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Ultimate intensities of light in silica fibres:
stimulated Raman scattering as the main thermal source

of optical destruction

A S Biryukov, E M Dianov

Abstract. It is shown that, under certain conditions, the
intensity of light in silica fibres is mainly limited by stimu-
lated Raman scattering. An estimate is made of the thresh-
old intensity that leads to irreversible destruction of the
fibre due to overheating. The dependence of the threshold
intensity on physicochemical properties of the material and
the geometric dimensions of the fibre core is determined.

The specific phenomenon of destruction of the fibre core
during propagation of intense radiation has been under
investigation for more than decade [1—5]. The specific fea-
ture of this phenomenon is that the defects originate from
artifical inhomogeneities, such as a contaminated output
face or a locally heated part of the fibre, and then propagate
in the core as a regular chain of oxygen-containing cavities
towards the radiation source. The propagation speed of de-
structions increased with increasing intensity of light 7, and
for I >5MWcem 2 itwas ~1ms .

In the same investigations, the thermal nature of this
destruction process was established. For example, Kashyap
[1] substantiated this claim by measuring absorption of radi-
ation of a wavelength of 1.064 um in a single-mode fibre. An
arbitrary one-meter-long stretch of this fibre was heated up to
temperature of 1100 °C. The measured absorption was weak
at temperatures up to ~ 1050 °C, but then dramatically
increased, reaching a value of approximately 2 x 10°
dB km ™! at 7'~ 1000 °C, and grew even further. Obviously,
for some intensity of light, the rate of light energy absorption
became comparable to that of the heat dissipation, and the
further self-accelerating process of absorption and heating
resulted in destruction of the fibre.

Hand et al. [2] explained the propagation of destructions
towards the radiation coupled to the fibre by the action of a
thermal shock wave. According to the authors, this shock
wave appears upon absorption of light by the artificial inho-
mogeneity, which leads to the local heating, formation of a
focusing thermal lens, and a further increase in absorption
and temperature, etc. As a result, a very small volume (of
the order of 1 um?) is heated up to temperatures of about se-
veral thousand degrees. Such temperatures are sufficient not
only to melt a silica glass, but also to sublimate it (the process
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is accompanied by partial decomposition of SiO, into SiO
and oxygen), and even to produce a plasma. The radiation
that is still coupled into the fibre is now completely absorbed
near the locally overheated volume. About 95% of the
absorbed radiation energy contributes to further heating of
the volume, with the rest re-emitted as radiation with the
black-body-like spectrum. This process results in expansion
of the overheated volume in the direction of the incoming
injected radiation. The observed periodicity of the created
destruction cavities is explained by the instability of the ther-
mal wave, which, in turn, is caused by the instability of the
effective diameter of the radiation mode [2].

However, the authors [1 — 5] have not discussed the possi-
bility of a similar spontaneous phenomenon, i.e., the
appearance of destructions in an ideal fibre that does not con-
tain distinct inhomogeneities of the type discussed above.
Nevertheless, this is a fully legitimate question. For example,
it is closely related to the problem of creation of powerful
fibre lasers. Extensive studies in this field has already resulted
in the development of a cw single-mode fibre laser with the
record output power of 35 W [6]. This laser consists of a fibre
with a core doped with 1.5 % of Yb, which is placed inside a
resonator and is pumped by LEDs at the wavelength 915 nm.

Taking the value of the effective cross section of the mode
into account, the attained output power corresponds to the
maximum light intensity of ~ 140 MW cm™> at the fibre
core, which is much greater than the light intensities used
in Refs [1-5]. On the other hand, it was noted (e.g., in
Ref. [7]) that the real thresholds for optical destruction of
silica fibres correspond to light intensities of more than 10
GW cm™2, which, however, is still much lower than the
threshold of electrical breakdown of a silica glass. This means
that, for high intensities of light, even in ‘ideal’ fibres the heat
release can be great enough to cause their destruction.

Like the authors of Refs [1-5], we consider thermal
effects to be the cause of optical destruction of the fibre
core. In this connection, we show in this paper that stimulated
Raman scattering (SRS) is the most probable source of heat
that can trigger the chain of processes leading to optical
destruction. In other words, the SRS process may create local
thermal singularities, in an ‘ideal’ fibre, which are analogous
to the artificial inhomogeneities discussed in Refs [1-5].

Below we will consider the case of high radiation inten-
sities that are much greater than the destruction thresholds
of Refs [1-5], i.e., greater than 3 MW cm 2. In this situa-
tion, the nonlinear effects in optical fibres play the leading
role. At present, a number of nonlinear optical phenomena
are known, which are determined by the second and the
higher powers of the electric component of the light fields.
For example, these include generation of harmonics, the non-
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linear Kerr effect, stimulated Raman scattering (SRS), stimu-
lated Brillouin scattering (SBS), various parametric
processes, etc. However, only some of these processes, includ-
ing SRS and SBS, are accompanied by heating of the matter.

As for SBS and stimulated Rayleigh scattering, the freq-
uency shift of the scattered wave in these processes is rather
small and so is the fraction of the energy of the electromag-
netic field that is converted to heat in each scattering event. In
contrast, the SRS process is accompanied by much greater
heat release. In this case, over 5% of the radiation energy
coupled to a silica fibre can convert to heat in each scattering
event (for the light wavelength greater than 1 um). For these
reasons, it is SRS that may limit the intensity of light passing
through an ‘ideal’ fibre.

We will now try to determine this ultimate intensity and
other factors that may lead to overheating of an optical fibre.

Because the excitation threshold of SBS in silica glass is
much lower than that of SRS, we will assume in the study
of the role of SRS in thermal fibre destruction that the
SBS process is suppressed. (Otherwise, because the scattered
radiation and radiation coupled to a fibre are counterpropa-
gating, the SBS process will result in reflection of the coupled
radiation, thereby prohibiting injection of light into the fibre.)
The methods for suppression of SBS are well known and are
based on the narrowness of the SBS-amplification spectral
linewidth (which is ~ 100 MHz in a silica glass [8]). There-
fore, the efficiency of excitation of SBS can be made much
lower than that of SRS by using injected radiation with a
wider spectrum.

Consideration of overheating of a fibre requires the use of
a set of equations describing SRS and the heat conduction
equations.

The equations describing SRS can be written, for exam-
ple, in the form [9]:
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Here, I, is the intensity of light of frequency v, coupled to a
fibre (in the following, we will refer to it as pumping radia-
tion); I, is the intensity of the Stokes components with
frequencies v,; (i =1,...,n); n is the total number of
these components; o, = a,(v) and «; = og;(v) are the fre-
quency-dependent coefficients of linear attenuation in the
fibre; and ¢ is the SBS gain.

The transverse intensity distribution of the fundamental
fibre mode can be well approximated by the Gaussian func-
tion [8]. Therefore, we set in Eqn (1)
I, = I,(2,0) exp(—r?/w?) and I,; = I, (20) exp(—r? /w?),
where w is the effective radius of the fundamental mode;
I,(2,0) and I;(20) are the corresponding intensities on
the fibre axis. In multimode step optical fibres whose core
radius is much larger than the wavelength, the intensity dis-
tribution can be taken to be virtually uniform across the core.

In other cases, specification of the corresponding radial dis-
tributions I, and I; is necessary.

For simplicity, we will consider the heat conduction equa-
tion in the quasistationary approximation. This approxi-
mation is valid for cw radiation or sufficiently long pulses
propagating in a fibre whose duration exceeds the character-
istic time of radial heat transfer t = R’cp/A, where R is the
radius of the fibre core; ¢, p, and 1 are, respectively, the spe-
cific heat, the density, and the heat conductivity of a silica
glass. All other thermal processes take place at much shorter
times. For example, the time it takes to dissipate the energy of
the SBS-induced vibrational excitation of the medium typi-
cally does not exceed ~ 107" s, whereas 7~ 10 ps for a
silica fibre with the radius R = 4 pm. For shorter pulses,
the nonstationary heat conduction equation should be used.

The heat conduction equation takes the following form in
the quasistationary approximation

JAT =Q . @)

Here, Q@ = Q(r, z) is the heat source, which is determined by
the power density of the heat production rate and which
equals the sum of the right hand sides of Eqns (1):
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where Av = v, — v = vg; — v, (for a silica glass, Av~
440 cm™! [8]).

The use of the linear heat conduction Eqn (2) for our pur-
poses is well justified, since the variance of the heat
conductivity of a silica glass is less than ~ 50% over the con-
sidered temperature range (from room temperature to
~ 1000 °C). On the other hand, the maximal radial temper-
ature gradient in the fibre does not exceed —20 K pm™',
as we show below. Because dn/dT ~ 107> for the refractive
index of a silica glass, this temperature gradient corresponds
to |dn/dr| <3 x 10™* um™'. Thus, the focusing effect of the
thermal lens in the fibre is hardly noticeable before the start
of the optical destruction process.

The system of Eqns (1) is nonlinear and, therefore, it can-
not be solved analytically in the general case. However, we
have both numerical methods and some reliable approximate
models at our disposal.

First, we note that, in a good approximation, we can
neglect the longitudinal temperature gradient with respect
to the radial one. This is explained by the substantial differ-
ence between the geometric scales of the heat conduction
process in the two directions (the radius of a fibre is much
smaller than its longitudinal dimension). Therefore, in the
considered approximate model, the temperature distribution
is determined by the action of the longitudinally distributed
heat source @ and the radial heat conduction process.

Second, it follows from Eqn (1) that because of the
nonlinearity the maximum of every subsequent Stokes
compo-nent is located farther along the fibre axis z than
the preceding one. This also means that the maxima of the
temperature distribution along the fibre, according to
Eqn (3), correspond to the locations where one of the Stokes
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components is transformed into another most efficiently. The
intensity of each appearing Stokes component is lower than
those of the already existing components because of the
heat release; therefore the location where Q (z) reaches its
maximum corresponds to the moment of appearance of
the first Stokes component of the pumping radiation.

To estimate the maximum heating, we can therefore
restrict ourselves to the coordinates z that correspond to
the maximum of the intensity of the first Stokes component.
We can also omit in (1) all equations corresponding to the
higher Stokes components and in Eqn (3) retain only the
terms related to the appearance of the first Stokes compo-
nent. Thus, it is the appearance of the first Stokes
component that leads to formation of the local thermal sin-
gularity in an ‘ideal’ fibre; this singularity is analogous to
the artificial inhomogeneities discussed in Refs [1-5].

Third, in addition to the approximations already made,
we neglect the linear terms with respect to the nonlinear
terms in Eqns (1) and (3), which is a common practice during
analysis of SRS [8].

Taking into account the mentioned approximations, the
system of Eqns (1)—(3) takes a simple form
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Note here that, in the form they are written, the equation
systems (4) and (1) have only restricted applicability. Namely,
these SRS-amplifier equations can be solved only when there
is already a certain number of photons of the Stokes compo-
nent in the coupled fibre mode. Conversely, if the coupled
radiation consists of the pumping component only, the two
equation systems cannot be formally solved. The problem
of development of the SRS processes that are triggered by
spontaneous noise is not currently fully clarified. Therefore,
for the sake of determinacy, we assumed that I in Eqns (1),
(3), and (4) stands for I + S, where S is the intensity that cor-
responds to the presence of at least one photon of the Stokes
component wavelength in the coupled mode (see, e.g., Ref.
[10]). We chose the particular values of S in accordance
with the estimates and recommendations of Refs [8, 11].

We assumed that the gain g is independent of the temper-
ature, although some unknown dependence is probably
present. We then solve Eqn (4) first for the intensities
I(z7) and I(zr), and then for the distribution of the
heat release Q(z, 1),
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where I, is the radial distribution of the pumping intensity
at the entry surface of the fibre (z=10).
Using Eqn (5), we find from Eqn (4)
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Next, we find approximately the coordinate z where the
function @ ( z,r) reaches its maximal value
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One can see from the approximate solutions (7) and (8)
that the location of the maximal heat release z,,,, only weakly
depends on the value of the ill-defined quantity S. For
the considered radiation intensities, the variance of z,,
lies within ~ 20% even when S varies over two orders of
magnitude.

If one uses Eqn (6) for the heat source @, the resulting
expression for the temperature distribution will be very cum-
bersome and of little practical value. Therefore, we will
restrict ourselves to merely finding the analytical expression
for the radial temperature distribution at the cross section
that corresponds to the coordinate z= z,,,. Setting in
Eqn (4) @Q = Quax and using the radial distribution of the
radiation intensity, we find
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where a = glpzo(0,0)Bv/(%p), and the integration constants
C,, C, are chosen to comply with the boundary conditions.

In order to specify these boundary conditions, we will
consider a typical example of a single-mode silica fibre
with polymer coating. We will take its core radius to be R;
and the radius of its cladding to be R, = 62.5 pm. The thick-
ness of the polymer coating then equals R; — R,, where Rj is
the total radius of the fibre cross section. In accordance with
the given structure of the fibre, the solutions of Eqn (9) take
the following form for the three layers of the fibre
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Here Ty, T5, and Tj are, respectively, the temperatures of the
core, the cladding, and the polymer coating; G, B, C, D, and
E are the integration constants for the corresponding fibre
layers, which replace C; and C, of Eqn (9); 4, 45, 43 are
the heat conductivity coefficients of the three layers.
Eqgn (10) accounts for the fact that there is no radiation
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propagating inside the coating; the core integration constant
was taken to be aw?(44;)”! in order to preclude the loga-
rithmic divergence of the solution at r = 0.

Taking into account the described fibre structure, we have
the following expressions for the boundary conditions of the
heat conduction equation

T\(R) =Th(Ry), Th(Ry)=T3R,),

ilaﬂ :;vzaﬂ , ~2% :%% , (11
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where the coefficient h describes the heat exchange between
the outer layer of the fibre and environment, which we
assume to be at temperature 7.

Next, we set w ~ R, [8] and eliminate the integration con-
stants from Eqn (10) with the help of Eqn (11):
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We used the following parameter values for our calculations:
Ry =4 um, Ry =62.5pum, R; =110 pm; 4; = 1, = 1.46x
102 Wem ' deg ' [12], 43, = 1.9 x 10°W cm ™! deg™! for
polymethylacrylate [13]; h &~ 1.7 x 1072 W cm ™2 deg ™' [14].
We also assumed that the fibre was pumped by a neodymium
laser at the wavelength 1.064 pm (v, ~ 9400 cm'); for the
SRS amplification coefficient, we used the corresponding
value for a silica glass g = 107" cm W' [8].

In order to substantiate the use of the approximate model
Eqns (4) - (12) for the below estimates, we first calculated the
distribution of the heat release @) over the fibre axis employ-
ing both the general Eqns (1), (3) and the approximate
Eqns (4)—(12). We used the dependence of the linear attenu-
ation coefficient on the radiation wavelength as given, for
example, in Ref. [15].

Fig. 1 shows the maximal heat release @ (0, z,.x) and the
coordinate z,,,, as functions of the pumping intensity, at the
moment of the most efficient conversion of the pumping radi-
ation to the first Stokes component. According to the
numerical solution of Eqn (1), (3), for I, = 100 MW cm 2,
one has Q(0, zp.y) = 1.25 kW em™ and z,,, =190 m,
whereas calculation according to the approximate formulas
(7), (8) gives 1.17 kW cm 2 and 207 m, respectively.

The rate of the SRS process grows with increasing pump-
ing intensity, so that the first Stokes component shows up
nearer to the fibre entry surface. Note that an increase of
the intensity results in decreased contribution of the linear
losses into the maximal heat release. The accuracy of the

Onax /107 W em™ Zmax /M
4 4 =450
|
|
|
|
\
2 b 25
“““““““ 0
0 5 10 7,0/GW cm™

Figure 1. The maximal heat release @Q (0, z,,,) (solid curve) and the posi-
tion of the maximum on the fibre axis (dashed curve) as functions of the
pumping intensity.

approximate model then improves, and the deviation of
the approximate results for @, and 2, [calculated accord-
ing to Eqns (7) and (8)] from the exact numerical values
lessens. On these grounds, we believe that for high pumping
intensities the radial temperature distributions obtained with
the help of formulas (12) are close to the exact ones.

In our opinion, the above results show that the claims of
the authors of Ref. [6] about possible optical destruction and
strong nonlinear effects at intensities greater than 100 MW
cm 2, are exaggerated, at least regarding the destruction
process. For example, the intensity 300 MW cm > (which
corresponds to the output power ~ 150 W for R; =4 pm)
excites the SRS process inside a section of the fibre that is
more than 60 meters long. Therefore, shorter fibre stretches
have a sufficient intensity margin over the intensity realised
in Ref. [6] for a fibre stretch 50 m long.

Fig. 2 shows the radial temperature distributions for
much greater pump intensities: 14 and 20 GW cm 2. Each
curve refers to the corresponding cross section of the maxi-
mal heat release, as defined by the emergence of the first
Stokes component. The longitudinal coordinates of these
cross sections were found to be approximately ~ 1.8 m and
1.3 m, respectively. One can see from the figure that the
intense heat release of the SRS process may raise the temper-
ature on the fibre axis beyond the above-mentioned critical
level ~ 1100 °C if the pumping intensity I, exceeds
20 GW cm 2. The triggered self-accelerating process of
absorption and heating then results in destruction of the
fibre core.

In the above model, we did not take into account an
additional factor that should accelerate the overheating,
namely, the self-focusing of the wave towards the fibre
axis. This factor slightly lowers the threshold of the optical
destruction: If this factor is taken into account, the critical
intensity will probably approach the value 10 GW cm 2 given
in Ref. [7]. Therefore the maximal power that can be trans-
mitted through a lengthy fibre without destroying it does
not exceed ~ 5 kW (including the reduction due to self-focus-
ing). The self-focusing effects make the problem considerably
more complicated since one has also to calculate the radial
distribution of the radiation intensity, including the temper-
ature dependence of the refractive index.

Fig. 2 shows that injection of high radiation intensities
I > 15 GW cm 2 should strongly degrade the polymer coat-
ing at the zone of maximal heat release. This degradation,
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Figure 2. The calculated radial temperature distribution in the cross sec-
tions of maximal heat release for two pumping intensities: 14 GW cm >
and 20 GW cm 2,

which may start even before destruction of the core, will result
in complete loss of strength of the fibre. Assuming that deg-
radation of polymers, on average, starts at temperatures
about ~ 300 °C, we find that the corresponding critical
power does not exceed 4-5 kW, which is comparable to
the threshold of the core destruction. The uncertainty in
the above estimate is due to the low accuracy of the calculated
values of T3, which, in turn, is related to the low precision of
the value of the heat-exchange coefficient 4 used in Eqn (12).

Finally, we will say a few words about the thermal effect
of SRS in fibres with phosphorus-doped cores. Such fibres are
now being extensively studied for applications in fibre SRS
lasers and amplifiers [16]. In addition to the SRS shift
Av ~ 440 cm ! caused by a silica glass network, these fibres
feature a much larger SRS frequency shift Av ~ 1330 cm™'
caused by the presence of P,Os in a silica glass (see, e.g.,
Ref. [17]). Seemingly, the threefold increase of the SRS fre-
quency shift with respect to the pure SiO, in this case
must lead to greater heat release, acceleration of the above-
described processes, and lowering of the optical destruction
threshold.

However, this is not generally the case. The zones of max-
imal heat release that correspond to excitation of the Stokes
components with the frequency shift 440 cm™' and
1330 cm ™! are typically localised in different fibre cross sec-
tions, so that their heating action is not additive. This is
explained, on the one hand, by the almost 3.5-fold difference
between the SRS cross sections of P,Os and SiO, [18]. On the
other hand, the content of the dopant P,Os in a silica glass
should be sufficiently low to avoid unacceptable optical
loss in the fibre.

The total excitation rate of the SRS with the frequency
shift 1330 cm™! in doped glass is determined by both the dis-
cussed factors. Given the experimentally determined optimal
value ~11 —13% of the molecular content of P,O5 in glass [19],
this excitation rate is at least two times less than the excitation
rate of SRS with the frequency shift 440 cm .

The energy of the pumping radiation is thus redistributed
into excitation of different Stokes components corresponding
to different frequency shifts. As a result, the actual threshold
of optical destruction in phosphorus-doped silica glass is even
greater than the one in pure SiO,.
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