of Stokes noise
in the processes of nonlinear Raman amplification of
optical radiation. The first positive term n4n, in the
square brackets on the right-hand side of Eq. (1) is
responsible for the exponential growth of Stokes pho-
tons due to the stimulated Raman effect in the pro-
cess of propagation of photons along the z-direction
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of the fiber. The second term, —ngn,, describes the
own attenuation of Stokes photons. Finally, the third
term, (n, + 1)n,, describes the spontaneous Raman
scattering, since with a given pumping, n, = const,
the number of Stokes photons does not change at any
fixed length [ of the fiber. For the next data analy-
sis, it is necessary to specify two differences between
the processes of spontaneous and stimulated Raman
scatterings.

First, the stimulated radiation intensity does not
depend on the temperature in contrast to the spon-
taneous radiation, for which the factor n, + 1 has es-
sential temperature dependence in accordance with
Eq. (2). Second, the occurrence of the stimulated
Raman scattering has a threshold nature. Let the
number of pumping photons, n, <« n,, be small.
Then the stimulated Raman scattering can be ne-
glected. According to (1), dns/dz < 0, i.e., Stokes
photons are absorbed during the propagation pro-
cess. The attenuation of Stokes waves stops at n, =
= n,. Therefore, the stimulated Raman scattering
will be noticeable over the spontaneous Stokes noise
background at n, > n,.

2.3. Classical electrodynamics of light
scattering processes in single-mode fibers

According to classical calculations, whose results are
given in this subsection, the Lorentz-type form of a
Raman line appears quite naturally. Therefore, clas-
sical electrodynamics under conditions of the homo-
geneous broadening of vibrational energy levels in a
system containing N oscillators actually substanti-
ates the use of a Lorentz lineform for the quantum
mechanical value p(fiwy). Moreover, in amorphous
fibers, where the orientation of a molecular nanocom-
plex relative to neighbor’s environment is wholly ran-
dom, the broadening of an oscillatory level becomes
heterogeneous, and the oscillatory level can acquire
the Gaussian form.

In order to describe the Raman scattering in an op-
tical fiber in terms of classical electrodynamics, the
analysis is advisable to limit by the one-mode field
scattering. The full electric field in the case of Ra-
man gain should be considered as the sum of two
monochromatic waves, one at the pump frequency
wp, and the other at the scattered wave frequency
ws, which coincides, under the amplification, with
the signal frequency. Next, the corresponding indices
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s and p are used to indicate the signal and pumping
waves. If we restrict ourselves to the most common
types of fibers in our consideration, namely, to those
with weak waveguide properties, then it is possible to
divide the electric field into the transverse part R (r),
(where i = s,p, and r = \/22 + y?) and the function
of z: E;(z). Then the full electric field takes the form

E = e?EP(2)RP(r) exp{i(Bpz — wpt)} +
+e’E°(2)R°(r) exp{i(Bsz — wst)} + c.c., (3)

where e’ is a unit polarization vector, and j; is
the propagation constant. It is determined, by solv-
ing the eigenvalue problem of a waveguide [VZ +
+ (gi/e0)(W?/c*)|R" = BZR', where V7 is the two-di-
mensional Laplace operator. The abbreviation c.c. in
Eq. (3) denotes a complex conjugation of the previous
expression.

The polarization induced by the electric field is
equal to the density of dipole moments and has the
form

08
Py = PE 4 PNE = g0, + nO?q]ZQkEj =
8041"

0
= F;
oy j + aqk

where ng = N/V is the concentration of molecules,
the vector q describes a displacement of the oscillat-
ing mass in a molecule from the equilibrium position,
o = no&;; is the macroscopic polarizability of the
scattering medium, which is the sum of all dielectric
susceptibilities §;; of individual molecules in the unit
volume, and the sum by repeated indices is implic-
itly assumed in Eq. (4) and so forth. The first term
on the right-hand side describes the Rayleigh scatter-
ing, the second term describes the Raman scattering,
and the tensor a;ji, = Jwyj/0q; is the Raman ten-
sor. In terms related to the description of non-linear
optical phenomena, Pl = XE;)EJ' and X,(;') = a?j. In
the case of isotropic core of an optical fiber, as well
as for other media with an inversion center, we have
Xg,)c = (. Therefore, at the description of the stim-
ulated Raman process in fibers, the nonlinear polar-
ization should have the form

PNL = cox\%) B ELEy. (5)

The relationship between the nonlinear suscepti-
bility of the third order Xg?,)cl and the Raman tensor
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a; i = Oay; /Oqi, may be installed as follows. The vec-
tor q depends on E in the form (3) for the case of
stimulated Raman effect. The synchronous external
force F is created by a corresponding combination of
pumping fields and the Stokes wave, and the resonant
behavior of this oscillation is excited. This vector q
is described by the equation of a forced harmonic os-
cillator

d*q dq F

a T 2 at + oa = m’ (6)
where I is the damping constant, and €2, is the self-
resonant frequency of a harmonic oscillator without
attenuation, m is the effective mass of the oscilla-
tion. Note that the homogeneous equation in (6), as is
known [17], must have quasiperiodic solutions only in
the case of weakly damped oscillations I' < €, and
its resonance frequency is equal to Q, = /Q2, —I'?,
i.e. it decreases under the attenuation influence. To
solve Eq. (6), the shift q is expressed as

q = Qe'Poz=wet) 4 e (7)

where (3, and w, are, respectively, the wave number
and the current frequency of forced oscillations of the
damped phonon mode. As the Raman active vibra-
tion is dipole-inactive in the case of isotropic medium
of the fiber core, the components of the external force
vector F should have the form [16]:

1 0a;
2 Aqy

F = E;E;. (8)

The resonance of stimulated oscillations for the
fields in the form (3) will be realized to obey the syn-
chronization conditions as a result of the energy and
momentum conservation laws:

Wp = Ws + Wy,

Bp = Bs +Bv~

Leaving only the synchronous components for the
force in (8) in the product of fields as in (3), we obtain

(9)

aakl

Oqn
= Fye'Boz=wol) 4 ¢,

1
_ ng(Rs) EP(ES)* i(Byz—wyt) +ce =
(10)
which allows us to write solution (6) in the form

1
(Q2 — w?2) — (2iw,T)
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Q_i

+c.c. (11)

The induced polarization at the frequency w, may
be expressed from Egs. (3) and (4) in two equiva-
lent forms as the amplitude at the oscillatory term
exp{i(Bsz — wst)} in the form

N RRP
L 2mV (92 — w2) + (2iw,y)
60[@' 8%1 -
EP) EFE?| =
. [5% (8% k)
— p12ps | (3) o/ P s
= 6eo|RP|°R XijmEj (&L V'E;

(12)

with the complex conjugation at the frequency —ws.
Thus, the expression for the susceptibility tensor of
the third-order x(3) is:

Xijht 12megV (2 — w2) + (2iw,I)

(“)aij ((%zkl)
) 13
Z 9qn \ Oqn ( )
or
3 bijki _
ik = (2 - w2)]+ Qi) ~ Dk @), (14)
where the tensor components are
N 0w aakl -
bisw = 8 . 15
1= s = (5 (15)

They do not depend on the Stokes shift frequency wy,,
as distinct from the complex function ¢(w, ) describ-
ing the resonant behavior of the third-order suscep-
tibility x(®) near own frequencies €, of a molecule
oscillations.

Thus, Eq. (12) gives the quantitative expression of
the nonlinear relationship between the Stokes wave
and the pumping wave, when they are simultaneously
propagating along the z-direction of the fiber. Then
the amplitude of the Stokes electric field E = E* =
=e*E*(2)R*(r) exp{i(Bsz —wst)} will be slowly
changing in the z—direction due to the smallness of

components X( )

i and o = Oayj/0qy. That is why
the term 82E5/822 may be neglected, and the wave
equation for the amplitudes of each Stokes component

of scattered waves may be written as

aE’Ls 3 S S S
= iR |Rp| [ngszp(Ep) Ez]-

0z 2B, (16)
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Fig. 2. Normalized form-factors for Raman gain profiles:

Gaussian profile (continuous line) and profile of a damped os-
cillator (dotted line) for '/, = 0.05 and T'/Q, = 0.1

In practice, the most important is the dynamic
equation for the power P* = 2eqn,c [, |E5Ep|2dA,
where A is the cross-section area of a fiber. It can be
obtained directly from (16) in the form [10]

dPs®
dz

:’}/RPSZQRPPPS. (17)

This expression describes the exponential Raman am-
plification of a Stokes wave in single-mode fibers.

2.4. Spectral Raman gain profile

The gain coefficient of the Stokes wave power vr oc-
curs to be directly proportional to the pumping power
Yr = grPP, whereas the gain coefficient gr depends
only on the fiber parameters in the form

3 3
3w? 1 Im [Xz('z'z‘)z‘ + X5]31:|

- g )
gonpc3fBs ALg 2

9gR = (18)

where A; is the effective area of the overlap of the

pumping and the signal waves
2 2

ps __ fA ‘RP| dAfA ‘RS‘ dA

= 19
eff fA|Rp|2|RS|2dA ( )

The Raman gain coefficient g is a function of the
Stokes shift frequency w,. If we assume that the Ra-
man tensor components are real numbers oz, = a;‘j >
then, according to (14) and (18), this dependence can
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be represented explicitly as

4?12

(92 — w2)? + 4w2l2

gR(wv) = gR max =J9Rr max@(wv)

(20)

The function gr(w,) is called the Raman gain pro-
file. Profile (20) has a resonant dependence of the
damped oscillator (Lorentz type), since it is ob-
tained in the one-oscillator model of an individual
molecule. All oscillatory energy levels in the ensem-
ble of oscillators are expanded, and the form-factor
©(wy) may remain as (20) in the case of homogeneous
broadening. With the random distribution of molec-
ular movement orientations relative to the surround-
ings, the broadening of vibrational levels becomes
heterogeneous. The form-factor ¢(w,) takes the form
_ (92, — oJv)2‘|

2

p(wy) = exp (21)

and belongs the Gaussian type. Both profiles (20) and
(21) are presented in Fig. 2 for two values of rela-
tive phonon’s damping, namely for I'/§2, = 0.05 and
0.1. The broadening is mostly heterogeneous in such
amorphous materials as glass. Below, we continue to
use the Gaussian components (21) in order to decom-
pose the complex Raman spectra in optical fibers.

2.5. Raman gain features
and its relation to the spontaneous scattering

In fact, the difference between the Raman spectrum
and the frequency Raman gain profile in single-mode
silica fibers was found by the analysis of the quantum
dynamic equation (1). Since the energy of n photons
with frequency w in its numerical expression is equal
to the spectral power density, the number n actu-
ally determines the monochromatic radiation power
in the unit frequency interval around w. Due to the
quantum approach, the monochromatic power is in-
terpreted as the number of photons in one longitudi-
nal mode of optical radiation. This allows us to con-
nect the Raman gain profile to the spontaneous Ra-
man cross-section based on the dynamics of Stokes
and pumping photons.

First of all, the absence of the temperature depen-
dence of the Raman amplification makes the connec-
tion of the frequency profile gr(w,) with the sponta-
neous cross-section such that the cross-section og(w)
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at the zero temperature corresponds to the Raman
gain value [18,19]. So, gr(w,) takes the form
)\3
Wy) = 00(Wy) 5555 22
gR( v) 0( U)CQhASEfn%7 ( )
where )\ is the Stokes wavelength, c is the speed of
light, h is Planck’s constant, and the weak frequency
dependence of the refractive index n,, in the frequency
region of the Stokes shift can be neglected. The Ra-
man cross-section o (w,) measured at a temperature
T is referred to a zero-Kelvin cross-section og(w,) as

JO(Wv) = UT(WU)/[TLB(WW»T) + 1]3 (23)

where ng(w,,T) is the Bose—Einstein factor (2).

Another difference between the stimulated and
spontaneous Raman processes is the amplification
of a coherent Stokes wave during the stimulated
Raman process, whereas the entire Stokes shift re-
gion corresponds to the incoherent optical noise as
the spontaneous process. Experimental studies of the
noise statistics of the amplified spontaneous emission
(ASE) were carried out in [20] and confirmed the
Bose-Einstein distribution for the noise appeared as
ASE in the fiber Raman amplifiers.

Figure 3 shows the scattering cross-section o (w,)
in the spontaneous Raman spectra as a function of
the temperature T, where the experimentally mea-
sured Raman gain profile is selected for the zero-
Kelvin cross-section og(w,) in the most conventional
fiber based on pure silica SiO5. Some idealization of
the picture in Fig. 3 consists in the fact that the ba-
sic profile obtained for T = 300 K was considered
unchanged over the whole temperatures range from
77 K to 500 K.

In practice, the description is complicated by the
fact that noticeable changes in the profile can occur
both due to a change in the damping constant I" and
a shift of the resonant frequencies 2, of a damped
oscillator of molecules in the fiber core. As a result
of a great decrease in the temperature, the damp-
ing I' decreases, as a rule, by several times as well,
which leads to the greater separation of individual
phonon modes of the oscillatory spectrum. According
to (6), the frequency shift Q, = 1/Q3, — I'> with re-
spect to the own frequency of a non-damped oscil-
lator g, will be negligible with I" < g,,. However,
the shift will be noticeable for highly damped low-
frequency oscillations. For I" > g,, the oscillation
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Fig. 3. Cross-section in the spontaneous Raman spectra as a
function of the temperature and the Raman gain profile corre-
sponding to the zero-Kelvin cross-section og(ws)

completely disappears from the phonon spectrum. At
the same time, the difference between the spectra of
the Raman scattering and the Raman amplification
shown in Fig. 3 is observed experimentally at least in
a certain proximity to room temperatures (it was ob-
served in our investigations as well), when the pump-
ing power does not exceed several hundred mW. Note
that such pumping regimes for the single-mode fiber
are nominal for optical FRA, and they are close to
the lasing threshold in FRL.

According to (22), (23), and the data shown in
Fig. 3, the significant difference between the sponta-
neous Raman spectra and the Raman gain profile in
pure SiOs fibers, in particular at T = 300 K, should
be observed only in the frequency range of the Stokes
shift less than 500 cm™!, where the thermal popu-
lation factor of phonons is considerably greater than
1. The thermal population factor for Stokes phonons
in the higher-frequency region (>500 cm™1!) loses its
frequency dependence and does not differ practically
from 1. Therefore, the spontaneous Raman spectrum
coincides with the Raman gain profile.

Thus, the multiple growth of the cross-section
or(wy) for Stokes shifts less than 200 cm ™! relative
to the Raman gain allows one to even visually de-
tect the spontaneous Raman scattering, i.e. the in-
coherent Stokes noise in the optical spectrum of a
silica fiber. On the other hand, this feature of the Ra-
man processes was considered by us as the basis for
the method to determine Raman gain profiles by the
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spontaneous Raman spectra in other types of fibers
mainly based on silica glass.

2.6. Absolute transparency
and the lasing threshold due
to a Raman gain in optical fibers

To determine the Raman gain threshold, it is suf-
ficient to consider the simplest case of the inter-
action between one pumping wave and one Stokes
wave. Then the intensities of both waves in the quasi-
continuous approximation with regard for the slowly
changing wave amplitudes during their propagation
along the fiber (z coordinate) are described by the
system of two coupled equations:

% = Gr(wo) () Lo(z,ws) — as Ly (2, ws), (24)
dzpiiZ) = %gR(wv)Ip(Z)Is(zaws) —aply(2), (25)

where s and ), take the fiber losses at the Stokes
and pumping frequencies into account, respectively;
Gr(wy) is the Raman gain coefficient, I, is the pump
intensity, and I is the Stokes wave intensity.

Equations (24) and (25) follow from the Maxwell
equations and are derived analogously to Eq. (17). Tt
should be noted that the variable frequency w of both
interacting waves is included in Egs. (24) and (25) as
a parameter. For the frequency dependences of the
variable functions and coefficients in these equations,
we apply the following approximations. The width of
the pumping line can be considered infinitely nar-
row compared to the Stokes radiation band. In other
words, the pump remains localized at its frequency
wp, and Ip(z, w) = Iy(z, w)\w:wp = I,(2) and does
not depend on the frequency at any point z along
the fiber. In fact, the system of equations (24), (25)
describes the Raman interaction of monochromatic
pumping waves and Stokes radiation.

Naturally, the wave coupling degree at any given
frequency w within the irregular continuum of Stokes
shifted frequencies is unambiguously determined by
the values of the functions gr(w) = grmax®(W)|,—,,,
considering the attenuation of both waves. It is deter-
mined by absorption coefficients a; , = a; p(w). The
function gg(w) is shown in Fig. 3 at T=0 for a
single-mode pure SiOs fiber, and it is a subject of
the separate research in our work for other types
of a fiber. The dependence aj,(w), as a rule, is
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rather weak. From this viewpoint, we consider the
absorption coefficients o, and o, to be constant and
frequency-independent in Egs. (24) and (25).

From Eq. (24), the condition of absolute trans-
parency of the fiber is directly resulted. Its physical
sense corresponds to the lasing threshold of the Ra-
man gain process. Since the pumping power P,(w)
may be expressed in terms of the pump intensity
I,(w) and the fiber effective area Aeg, the equality
dIs/dz = 0 in view of the inequality dPs(w)/dz > 0
gives the following quantitative expression [15]

Pth o asAeH o Qg
p - = - 9
gr(w) gr(w)

(26)

where gr [m/W] and gr[W -km|~! are two equiva-
lent forms of the Raman gain coefficients referred to
the intensity I, and the power P,, respectively. Ex-
pression (26) determines the spectral function of the
full transparency of a fiber, i.e. Pi" = P (w) cor-
responds to the boundary condition when the mate-
rial of the fiber core begins its transformation from
the natural state with the Stokes wave attenuation
to a state, in which the Stokes wave is amplified by
the pumping power. For szh, its minimum value at
9IR(Wmax) = gRmax is usually chosen. The advantages
of such definition of the amplification threshold are
as follows.

Let the pumping power P, be known at a certain
point z of the fiber obtained as a result of the mea-
surements or calculations. Then the direct verifica-
tion of the inequality P, > (<) P" with the known
constant « and function gr(w) allow us to deter-
mine not only the frequencies, for which the condi-
tion of full transparency of the fiber is fulfilled, but
also the amplification (generation) band that lies be-
tween them. A particular example of this modeling
for a TiOz-doped fiber is given in Section 3.

Thus, using Eq. (26) and available experimental
data for the Raman gain profile gr(w), we can di-
rectly calculate the lasing threshold as a function of
the frequency (or wavelength) in the region of Stokes
shifted frequencies for an arbitrary wavelength of the
pumping source. According to (20) and (21), the gain
profile gr(w) of a particular oscillatory mode may
be described by simple lineform functions, namely
those of the oscillatory (Lorentz) type and/or Gaus-
sian type. However, real fibers have such complex
gain profile that the satisfactory shape of the function
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gr(w) may be obtained by a special modeling. The
multimode decomposition model of the Raman gain
profile and the results of its application with the use
of Gaussian-type components for a number of fibers
are presented in the next section.

3. Raman Gain in Single-Mode
Fibers Based on Fused Silica

Our analysis of Raman gain profiles is based on the
experimental spectra of spontaneous Raman scatter-
ing. A general view of the Raman spectra is shown in
Fig. 4, a for single-mode fibers with different dopants
in the core, namely for pure SiOs fibers and for GeO,-
and for TiOs-doped ones, as well as for phosphorus-
silicate fibers (with P5Os impurities). The Raman
spectra in all optical fibers based on silica glass are
characterized by the appearance of an irregular con-
tinuum, which is formed due to the overlapping of
strongly extended modes of the oscillating spectrum.

Because of the large difference in the scattering
cross-sections, the spectrum of pure SiOs in Fig. 4 is
depicted for the convenience of comparison with other
fiber spectra, in particular with that of a GeOs-doped
fiber, on a scale increased by ~8 times. Both types
of silica fibers are the most investigated, and their
Raman gain coefficients are well known. So, they are
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used in our work to calibrate the absolute gain values
in other types of silica fibers.

Other fiber types (TiO2- and P2Os-doped fibers)
are developed more later; they have good perspectives
as an active medium for the nonlinear optical ampli-
fication, but they have been significantly less stud-
ied. The advantages of phosphorus-silicate fibers were
demonstrated in [8] as an example of the cascade FRL
generation, by using a Stokes shift of 1330 cm~! in the
molecular vibration spectrum of this fiber core. The
field of applicability of these fibers can be expanded,
by using of the entire area of Stokes shifts, in particu-
lar, the frequency range ~500-1400 cm™!. In this pa-
per, we analyze comprehensively the Raman gain pro-
files for these single-mode fibers in a wide frequency
range of Stokes shifts.

The preliminary theoretical analysis of the Raman
scattering processes forms the basis for the direct de-
termination of a Raman gain profile from the exper-
imental Raman spectrum as its part that does not
depend on the temperature. Then we use the spec-
troscopic technique for determining the Raman gain
profile in an analytic form, and it is based on the mul-
timode decomposition of the complex spectrum in a
definite region of Stokes shift frequencies.

Note that the amorphous nature of silica glass
significantly complicates the solution of such rather
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standard spectroscopic problems in almost every case
of optical fiber, and their general solutions have not
been obtained yet. However, we succeeded to find a
special solution to this problem in a number of indi-
vidual cases, in particular, in the case of TiOs-doped
fiber [21], [22]. In this paper, we also give an analytic
expression for the Raman gain profile in a phospho-
ric silicate fiber, which has explicit prospects for the
use as an active medium in modern devices of fiber
nonlinear optics.

3.1. Determination of Raman gain
profiles by spontaneous spectra in silica fibers

Our method for the determination of a Raman gain
profile from the spontaneous spectra is based on for-
mulas (22) and (23). It consists in the separation
of the component, which corresponds to the zero-
temperature (on the Kelvin scale) spectrum of own
molecular oscillations from spontaneous spectra and
does not depend on the absolute temperature of
the fiber. The result of such processing of sponta-
neous spectra of all investigated fibers is presented
in Fig. 4, b.

The Raman gain profiles are mainly different from
the spontaneous Raman spectrum by a significant
decrease in the absolute intensity of low-frequency
components due to the spectral distribution of the
Bose factor of the phonon population (2). Indeed,
at the frequency corresponding to the wavenumber
equal to 20 cm ™!, the spectral density of spontaneous
noise is by 11 times greater than the Raman gain
at T = 300 K. This difference between Raman gain
profiles and the spontaneous spectra becomes ~13—
14% at the frequency ~440 cm~!, where Raman gain
coefficients reach their maximum for pure SiO; and
GeOs-doped fibers. Moreover, the ratio of the spec-
tral density of the Stokes noise to the Raman ampli-
fication decreases below 1% level only at frequencies
exceeding 880 cm ™! at room temperature. Therefore,
the absolute maxima of the Raman gain coefficients
for TiO5- and P2O5-doped fibers located at frequen-
cies of ~930 cm~! and ~1330 cm™!, respectively,
practically coincide with the values of the differen-
tial Raman cross-section at least for typical ambient
temperatures 7' < 300 K.

The normalized Raman gain profiles separated
from the experimental spontaneous spectra for the
Stokes shift region of 0-1400 cm~! (0-42 THz) are
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presented in Fig. 5 for SMF made from silica glass:
a — for pure SiOs; b, ¢, and d — for GeOs-, TiOo-,
and P5Os-doped fibers, respectively. The values of
the gain coeflicients at the maximum frequency points
of the Raman profile were given earlier in [11], namely,
GRmax = 0.4 (W-km)~! for pure SiOs and ggmax =
= 6.3 (W-km) ™! for specialized Raman fiber with the
GeO, dopant concentration in the core up to 25%. We
supplemented the data of work [11] by extending the
Stokes shifts region up to 1400 cm ™', as is shown in
Fig. 4, a, b.

The estimation of grmax values for TiOs- and
P505-doped fibers was made by comparing the ab-
solute intensities of main spectral components in the
experimental Raman spectra, since they are unam-
biguously associated with the corresponding Raman
gain profiles. According to this estimation, g max =
= 4.8 (W-km)™! is achieved at a Stokes shift fre-
quency of 930 cm ™! for a TiO,-doped fiber. In P5Os5-
doped fiber, the maximum value of the Raman gain
coefficient reaches, according to data [9], 90% of the
gain in a GeOs-doped fiber and, therefore, should be
equal t0 grmax = 5.7 (W-km)~! at the Stokes shift
frequency wmax = 1330 cm ™.

The absolute value of g max together with the nor-
malized Raman gain profiles unambiguously deter-
mines the magnitude of the nonlinear signal gain at
a given point of the Stokes shift band. Despite the
given numerical values of grmax can vary slightly, by
depending on the technological specific features af-
fecting the effective area of fibers, the presented esti-
mates allows us to obtain a quantitative idea of the
nonlinear-optical properties of the fiber core of the in-
vestigated silica glass and its chemical composition.

All Raman gain profiles presented in Fig. 5 can be
conventionally divided into two almost equal spec-
tral regions. The first one is from 0 to 700 cm™'. It
contains the main maxima of the Raman gain from
the base material of the fiber core, that is, the silica
glass. The second region from 700 cm ™! to 1400 cm ™!
can be assigned to the dopant oscillatory spectrum,
since its small intensity of Raman bands can be ob-
served in both pure SiO5 and in the standard fiber
strongly doped with GeOs. In contrast, the bands
containing the Raman gain maximum in two other
samples of both TiO,- and P>O5-doped fibers are lo-
cated in the second (i.e., dopant) region. However,
both impurities TiO2 and P205 simultaneously con-
siderably perturb the phonon spectrum in the first
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low-frequency region as well. The absolute intensity
of these molecular vibrations is increased by several
times compared with pure SiOs.

Because of the irregularity of the quasicontinuous
vibrational spectrum and the “diffuse” nature of Ra-
man lines, whose width may exceed 100 cm~! with
a strong overlap in Raman spectra of silica glass, it
is necessary to use special methods of spectroscopic
modeling of Raman gain profiles. The simulation ba-
sis is the theory presented in Section 2. According to
it, the Stokes shift frequencies in the Raman process
are placed within the band of spontaneous Raman
scattering from each of the oscillatory modes of the
fiber core material.

3.2. Multimode decomposition
of Raman gain profiles

The rationale of the multimode decomposition me-
thod for Raman gain profiles is proved by the several
formation peculiarities of phonon spectra in differ-
ent types of glass noted in many papers [9-11, 23,
24]. In particular, although the profile of the refrac-
tive index changes in the fiber core repeats the distri-
bution of the dopant concentration, the Raman gain
spectra of the germanosilicate fibers are not a simple
mixture of the spectra of pure SiOy and germanium
glass GeOg [11]. The essential deformations of Raman
gain profiles in glass of one type relative to glass of
another type are observed in practice. This indicates
a significant change in all the vibration parameters,
such us amplitude, frequency position, and damping
constant. Moreover, the Raman gain coefficients of
some germanosilicate composites can significantly ex-
ceed the values that have both pure components of
this glass.

The significant expansion of oscillatory spectrum
bands of molecular oscillations of more than 100 cm !
is typical of the materials based on amorphous glass.
So, the Stokes region in each fiber is converted into an
irregular continuum (Figs. 3 and 4), where it is prac-
tically impossible to separate the frequencies of indi-
vidual oscillating modes. The analysis of the sponta-
neous Raman spectra of pure SiOs in the Stokes re-
gion between 0 and 900 cm~! was presented in [23].
The authors found at least 10 separate components
by the careful attachment to the observed spectral
features such as the maxima positions, slopes, and
pedestals available in the spectrum, and these com-
ponents were classified as those of the Gaussian type.
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In our work, the decomposition into Gaussian com-
ponents in a pure SiOs fiber core was carried out for
Raman gain profiles in the Stokes shift region up to
1400 cm 1.

The oscillatory dynamics of molecular nanocom-
plexes of the amorphous fiber core underlies the for-
mation of Raman gain profiles. So, the profiles can
be modeled as a system of harmonic oscillators forced
by the external rather powerful pumping wave. Some
simplifications of the model consist in the neglect of
the frequency dependence of the effective area APj
and the refractive index n,, as well as the depen-
dence of the Raman gain coefficient gr on the Stokes
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Results of multimode decomposition of Raman gain profiles in silica fibers.

To estimate the approximation accuracy, the parameter § = (Ig — Io)/Io X 100% is presented, where I¢ and Ip

are the corresponding integral intensities of the calculated and measured Stokes spectra

Pure SiOs GeOo TiO9 P205

No.

Ai CS:I‘lUi,1 Crl;lli 1 Al CSI?(ILHI CIl‘I_“1177 1 A’L CSIlI‘I)i71 CIEQ 1 AZ CSI)‘I:i71 CIlI—“1177 1
G1 0.07 71 39 0.04 48 25 0.11 67 38 0.05 72 35
Ga 0.12 128 67 0.09 89 53 0.13 130 75 0.13 131 67
Gs 0.54 359 182 0.18 179 102 0.53 381 215 0.04 410 31
Gy 0.25 408 68 0.49 360 119 0.09 418 56 0.53 437 268
Gs 0.35 465 49 0.68 448 80 0.07 493 14 0.17 502 47
Gg 0.32 496 17 0.08 481 21 0.03 599 16 0.11 618 31
Gr 0.01 571 8 0.25 573 43 0.19 712 94 0.21 716 55
Gs 0.16 605 19 0.21 670 71 0.21 811 41 0.21 810 32
Go 0.06 625 336 0.09 796 48 1.01 928 44 0.08 1025 63
G1o 0.18 806 43 0.04 996 175 0.13 1097 26 0.19 1159 53
G11 0.07 1053 39 0.02 1133 81 0.17 1135 115 0.08 1240 32
G2 0.04 1180 60 - - 0.02 1173 20 1.02 1329 27

§=06x10"*% 5 =0.04% §=0.3% §=0.1%

wavelength A4, in expression (22). In the literature
[24], a rather weak monotonic dependence of g on
the pumping frequency just at the Stokes wavelength
is often referred to as the Raman gain scaling by the
pumping wavelength. It is appropriate to be taken
separately from the spectroscopic simulation of Ra-
man gain profiles. In fact, the main frequency depen-
dence in a Raman gain profile is given by the imagi-
nary part of the nonlinear polarizability x(®) (18) due
to the resonant denominator (14), which arises in a
phonon harmonic oscillator and leads to the oscillat-
ing mode lineform with the form-factor (20) or as the
Gaussian function (21).

The physical sense of the Gaussian decomposition
procedure for a Raman gain spectrum is substanti-
ated by the amorphism of a core material in all inves-
tigated fibers. Due to the amorphous nature of both
fused silica and other fibers, each damped oscillator
(6) with a resonance of the vibrational coordinate Q
at the frequency Q, [according to (11)] has an arbi-
trary orientation relative to its neighbors, which in-
troduce stochastic perturbations to the frequency of
this oscillator. As a result, we should expect the for-
mation of a Gaussian profile for the superposition of a
large number of narrow spectral maxima with a nor-
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mal distribution of random values of the frequencies
of these oscillators. Therefore, we have decomposed
all Raman gain profiles into several spectral compo-
nents of the Gaussian type:

N,
gR(w) = JRmax ZA'L €xXp |:—((.d - QM)Q/F? =

i=1
=9R max@(w)v (27)
where ¢(w) is an analytic function of the frequency
w corresponding to a normalized Raman gain pro-
file, grmax is the maximum value of the Raman
gain coefficient; N,, is the number of components;
A; and w,; are the amplitude and central frequency
of the i-th Gaussian component, respectively, I'; =
Aw;/(2V1n 2) = 0.6Aw;, where Aw; is the full width
at half the maximum for the i-th Gaussian profile,
which is usually used in spectroscopy.

The main task of the decomposition is to achieve
the best fitting of the form-factor p(w) to the exper-
imental Raman gain profile of each fiber presented
in Fig. 5, a—d. The problem in practice was solved by
finding an optimal set of 3x N,,, parameters from (27),
by using the computer procedure of nonlinear approx-
imation by the Levenberg—Marquardt method. This
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method uses the algorithm to search for the mini-
mum sum of the least squares by the method of rapid
descent to the quadratic minimization of deviations
of experimental points from the function ¢(w) defined
by (27). With a proper choice of the initial approxi-
mation, this method allows us to obtain very good
practical results in approximating the Raman am-
plification spectrum throughout the Stokes shift fre-
quency range from 0 to 1400 cm™'. The numerical
values of multicomponent decomposition parameters
are presented in the table, and the approximation ac-
curacy of experimental profiles for all 4 SMF types is
demonstrated in Fig. 6-9.

The decomposition procedure involving these for-
mation features of rather complex Raman gain pro-
files in amorphous fibers is represented with two as-
pects: fundamental and applied. At first, it is the
spectroscopic aspect, and the decomposition is con-
sidered as a possible method to divide the den-
sity of oscillatory states of molecular nanocomplexes
into well-defined contributions. In the second ap-
plied aspect of decomposition, the goal is to con-
struct the simplest function gr(w) corresponding to
the experimental Raman gain profile with maximum
precision.

The numerical data of the spectroscopic decompo-
sition are presented in the table. They can serve as
the interpretation basis of the peculiarities of phonon
spectra of the fiber cores forming the Raman gain pro-
files. For example, all Raman bands in pure SiOy vis-
ible in Fig. 6 with frequencies less than 1053 cm ™! or
1180 cm~! belong [23], mainly, to fundamental one-
phonon oscillations. The area of multiphonon over-
tones and composite tones extends from the line with
a frequency of 1180 ecm~! or 1460 cm~! to a fre-
quency of 2600 cm~! and above. It remains unclear
whether the 1180 cm ™! line corresponds to a one- or
two-phonon state.

The main asymmetric maximum of the Raman gain
in the pure SiO» (Fig. 6) at a frequency of 440 cm~—!
is formed, according to our data, from at least three
of the most intense Gaussian components indicated
in the table as G3 — 359 cm™!, G4 — 408 cm ™!,
and G5 — 465 cm~! with damping constants of
182 em™!, 68 cm™!, and 49 cm ™!, respectively. The
second peak of the Raman gain in pure SiOs5 at a
frequency of ~495 cm™! is formed by the rather sta-
ble corresponding phonon mode G6 with the damp-
ing constant equal to 17 cm~! (~50 GHz). It should
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be noted that the lifetime of this oscillation almost
an order of magnitude longer than the lifetime of
its neighboring modes, allows maintaining the stable
synchronization conditions (9) required for the coher-
ent amplification of a Stokes wave in the single-pass
Raman amplification process. This may be an argu-
ment to explain the results of previous experiments
[25], where the maximum of a single-pass amplified
Stokes wave was observed just at the 495-cm™! fre-
quency of the Stokes shift with the kW-power pulse
pumping.
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The gain profile in a Raman fiber (doped with
~25% GeO2) is notably different from the profile in
pure SiOs, as shown in Fig. 7, and 11 Gaussian com-
ponents were sufficient for its decomposition. The
main deformation of a Raman gain profile is due to
a sharp increase in the relative intensity of mode
G5 — 448 cm ™!, and this is most likely a result of the
coupling of two separate modes G4 and G5 observed
in the spectrum of pure SiOs. This is confirmed by
the average value of the oscillation frequency and
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the extension of the entire band. The narrow 481-
cm~! line becomes more damped, its frequency is
lowered by 15 cm™!, the relative intensity is reduced
by 4 times, and, therefore, this mode slightly affects
the spectral profile. The low-frequency profile slope is
formed by two main components G3 — 179 cm~! and
G4 — 306 cm ™! with damping constants of 102 cm ™!
and 119 cm ™!, respectively. The result of such profile
rearrangement with GeOg dopants in the fiber core is
one separate rather wide maximum in the 410-450-
cm~! region with a simultaneous notable increase in
the value of gg max.

The Raman gain profile in a TiO2-doped fiber to-
gether with 12 Gaussian components of its decom-
position is presented in Fig. 8. The most powerful
oscillatory mode G9 — 928 cm™! with a damping
constant of 44 cm~! is located in the impurity re-
gion of Stokes shifts. The relatively slight damping, as
for amorphous materials, testify to the enough large
transparency of TiOs-doped glass for the propagation
of optical phonons at frequencies w, = 930 cm~! =
= 28 THz. On the other hand, the full width of this
band of the Raman gain is greater than 2 THz, and
it is quite enough for many applications. In addition,
the phonon spectrum of the glass matrix is notice-
ably rebuilt by the impurities, and its structuriza-
tion, according to our data, consists in the formation
of a powerful oscillatory mode G3 — 381 cm™! with
a damping constant equal to 215 cm~!. As a result,
the Raman gain coefficient is much higher compared
with pure SiOs in the actual Stokes shift area from
100 cm ™! to 600 cm™! (3-18 THz).

The result of the decomposition of the Raman gain
profile in a P5Os5-doped fiber is shown in Fig. 9. The
tendency of the PoO5 impurity to influence the for-
mation of a Raman gain profile in silica glass is
very similar to that of TiOy with certain quantita-
tive differences. The main maximum of the Raman
gain coefficient is provided by the oscillating mode
G12 — 1329 cm~! with the damping constant equal
to 27 cm~!. According to our data, the significant
contribution to the Raman gain in the domain of the
own phonon spectrum of the glass matrix gives mode
G4 — 437 cm ™! with the damping constant equal to
268 cm ™!, and this significantly expands the spectral
range of applications of P5Os5-doped fibers.

In general, the determination of the damping con-
stant I'; for all Gaussian components allows us to
quantitatively estimate the damping degree and the
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lifetime of molecular vibrations, which determine the
shape of the Raman spectrum in a doped glass. A
common feature of all fibers based on silica glass is the
presence of fundamental vibrations with a damping
constant I'; ~ 100 cm~! = 3 THz. Consequently, the
attenuation of the principal oscillatory modes forming
the Raman gain profiles in the fibers gives the value
of the characterized time 7, ~ 1/I'; ~ 0.3 X 10712 s
for the renewal time of the thermodynamic equilib-
rium or the transients time for Raman amplifiers and
lasers.

On the one hand, the femtosecond scale of the re-
laxation time of the Raman processes provides the
possibility for the practical use of FRA and FRL in
the terahertz band of operating frequencies. On the
other hand, this time interval specifies the limits of
the applicability of the quasistationary approxima-
tion and, consequently, Eqs. (24) and (25) for the
simulation of telecommunication systems with terabit
carrying capacity.

However, the presence of a large number of vi-
brational modes, which strongly overlap, makes it
practically impossible to directly separate the Raman
bands in the experimental spectrum in all investi-
gated objects. This complicates not so much the com-
putational procedure, as the possibility of an unam-
biguous interpretation of the obtained results. With
the proper choice of the initial approximation for
the decomposition with the use of 10-15 Gaus-
sian components, the convergence of the Levenberg—
Marquard method is provided in real time, and it
does not require any extraordinary computational re-
sources. But the optimal set of decomposition param-
eters obtained as a result of the calculations cannot
be guaranteed as the only possible one.

At the same time, although the decomposition un-
certainty may cause certain complications in the fun-
damental interpretation of the vibrational states of
molecular complexes, it practically does not affect
the applied aspect of the presented calculations. We
note that the overwhelming majority of experimental
points of the measured spectrum are directly placed
on the approximation curves of all Raman gain pro-
files. Moreover, the deviation of the calculated curves
IR max - ©(w) exceeding 1%, have only individual unit
points of the experimental spectrum at small values
of gr. From the point of view of the application of the
presented model, we can assume that the approxima-
tion is practically exact, since the mean square devi-
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ation is approximately an order of magnitude smaller
than the typical accuracies of measurement and spec-
tral processing, as can be seen from the comparison
of the data depicted in Figs. 6-9, respectively.

Indeed, the ratio of the integral intensities of the
calculated, I, and measured, Iy, Stokes spectra § =
(I —1y)/Ip x 100% given in the table is significantly
less than 1% for all investigated fibers. All integration
of functional dependences for data in the table was
performed in the range from 0 to 1400 cm™?!.

Note that the accuracy of the setting of Raman gain
profiles will be of fundamental importance in the sim-
ulation of the Raman photonic devices. For example,
the telecommunication systems containing 192 chan-
nels with wavelength division [26] or even 273 chan-
nels [27], which may have the pumping source with
more than 10 wavelengths, were described. Conse-
quently, the system of equations (24), (25) becomes a
system for several hundred Stokes waves with a dozen
pumping waves. In addition, the correlation between
the coefficients of amplification and attenuation of the
form (26) will determine the singular points, at which
the fundamental solution of each differential equa-
tion changes fundamentally. Therefore, regardless of
the algorithms of solution of such complex systems,
any systematic errors in the definition of gr(w) cause
various kinds of instabilities of calculations, and they
become completely unacceptable. In particular, this
explains the unsatisfactory results of the simulation
of multichannel FRA systems in the case of neglecting
the frequency dependence gr(w) or its approximation
by the very simple functions of the triangle type.

Thus, the spectral Raman gain profile is a key pa-
rameter for describing the process of Raman light
amplification, and its determination forms the funda-
mental basis for the design of both high-performance
FRAs and FRLs with a band of up to 13 THz in the
most common fibers based on silica glass.

4. Results of Simulation of a Raman
Gain Profile and Their Application

First of all, we note that the Raman gain coeffi-
cient in the literature (see [9]) is sometimes given in
dB/ (km - W), and its numerical value differs from
the above-introduced term gg(w). The value of gg is
calculated as

G [dB]
LegP

go [dB/ (km - W)] = (28)
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Fig. 10. Four lasing bands are formed in TiO2 doped fiber at
Ap = 1.35 um and pumping power P, = 18 dBm

by the measured value of the so-called on/off gain of
G [dB] of the weak signal (the ratio of the signal pow-
ers for the switched-on and switched-off pumping), P
is the pumping power, and the effective fiber length
Leg = [1 —exp(—apL)] /oy, where a,, is the opti-
cal fiber loss at the pumping wavelength. For large
L, when a,L > 1, we have Leg ~ 1/a,. Note that
Eq. (28) is based on the weak signal assumption, and
it is actually used an approximate solution of system
(24), (25) for a fixed pump, when the pump power de-
pletion is neglected [16]. Furthermore, the measured
values of gg[dB/(km - W)| are dependent not only on
their own Raman gain, but also on the additional
linear parameters concerning the pump power, opti-
cal fiber losses at the pumping wavelength, and so
on. Therefore, it is often necessary, except for the
recalculation from gg into gg, to consider correc-
tions to the above restrictions for the accurate use
of the go[dB/(km - W)] term in the simulation of op-
tical waveguide gain processes, in particular, when
the system of equations of type (24), (25) is used. It
is the invariance of the profile gr(w) with respect to
the linear fiber parameters and the pumping features
making it more suitable for the simulation of the Ra-
man photonic devices.

The most expressive differences between the spon-
taneous and stimulated Raman spectra in the low-
frequency Stokes shift region discussed in Subsections
1.5 and 2.1 in detail are very useful for experimen-
tal studies of FRA noise parameters. In particular,
the amplified spontaneous emission has been analyzed
for the idle mode (without an external optical signal)
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[28], [29], and a mixture of the amplified and spon-
taneous noises is observed at the output of the in-
vestigated fiber. As the pump power increases, the
exponential growth in the amplified noise as com-
pared with a non-coherent Stokes noise background
independent of the pumping is observed [30]. By the
careful analysis of a deformation of the noise spectra
under the pumping influence, we were able to sep-
arate the coherent amplified Raman noise from the
background of the spontaneous Stokes noise, which is
discussed in [31], [32] in more details.

On the other hand, the extremely wide frequency
band of the single Raman gain profile (~4 THz =
=130 cm™! for pure SiOy; Fig. 5, a), is a basis of the
modern technology for the FRA design with a unique
wide band of operating frequencies. Using the pump-
ing on several wavelengths, the high-quality FRA of
light in the band more than 10 THz with a very low
level of own noises was demonstrated [12, 13]. The
completely fiber-based implementation of 10 FRL is
presented in [12], where a 6\ FRL provides a uniform
amplification of Stokes waves in C + L transparency
windows. The internal resonator on the fiber Braggs
grating in the Raman (GeOs-doped) fiber performs a
4-fold Stokes conversion on ~420 cm ™! of the pump-
ing wavelength from 1100 nm to 1347 nm. A certain
alternative to GeOs-doped fibers, in our opinion, can
present a fiber with a TiO2 dopant [33].

Figure 10 shows the modeling results for the full
transparency function (26) in a TiOs-doped fiber at
Ap = 1.35 pm, which demonstrates the possibility of
forming several lasing areas. In particular, at a rela-
tively low pumping power equal to P, = 18 dBm, it
is possible, as one can see in Fig. 10, to form at least
four bands of laser generation across the wavelength
range from 1.37 pym to almost 1.6 pm. Note that such
wide tuning range of the FRL generation line exceeds
almost twice the band of a standard Raman fiber,
mainly due to the impurity domain on the Raman
gain profile in a TiOs-doped fiber. From the practical
point of view, the obvious advantages of TiOs-doped
fibers include the possibility to obtain a laser gen-
eration both at the FRA pumping wavelengths and
the signals carrying information in the transparency
windows of the telecommunication fibers.

Some application examples of the doped single-
mode fibers as FRA active media are given in [8]. The
output power in a fiber Raman laser with a resonator
on Bragg gratings with the use of a phosphor sili-
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cate fiber with a content of P,O5 of 13% molecular
weight (An = 0.011) and 200 m in length was 2.3 W
at Ay = 1240 nm with a pump power of 3.5 W at
1.06 um (Nd®"). Hence, the quantum efficiency was
realized to be 77%, by using a Stokes shift frequency
of 1330 ecm~!. Simultaneously, there are even more
serious applied possibilities [34], as indicated in the
Fig. 5 for the Raman gain profiles in doped fibers for
both multiwave FRL and for ultra wideband Raman
amplification of optical signals.

5. Conclusions

Spectroscopic features of Raman gain profiles in four
types of single-mode fibers based on silica glass are
analyzed by their extraction from the experimen-
tal spontaneous spectra with successive multimode
decomposition, by using Gaussian-type components.
The justification of the method is based on the os-
cillatory model of Raman active vibrations of molec-
ular nanocomplexes in amorphous glass with regard
for both quantum and semiclassical approaches. It is
shown that the temperature changes of the Raman
spectra are concentrated in the low-frequency region
of the spectrum. At T' = 300 K, these changes are
more than an order of magnitude exceed the corre-
sponding components of the Raman gain profile at
frequencies <20 cm™!, but they are became practi-
cally invisible at frequencies above 800 cm™!.

It has been found that the nonlinear spectrum of
the Raman amplification is much more affected by
alloying dopants, by an order of magnitude, as com-
pared with the changes of linear parameters of the
fiber core, since the corresponding changes in the re-
fractive index are An ~ 0.01. The Raman gain pro-
files are strongly deformed due to the significant re-
structuring of the vibrational spectra of molecular
nanocomplexes of the cores of fibers under the in-
fluence of relatively small dopant concentrations. As
a result of the Gaussian decomposition with the use
of 12 components in pure SiOs, P5Os5, and TiO5 and
using 11 components in a GeOs-doped fiber, it has
been established that the main vibrational modes of
the glass matrix in fibers, which form the Raman gain
profiles, are considerably varied with all oscillation
parameters. These changes are several times by the
amplitude and about tens of cm™! by the frequency
position and damping constants. Therefore, the av-
erage value of the relaxation time of the stimulated
Raman processes is 7; >~ 300 fs, and this provides,
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firstly, a possibility of the practical use of Raman am-
plifiers and light generators in the terahertz band of
operating frequencies. Second, such femtosecond time
interval indicates the fundamental limit of the quasis-
tationary approximation applicability, namely, for the
basic coupled equations describing the nonlinear wave
interactions in the Raman effect for the modeling of
telecommunication systems with terabit capacity.

The decomposition allows us to obtain the almost
exact fitting of experimental data and provides a re-
liable basis for calculating the main FRA parame-
ters. A simple analytic form of approximating func-
tions in the form of a linear combination of expo-
nentials is an essential advantage of the presented
method. It may be useful for the modeling of gain pa-
rameters, in particular, for the determination of the
spectral density of optical noises and lasing bands for
the given pumping parameters, for the optimization
of the size of a group delay in the multiwave pumped
FRAs, and for the creation of appropriate correction
devices.

The work was carried out with partial financial sup-
port from the Ministry of Education and Science of
Ukraine (Reg. No. 0116U002564); the presented re-
sults were obtained during the implementation of the
budget theme No. 16BF052-04 at Taras Shevchenko
National University of Kyiv.

1. W. Shi, Q. Fang, X. Zhu, R.A. Norwood, N. Peygham-
barian. Fiber lasers and their applications. Appl. Opt. 53,
6554 (2014).

2. D.J. Richardson, J. Nilsson, W.A. Clarkson. High-power
fiber lasers: current status and future perspectives. J. Opt.
Soc. Am. B 27, 63 (2010).

3. M.N. Zervas, C.A. Codemard. High power fiber lasers: A re-
view. IEEE J. Sel. Top. Quantum Electron. 20,219 (2014).

4. P. Zhou, H. Xjao, J. Leng, J. Xu, Z. Chen, H. Zhang,
Z. Liu. High-power fiber lasers based on tandem pumping.
J. Opt. Soc. Am. B 34, A29 (2017).

5. P. Ma, H. Zhang, L. Huang, X. Wang, P. Zhou, Z. Liu.
Kilowatt-level near-diffraction-limited and linear-polarized
ytterbium-Raman hybrid nonlinear amplifier based on po-
larization selection loss mechanism. Opt. Ezpress 23 (20),
26499 (2015).

6. Q. Xiao, P. Yan, D. Li, J. Sun, X. Wang, Y. Huang,
M. Gong. Bidirectional pumped high power Raman fiber
laser. Opt. Ezpress 24 (6), 6758 (2016).

7. Y. Feng, L.R. Taylor, D.B. Calia. 150 W highly-efficient
Raman fiber laser. Opt. Ezpress 17 (26), 23678 (2009).

8. E.M. Dianov, A.M. Prokhorov. Medium-power CW Raman
fiber lasers. IEEE J. Sel. Top. Quant. Electron. 6, 1022
(2000).

699



1.V. Serdeha, V.I. Grygoruk, G.S. Felinskyi

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. E.M. Dianov. Advances in Raman Fibers. J. Lightwave

Techn. 20, 1457 (2002).

P.A. Korotkov, G.S. Felinskyi. Fiber SRS lasers with con-

tinuous action. Ukr. Fiz. Zh. Oglyady 4 (1), 36 (2007).

J. Bromage, K. Rottwitt, M.E. Lines. A method to predict the
Raman gain spectra of germanosilicate fibers with arbitra-

ry index profiles. IEEE Photon. Techn. Lett. 14, 24 (2002).

M.D. Mermelstein, C. Horn, S. Radic, C. Headley. Six

wavelength Raman fiber laser for C- and L-band Raman

amplification and dynamic gain flattening. Electron. Lett.

38, 636 (2002).

P.A. Korotkov, G.S. Felinskyi. SRS amplification of light

in single-mode quartz fibers. Ukr. Fiz. Zh. Oglyady 6 (2),

103 (2009).

L. Zhang, C. Liu, H. Jiang, Y. Qi, B. He, J. Zhou, X. Gu,

and Y. Feng. Kilowatt ytterbium-Raman fiber laser. Opt.

Express 22 (15), 18483 (2014).

G.S. Felinskyi, P.A. Korotkov. Raman threshold and opti-

cal gain bandwidth in silica fibers. Semicond. Phys. Quant.

Electr. Optoelectr. 11, 360 (2008).

V.I. Grygoruk, P.A. Korotkov, G.S. Felinskyi. Nonlinear
and Laser Processes in Optical Fibers. (Kyiv Univ., 2009)

(in Ukrainian).

L.D. Landau, E.M. Lifshitz, Mechanics (Butterworth

Heinemann, 2001).

R.H. Stolen, C. Lee, R.K. Jain. Development of the stimu-

lated Raman spectrum in single-mode fibers. J. Opt. Soc.

Am. B 1, 652 (1984).

R.H. Stolen, M.A. Bosch. Low
temperature Raman scattering in silica fibers. Phys. Rev.
Lett. 48, 805 (1982).

P. Voss, Y. Su, P. Kumar, M. Vasilyev. Photon statistics
of a single mode of spontaneous Raman scattering in a dis-
tributed Raman amplifiers. In Opt. Fiber Commun. Conf.
(IEEE, 2001), p. WDD23.

G.S. Felinskyi, 1.V. Serdeha, V.I. Grygoruk. TiOz-doped
singlemode fiber as active medium for Raman lasers.
In Proc. Int. Symp. on Advanced Material Research,
ISAMR’2017, Seoul, Korea, March, 17-19 (2017), p. 109.
G.S. Felinskyi, I.M. Kudin, I.V. Serdeha. Lasing band and
Raman gain threshold in TiO2 doped single-mode fiber.
In Proc. 2017 IEEE 37th Int. Conf. on Electronics and
Nanotechnology (ELNANO), April 18-20, Kyiv, Ukraine
(2017), p. 108.

G.E. Walrafen, P.N. Krishnan. Model analysis of the Ra-
man spectrum from fused silica optical fibers. Appl. Opt.
21 (3), 359 (1982).

K. Rottwitt, J. Bromage, A.J. Stentz et al. Scaling of the
Raman gain coefficient: applications to germanosilicate
fibers. J. Lightwave Technol. 21 (7), 1652 (2003).

K.X. Liu, E. Garmire. Understanding the formation of the
SRS Stokes spectrum in fused silica fibers. IEEE J. Quant.
Electron. 27 (4), 1022 (1991).

F.Di Pasquale, F. Meli, E. Griseri, A. Sguazzotti, C. To-
setti, F. Forghieri. All-Raman transmission of 192 25-GHz
spaced WDM channels at 10.66 Gb/s over 30 x 22 dB of

frequency and low-

700

TW-RS fiber. IEEE Photon. Technol. Lett. 15 (2), 314
(2003).

27. K. Fukuchi, T. Kasamatsu, M. Morie et al. 10.92-Tbit/s
(273 x 40 Gb/s) Tripleband/ Ultra-dense WDM optical-
repeated transmission experiment. In Opt Fiber Commun.
Conf. (IEEE, 2001), p. PD24.

28. G.S. Felinskyi. Noise measurement of the
pumped distributed fiber Raman amplifier. Photoelectron-
ics 18, 16 (2009).

29. G.S. Felinskyi, M. Dyriv. Signal-to-noise analysis in a
counter-pumped fiber Raman amplifier. Optica Applicata
44 (4), 493 (2014).

30. G.S. Felinskyi, M.I. Reznikov, S. Fedorchuk. Amplified and
spontaneous stokes noise features in a singlemode silica
fiber. In Proc. 2018 IEEE 38th Int. Conf. on Electron-
ics and Nanotechnology (ELNANO), April 24-26, Kyiv,
Ukraine (2018), p. 201.

31. G.S. Felinskyi, M. Dyriv. Noise suppression phenomenon
in fiber Raman amplifier. Measur. Sci. Rev. 15 (3), 107
(2015).

32. G.S. Felinskyi, M.Y. Dyriv. Noise gain features of fiber
Raman amplifier. Adv. OptoElectron. 2016, 1 (2016).

33. G.S. Felinskyi, I.V. Serdeha, V.I. Grygoruk. TiO2-doped
single-mode fiber as active material for Raman lasers. Key
Engin. Mater. 753, 173 (2017).

34. I.V. Serdeha, G.S. Felinskyi, V.I. Grygoruk. Spectroscopic
analysis of Raman lasing features in PoOs doped single-
mode fiber. In Proc. 2018 IEEE 38th Int. Conf. on Elec-
tronics and Nanotechnology (ELNANO), April 24-26,
Kyiv, Ukraine (2018), p. 209.

backward

Received 30.11.17

1.B. Cepdeza, B.I. I'puzopyx, I.C. Desincorul

CIIEKTPOCKOIITYHI OCOBJIMBOCTI
IMPO®IIIB BKP HIJCUJIEHHS B OJHOMO/JJOBUX
BOJIOKHAX HA OCHOBI KBAPIIOBOI'O CKJIA

Peszmowme

Hazano cnekrpockoniunumii anasiz posnoziny (npodimo) mia-
CHUJIEHHSI OIITUYHOIO BUIIPOMIHIOBAHHS 3aBIsAKUA €(DEKTY BUMY-
meHoro KoMmbGiHarnjiinoro poscisinasa (BKP) csitia B ogHOMO-
JIOBUX BOJIOKHAX Ha OCHOBI KBapIOBOIO CKJia B 00JiacTi CTO-
Kcosoro 3cyBy wactoT Big 0 mo 1400 cm~!. JIja mommpenux
BOJIOKOH, a came mjisg uucroro SiOz Ta JeroBaHuX IOMIIIKa-
mu GeOgz, P20Os i TiO2, npodini BKP nincunenus Busnaga-
JIUCH 3a €KCIIEPUMEHTAJbHUME CIIEKTPAMH CIIOHTAHHOI'O PO3Ci-
suus. Haseneni anasmituani Bupasu npodinis BKP nincunen-
Hs, sIKi oTpuMani nuisixom 11-12 MomoBol rayccoBoi JeKOMIIOo-
3unil Ta aIPOKCUMYIOTh €KCIIEPIMEHTAIBHUN TPpOdiab 3 TOUHI-
crio me ripme 0,3%. PesynbraTu mekommnosuiii npoaHaJsizosani
fAK 3 TOYKH 30pYy (DyHIAMEHTAJbHOI KOJIUBHOI JMHAMIKHA MOJIe-
KyJIIDHUX HAHOKOMILIEKCIB B aMOp(dHOMY CKJi, Tak i B mpu-
KJIaJTHOMY acuekTi mopemoBanHs npucrpois BKP doroniku.
IIpencraBieni npukiaagu 3aCTOCYBaHb 3AIIPOIIOHOBAHOI METO-
UKW JUis aHasi3y urymoBux napamerpis BKP mincuitroBauis
Ta GaraTocMyroBol renepaiiil y Bosiokonanx BKP jrazepax.
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