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Abstract. Theoretical analysis was conducted with the purpose for further development of
spectral-sensitive elements for fibre optic devices including sensors of physical magnitudes.
Forecasting performances of such elements is conducted. Analysis has shown that coupling
coefficient between propagating modes (incident and reflected) of fibre cladding grating is
sufficient for sensitive elements manufacturing because on fibre cladding it is possible to
achieve significant equivalent periodic modification of refraction index not taking into con-
sideration that wave amplitude in the cladding is significantly less than in the core. Such
gratings can be created by holographic method using photopolymeric media and lasers work-
ing in blue-green area of spectrum. The case of the corrugated or sinusoidal boundary between
fibre core and cladding is also possible, and between cladding and external medium under
investigation, for example with water, where various substances are dissolved, influencing on
refraction and absorption of light waves propagating in the fibre. The results of theoretical

researches can be used for developing devices with periodic structures on optical fibres.
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1. Introduction

Periodic structure in optical fibre (fibre core or cladding
grating) leads to coupling between propagated modes.
The same properties may be inherent to a corrugated
boundary with sinusoidal profile between core and clad-
ding or between cladding and investigated substance.
Therefore, for creation and forecasting operation per-
formances of fibre optic devices based on periodic struc-
tures, it is important to fulfil the analysis of distribution
of light in such fibres and to evaluate their efficiency (to
calculate coupling coefficient between modes). It is easy
to calculate coupling coefficients between distributed
modes for single-mode fibres, but this technique can be
distributed for multi-mode fibres. For this purpose, it is
necessary to know functions, that describe extension
modes [1].

At present there is a significant number of works de-
voted to periodic structures on an optical filament [1,5-
11]. Such periodic structures are formed on a core of a
filament, for example, using an eximer KrF laser, and
modification of refraction index at the best reaches
10...1073[9]. Formation technology of periodical struc-

tures on the fibre core is enough complicated and requires
both unique lasers with generation in UV range and spe-
cial sensitive fibres. Therefore, there appears the next
question: is it possible to achieve necessary coupling be-
tween modes to receive desirable reflection coefficient
for other types of periodical structures (for fibre cladding
gratings, for corrugated boundary between core and clad-
ding of optical fibre or between cladding and external
medium)?

2. Analysis of light propagation in single-mode
optical fibers

Let us make a calculation of basic modes characteristics
for weakly guiding single-mode fibres taking into con-
sideration the theory of their propagation in such fibre
[4]. The constant of propagation [ of the main mode
exists in the interval between two extremums determined
by meanings of B for plane waves propagating in Z di-
rection in boundless homogeneous media with refraction
indexes equal to the maximal and minimal meanings of
the fibre refraction index n(r). If such meanings will be
presented as Ny — maximal meaning of the refraction
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index nér?, Nmin — minimal meaning of the refraction

index nlr ), the B will be in the range:
2MMNmax 2MMnin
<B< , 1
p B b (M

where A is a wavelength in vacuum. Taking into consid-
eration that fibres are weakly guided, that is Npg ONpin »

then from (1) follows: B DZTm , which corresponds to a

constant of propagation of plane wave in Z — direction in
endless medium with refractive index Nypg = N Npyipy -

Polarization properties of fibre structure weakly in-
fluence on the field in the fibre because Nya ONgin [11].
Correspondingly, an optic wave propagated in the fibre
could not be sensitive to the polarization effects. There-
fore, wave propagation in weakly guided fibres can be
described by scalar wave equation:

Eﬁ+——+k2(r)§v(r)=l32<ﬂ(r), ©

whereisa (r) scalar function corresponding to electric
field strength in the fibre and k(r) can be determined by
expression:

k()= 2”;0

~—"

©)

Them main mode described by solution of equation
(2) corresponding to maximal [ at that w(r) does not
depend on the polar angle ¢. Satisfactory approxima-
tion can be obtained for the field ¢ (r) described by the
function:

10r B
oc == 4
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where rq is a spot size determined by variation method
and the constant C determined from the condition of nor-
malization:

ZHIrL,UZ(r)dr =1. (5)
0

The function (4) is a solution of the equation (2), and
it can be used as a trial function for a stationary expres-
sion of the constant of propagation [, when rg being
chosen from the condition of providing maximal £ [12]
corresponding to the main mode. As a result of simple
substitution there appears expression for (3 :

}%—Bd—wg+k2(r).ﬂ2%dr
RE 5

Odr 0O
B? - (6)
J'rtpzdr
0
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In concordance with correlation (6) dependence
B%=f (ro) is created, it is obvious that ry changes in the
rangeof p-9p < p< p+9Jp,atthesametime Jp ischo-
sen in such range that on the curve 82 = f (ro) we can see
maximum (see Fig.1). For a step-index fibre [4], 1, cor-
responds to the core radius, what we can prove by substi-
tution of (4) into (6) and equaling the first derivative of
the expression (6) on rq to zero:

2

org

Knowing rg and S, and taking into consideration
(5), we can completely characterize the field of an opti-
cal wave propagating in single mode fibre.

Periodical structures on the optical fibre can be of
different types. Calculation of coupling coefficient be-
tween coupled modes for the case when periodic struc-
ture is situated on the fibre core is necessary for us to
compare it with coupling coefficient for cases when dif-
ferent periodic structures are situated on the fibre clad-
ding. It is obvious that cases of corrugated boundaries
core-cladding and cladding-cladding, when claddings
consist of different materials, are practically equivalent,
and we provide calculation only for the first case. So, we
calculate coupling coefficients between modes (incident
and reflected waves) for a single mode fibre using the
correlation obtained in [5].

X:%}rqu(r)koz(r)m(r)dr, ®)

where X is a coupling coefficient between an incident
wave on periodical structure and reflected wave from this
structure for the single mode fibre, and m(r) is a coeffi-
cient of modulation refraction indexes describing strength
of periodical structure

n(r,2) = no(r )§+ m(r)cosEQALT z%

Knowing l,U(r ), fo, B, m(r ), n(r) we can calculate the
coupling coefficient ¥ between modes for different peri-
odical structures.

3. Calculation of optical wave propagation in
single-mode fibres with gratings on the core and
cladding

At the beginning, we calculate parameters r, and g for
single mode fibre, considering that refraction indexes of
fibre core and cladding are constant and equal to #; and
n,, respectively. Substituting (4) into (6) we receive the
following expression:
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PO 0 © 0 0
—O.5+Bzﬂazj'expﬂ-gr»gﬂdr+Bzﬂgj'expﬂ-gr»gﬂdr
0A 04 HOoOH gA Ile HOoOH

B?=
* Opn g0
5B

For the step index fibre rg = p, what is confirmed
also by analogous calculation in accordance to the for-
mula (6a). Using the correlation (8) we can calculate the
coupling coefficient x for a fibre core grating. In such
case the formula (8) will have a form:

P
X:%l'rwz(r)koz(r)mdr. (8a)

From the correlation (8a) cropped up that coupling
coefficient is proportional to m. Therefore it is sufficient
to calculate x only for, e.g., m =0.001. Substituting
data derived from correlations (5,6) into the formula (8a),
weget x =1851m™L.

According the formulation (8) we can also calculate
the coupling coefficient x for periodic grating on the

fibre cladding. The formulation (8) modifies and appears:

X:%‘F[rwz(r)koz(r)rrdr. (8b)

Calculation of the coupling coefficient using the lat-
ter formula was fulfilled also for m = 0.001, which for
our case was equal to 1073 m™!. So, comparing coupling
coefficients on the fibre core and cladding at similar m,
we can conclude that they are balanced. But taking into
account that the fibre cladding can be made of photosen-
sitive material, for e.g. photopolymer, one can record a
grating on it by holographic methods using lasers in blue-
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Fig. 1. Dependence of the square of propagation constant ﬁz on
radius r of the fibre with refraction
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green spectral range, where m can have meanings 0.01
[13]. Thus, such grating on the fibre cladding can be more
effective for its operation than gratings on the fibre core.

4. Calculation of a coupling coefficient for an
optic fibre with corrugated boundaries

Optical fibres with corrugated claddings can be effec-
tively used in different sensors because of these can have
contact with investigated media, optical characteristics
of which (refraction and absorption indexes) directly in-
fluence on reflection coefficient of the grating. Optical
fibre with corrugated boundary between core and clad-
ding is schematically shown in Fig.2. Such boundary can
be mathematically expressed by the following way:

r(z):pa+ mcos@z% ©
0 OA

Then refraction index as a function of r in such optic
fibre will appear in the following way:

[l
My, r> pa+ mcos@ z%
_H 0 oA

n(r)
aﬁ_, r< p%+ mcosé% z%

(10)

On the basis of the formula (9) we can deduce the
following correlation:

Al2 —>le—A[2

Fig. 2. Sinusoidal boundary between core and cladding of opti-
cal fibre.
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COSBZ— P

0 mp

(11)

The latter equation can be solved concerning 2 5,
when radius of the boundary between cladding and core
equals 7.

A -p
715 = _—arcco = *7.
2 mp

Using the letter correlation one can find coefficients
of complex Fourier series that express periodic changes
of the fibre refraction index along the dimension Z in
accordance with (9) and (10) formulae.

(12)

A2
—i 2_7T =
r)—/\ I n(r)exp@-] N kzgdz
. A2 (13)
-1 J' ngexpB—jEkz&
N Rz Db A D
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From the latter formula (13), in the result of integra-
tion, we can directly find the coefficient Cy (r)

_ 0 _
Msind1<arccosgﬁ%.
7K B mo

We are interested mainly in C,(r), that in accord-
ance to the formula (14) can be expressed in the follow-
ing way:

T | o
12 -5 FH . p-mpsr<p+mp;
al)=H = Hm/rJE2

a
H, r<p-mp, r>p+mp.

C(r)= (14)

(15)
The coefficient Cy(r) is found by substitution of the
formula (13) where k =0, so

Sﬂamwﬁi%nz, p-MPp<r < p+np;
i w

Colr)=tm, r<p-np;
512, r>p+mo.
H
(16)

Thus, in a general case, dependence of refraction in-
dex on r will have the following appearance:
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n(r): Co(r)+ 2C1(r)cos§2/\iT z§+
..+2C; (r)cosBZ/\LT kel .=

(17)

Hence, m(r): 2 Cl(r)g. Substituting this meaning

: ~o\l
m(r) into the expression (
in this case:

(27_[)3 p+rmp

2 rg2(r)Co(r)Cy(r )ar

p-mp

) that have the following form

X= (18)

In accord with the formula (18) we can calculate cou-
pling coefficient between coupled modes for corrugated
boundaries between the fibre core and cladding. The plot
of dependences of the coupling coefficient between modes
when changing m in the range from 0.001 to 0.1, for

n =1.453,n, =1.45 is shown in Fig. 3.

The coupling coefficient between modes x for m =
0.001 equals 4.436 m™!. From such a plot it follows that to
achieve desirable coupling coefficient value y = 100...
400 m! are necessary [6] to have a modulation coeffi-
cient value m = 0.02...0.08.

For calculation of coupling coefficient between modes
at corrugated boundary between fibre cladding and ex-
ternal investigated medium we can use the expression (18).
It is necessary to take into consideration that in our case
the middle radius of corrugated boundary will differ from

P, and such value will be marked as r;. For different
refraction indexes of external medium ng, it is necessary
to calculate rg that already will not be equal to the core
radius and also calculate the propagation constant (3.
Such values ry and 3 can be found by the method de-
scribed in [4]. So

(27_[)3 rp+mr
x=E0 frecor oo
BA
n—mr
where Cg (r ), C (r) are calculated using expressions (15)
and (16) at displacement p on r;, iy onto n, and n,
onto ng. Calculation provided for r; = 6 um, ng=1.33
and ng =135. At this will received meaning rg=3.15 pum,
and B =5.879. Dependence of coupling coefficient be-
tween modes on the value of modulation m of corrugated
surface for two meanings of refraction indexes is shown
in Fig. 3. It follows from this figure that for corrugated
cladding one can also reach greater coupling coefficient
at modulation of external diameter of cladding in the
range of 0.02...0.08. Moreover, the coupling coefficient
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Fig. 3. Plots of dependences of coupling coefficients between modes on modulation coefficient m(r): a) coupling coefficient for

corrugated grating core-cladding; b) x;(m) and x,(m) — coupling coefficients for corrugated gratings on the cladding of optic fibre

at ng = 1.33, ng = 1.35.

between modes of such fibre is very sensitive to the change
of index ng of external medium.

5. Discussion of results

Analysis has shown that the coupling coefficient for waves
on the cladding and core of the fibre are balanced. But, it
should be noticed that on the fibre cladding some grating
could be formed by holographic methods using available
lasers and photosensitive polymers. Such technology is
very simple and can be realized in production of differ-
ent optoelectronic devices. If external boundary of fibre
cladding is corrugated, then such element with a periodic
structure can be used as sensor for measurements of dif-
ferent characteristics of water and water solutions, which
are bound with refraction and absorption indexes. Cal-
culations showed that coupling coefficient between modes
for corrugated claddings is sufficiently sensitive to
changes of refraction index of medium in which fibre ex-
ists. But, production of such optoelectronic elements with
periodic structures requires a lot of technological investi-
gations.
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Fig. 4. Plots of dependences of coupling (X) and reflection (R)
coefficients on a refraction index of medium under investigation
for corrugated boundary cladding-external medium.
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