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ABSTRACT

The photoinduced formation of Bragg gratings in optical fibres is explained as a con-
sequence of convective instability. Close analogy is emphasized between this phenomenon
and the photoinduced second harmonic generation in optical fibres. The observed grat-
ing formation is interpreted as amplification of very low frequency noise. Predictions
concerning the transient processes are made which could be checked experimentally.
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1 Introduction
Hill and coworkers have discovered that argon laser beam can produce a Bragg grating in germania-
doped optical fibre leading to temporal growth of the reflected light up to almost total reflection of the
pump beam1. It has been found that the gratings persist for a long time after switching of the pump.
This phenomenon has aroused considerable interest stimulated by possible practical applications. Despite
a large body of experimental and theoretical work devoted to the problem (see for example a review2),
the physical nature of the formation of these gratings remains obscure.

Payne has suggested a photorefractive model for the phenomenon which is based on the analogy with
photorefractive crystals3. The model implies photoionization of defects, diffusion of charge carriers, their
re-trapping and formation of the space charge modulated by the interference pattern of incident and
reflected light inside the fibre. The Bragg grating is then produced via the Kerr quadratic electro-optic
effect (instead of the linear electro-optic effect in photorefractive crystals).

It is well known that according to coupled-mode theory the non-local response (i.e. the existence of
\ phase shift between the interference pattern and the grating) is required for stationary spatial growth
of the reflected light and the photoinduced grating. This phase shift is implicit in non- centrosymmetric
photorefractive crystals. We stress however that it is absent in the Payne's photorefractive model as well
as in any model for glass optical fibre. Indeed, there is no preferred direction for this phase shift in the
fibre of centrosymmetric glass material. It is therefore not clear how a weak light reflected from the back
end of the fibre can grow up to total reflection. Besides, the photorefractive model shows no change in
the refractive index under uniform illumination. This is in sharp contrast with experiment (see Reference

2).
A number of microscopic mechanisms for the photoinduced Bragg grating formation has been proposed

related to the bleaching of an ultraviolet defect absorption band of the glass via two photon absorption
and new absorption bands formation resulting in a change of the refractive index according to the Kramers
- Kronig relation (see for example Reference 2). All this mechanisms lead however to a local response
and consequently meet the above mentioned objection.

Recently the phenomenological theory was proposed based on a local model4. This theory postulated
that the evolution of the dielectric constant is determined by the equation:
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where I is the local intensity of the light in the fibre, which is squared according to two photon absorption
process and A is a constant. It has been shown that this assumption leads to essential growth of the
grating.

Note however that this theory could be correct only for early stage of the grating formation. Indeed
this equation shows infinite growth of the dielectric constant e. In order to avoid this contradiction
one should take into account the relaxation process leading to saturation of e. But then the coupled-
mode theory shows no spatial growth and the strong stationary amplification of reflected light observed
experimentally is not explained.

In this paper we propose a theory explaining the photoinduced formation of Bragg grating in optical
fibres as a consequence of convective instability leading to spontaneous growth of temporal fluctuations of
local refractive index and intensity of the light. The theory is based on a local model taking into account
the relaxation process. We emphasize a close analogy between this phenomenon and the photoinduced
second harmonic generation in optical fibres. We interpret the grating formation as amplification of
very low frequency noise. Predictions concerning the dynamics of grating formation and the resonant
enhancement of frequency shifted signal are made which could be checked experimentally.

2 Basic Equations
The propagation of the light in the fibre with a weak Bragg grating is described by conventional coupled-
mode equations:
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Here E\ and £2 are the smoothly varying complex amplitudes of the incident and back-scattered (re-
flected) light waves, k is the wave vector in the fibre, n is the initial refractive index of the glass, 6njc is
the amplitude of the phase grating with the period K = 2k satisfying the Bragg condition. The evolution
of the refractive index is assumed to be described by the following phenomenological equation:

This equation implies a local response as it was done in Reference 4 (see eqn. 1 ) but also takes into
account the relaxation process. We shall consider the phenomenological coefficient A to be positive. The
relaxation time T(I) is assumed to be very long in dark accounting for the memory effect. Under the
illumination T(I) is reduced depending on the local intensity of the light.

Let us consider the case of weak reflection, E2 « Ex. Then we consider Ei and r{l) to be constant.
In this case, eqns. 2 and 4 are linear and can be rewritten in the form:

t = 7*

Here 1 is the characteristic length and N is the quantity proportional to the amplitude of the grating
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Ii is the pump light intensity inside the fibre. The stationary solutions of eqns. 5 and 6

E2 = N = E2Oexp(i^) (7)

shows no amplification of the grating and the reflected light.

3 Convective Instability
We stress that eqns. 5 and 6 are equivalent to the equations which we used previously in References 5
- 7 for description of photoinduced symmetry- forbidden second harmonic generation in optical fibres.
Here Ei corresponds to the amplitude of second harmonic light and N corresponds to the quantity
determining the amplitude of the photoinduced grating of second-order susceptibility x^. Therefore,
while the physical processes involved in the photoinduced Bragg gratings formation are quite different, the
phenomenon should have the same phenomenological nature as the symmetry-forbidden second harmonic
generation.

We have shown that the stationary solution (7) of these equations is unstable and spontaneous second
harmonic generation is a result of this instability5"7. Indeed, putting E2,N <- exp{\t + ipz) in eqns. 5
and 6 we obtain

A = I(i-l) (8)

i. e. fluctuations with p < I'1 grow with time. Therefore if initially JV = 0 and E2 = 0, these quantities
should appear due to the growth of small fluctuations. Note that this instability is of convective nature.

Strictly stationary amplification of reflected light is thus impossible. Under non-stationary condition,
however, the amplification should take place related to the instability. It should be stressed that the
amplification obtained in Reference 4 without taking into account relaxation process is also related to a
non-stationary character of eqn. 1.

Let us consider the consequence of the convective instability for photoinduced Bragg gratings forma-
tion using our results obtained in References 5 -7 for second harmonic generation.



4 Response to Initial Fluctuation and to Switching on

By solving eqns. 5 and 6 one can show that the refractive index fluctuation initially located at back
end of the fibre (at z=0) transforms into a grating with a period close to 2k. At distances z » I the
quantities N and E^ change in time as

Izt 1 / 2 t
E2~N~ *(z, 0 = exp[(~) - -] (9)

reaching a maximum ~ exp(z/2l) at / = rtr = rzjii.
For t near Ttr, this equation can be rewritten in the form

(10)

where rc = T(2Z/1)1 . Thus for a fibre of length z, the factor <&(z,t) describes the response to small
initial fluctuation. One can also show that the same factor governs the transient process arising after
switching on the pump light. Solving eqns. 5 and 6 with the appropriate boundary and initial conditions
N{z,o) = 0 and £2(0,*) = r ^ i w e obtain for the intensity of the reflected light

h{z,t) = Rh-^r<b{z,t)2. (11)
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Here R — r2 is the coefficient for Fresnel reflection from the back end of the fibre, /j is the intensity of
the pump light. Note that the transient time for the appearance of output reflected light is rtr and TC

determines the duration of the reflected light signal. In the case of strong amplification (z >> /), r <<
Tc « Ttr.

5 Resonant Enhancement of Frequency Shifted Signal

Assume that two laser beams are injected into the fibre from the opposite ends: the pump beam and
a weak probe beam with a frequency w - Q which is slightly shifted from the pump light frequency w.
Solving eqn. 5 and 6 with the boundary condition £2(0,0 = E2oexp(iQt) we easily obtain the following
expression for the amplitude of probe light propagating along z axis:

Et(z,t) = E20exp[ " + flit], (12)

Here E20 is the amplitude of input probe light. The intensity of the probe light is given by the formula

I2{z,t) = I2Qexp(T(n)z);r(n) = a i +
2 " ^ . (13)

The frequency shifted probe signal should thus grow exponentially along the fibre with a gain coefficient
depending on Q in a resonant way. Maximum gain r m a x = /"1 is reached at Q = Qo = r ~1. The resonant
width A = r'1 is small compared with QQ.

The same result can be obtained when instead of introducing a frequency shift Q the intensity of the
input probe light I20 is modulated with the frequency 2Q.

6 Amplification of Noise

Small random fluctuations of pump light are reproduced in Fresnel reflected light from back end of the
fibre. It ii obvious that these fluctuations should result in strong amplification of the reflected light and
photoinduced Bragg grating, just as the regular modulation considered above. The main contribution to
the output reflected light is given by the noise frequency band of width A = T~ l around the resonant
frequency fio — T~l- The output reflected light intensity should show strong fluctuations with the
correlation time rc. The delay of the appearance of the reflected light after switching on the pump
should be determined by the transient time r t r. The average intensity of the reflected light should be
distributed along the fibre as exp(z/l). The fluctuations in the reflected light should show the same
statistical properties as the fluctuation of second harmonic signal described in Reference 6.



Strong random fluctuations in the reflected light under photoinduced Bragg grating formation in
optical fibres have been reported in References 8 and 9 without any interpretation. The correlation
time of the fluctuations was much shorter than the transient time of growth of the reflected signal, in
accordance with our theory.

We believe that the observed photoinduced Bragg grating formation can be interpreted as o result of
amplification of very low frequency noise in the pump light. The theory describes statistical properties
of fluctuations in reflected light which could be compared with experiment.

7 Discussion

The results obtained above are valid for weak reflection, Ei << E\. For E? — Ei> nonlinear effects due
to the depletion of the pump light and to change of the relaxation time r depending on the local light
intensity probably lead to suppressing of the fluctuations in the reflected light.

Note that the analogous results can be obtained for negative A coefficient as well as for the case of
one photon absorption when the first term at right hand sight of eqn. 4 is proportional to /.

Note also that the transient process (described by eqns. 10 and 11) and the resonant enhancement
(described by eqns. 12 and 13) predicted here can be obscured by amplification of noise. The noise level
in the band of width A around the frequency QQ should be low enough for observation of these effects.
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