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Abstract

Fiber-optic inner core gratings are considered together with the non-uniform deformations in oscillated optical-fiber. This is wide method
of vibration registration as a result of appropriate deformations. The principle of such new sensors is that the resonance frequency changes
under the influence of the environment. Analysis was done for fiber cantilevers with the length 1-10 mm, they vibrate by the photothermally
excitation. Different cases were analyzed that correspond to transverse and longitudinal vibrations of the fiber tips or fragments with two
clamps. The =n-shifted Bragg-gratings and long-period ones are discussed to measure of vibrating amplitude in different real cases.
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1. Introduction

The principle of operation of the new class of sensors —
micro-optical sensors is considered. Our vibrated fiber
cantilevers [1] have convenient inside optical excitation
and inner fiber grating in comparison with the predecessor
silicon [2] micromechanical vibrated sensor which needs
additional optical-fiber with vibrated silicon surface to
excite this vibrations which must be permanently adjusted
as an interferometer. The typical sizes of these sensors in
experiments [1,3] were from 1 up to 30 mm in tip length and
from 30 to 125 microns in diameter. Fiber-optic tip (Fig. 1)
or fragment (Fig. 2) could be vibrated photothermally by
the modulated laser intensity transmission through the
optical-fiber, what was proved in experiments [4]. This
photothermally vibration excitation was achieved by partial
absorption of propagated optical power in additional chro-
mium layer at one side of fiber cylindrical surface. The
resonant frequency and Q-factor of vibrated cantilever are
output parameters of this sensor, they are sensitive to
external parameters such as force, pressure, temperature
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or medium viscosity and density. If we have narrow response
curve then small frequency changes could be measured by
fiber sensor, and appropriate small changes in environment
as a result. Experimental realization of this sensor is based
on the measurements of the response curve. Such measure-
ments were performed in experiment by slow variation
of modulated laser frequency. The response curve has
maximum of amplitude at the resonant frequency, as this
amplitude as Q-factor depends on the environment.
Fiber-optic intercore Bragg-grating have been widely
used as a strain sensor [5—7]. The cantilever amplitude is
measured by the fiber grating spectrum which depends on
non-uniform deformation and strain both in the axial canti-
lever direction and in the cross-section. For our cases of
small tip lengths the maximal values of amplitudes are a few
micrometers. It means that the amplitude measurements of
the fiber cantilever vibrations must be done reliable and with
high accuracy, so the n-shifted grating method for vibration
detection of such cantilevers is discussed theoretically to
realize a sensitive and convenient measuring of small vibra-
tion amplitudes in our cases. Analysis will be done with
account of 3D deformation distribution in vibrated fiber
fragments. On the other hand, the non-uniform deformation
along the fiber core and the cross-section are significally
important for the shape of result grating spectrum. Changes
in a fiber body influencing to the main grating parameters,
such as fiber refractive index, grating coupling coefficient,
phase, local deviations of the grating constant and length. In
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Fig. 1. Bend vibrations of the fiber tip. The quartz fiber core has the
grating inside it.

most previous papers [6,7], fiber strain sensors considered as
uniform or almost periodical strain functions were used. The
method of matrixes approach [8] was modified here to
analyze fiber grating vibration with account of the strong
non-linear strain. This method based on dividing whole
grating into number of segments, and in every one of them
the coupled mode equations could be used to describe the
contradirectional coupled wave interaction. We introduced
the certain modifications based on fiber vibrations effects
into the fundamental matrices to each short segment, and the
characteristics of whole spectrum was calculated as a result
multiplication of these elemental matrices under certain
conditions.

The feature of our sensors in this paper is their short
lengths of vibrated fiber fragments that means high values of
their resonant frequencies (in the range from 1kHz to
1 MHz). We desire to rise the resonant frequency of our
sensors to increase the output sensor sensitivity, so this side
of our device sensitivity is the ration of measured environ-
mental change Af to the value which is inversely propor-
tional to the Q-factor.

As a result, we will have the fiber-optical line with the
number of sensor heads based on microvibrated fiber tips, it
could be useful very much, for example as a kind of
chemical sensors [9] to control pollution in a water and
air. Multi-component, simple remote sensor system could be
created in a near future. This method has following advan-
tages: very small response time, high sensitivity and noise
immunity.

vibrated fiber cantilever
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Fig. 2. Scheme of vibrations in case of two-clamped fiber section.

2. Amplitudes of vibrations

(a) Theoretical analysis was performed for vibrated fiber
cantilever with a circular cross-section. The distributed
driving force and the displacement were described by har-
monic functions of time. The classical approach for descrip-
tion of the local amplitude was taked from [10]. Three
equations for vibration amplitude are developing here.
These equations correspond to the transverse vibrations of
fiber tip [11], fiber cantilever with both clamped ends and
longitudinal tip vibrations [12].

The cross-section vibrations of the cylindrical shape
cantilever are described by equation from [10]

w W

EJ%+,0F867:P(XJ) €))
where p, F are the material density and cross-section area of
the fiber, E the cantilever elasticity module, W(x, ) the
transverse displacement of the cantilever, ¢ the time,
F = nR? is a fiber cross-section, and the moment of inertia
is J = mR*/4, r the radius and L the whole length of vibrated
fiber fragment and P(x, ) = ¢ exp(iw?) is the external force
which causes this vibrations. The solution of this equation
for tip is

W) =-K+ g [cosh(&a) + cos(Ea)]
K sinh(a) sin(o)
21+ cosh(a) cos(a) [cosh(Ca) — cos(a)]

K sinh(o) cos(a) 4 sin(a) cosh(o)
2 1 + cosh(a) cos(a)
x [sinh(&a) — sin(&a)] 2)

where W(a&) is the transverse displacement along the
dimensionless tip length & = x/L, and force parameter is
K = q/w?pF, itis transformed from the right part of Eq. (1).
The next Eq. (3) is the result of the solution from appropriate
boundary conditions

cosh(o) cos(a) = —1 3)

where oy = 1.8751 for the first mode of mechanical vibra-
tions, but oy = 4.6941 for the second mode; but for higher
modes k > 2 the f; could be found with o = (2k — 1)/2.
The resonance frequency of vibrations could be calculated
according to the next equation

_ a*rVE
AnL? \/p

The amplitude of vibrations at exact resonance frequency is
limited by the fiber material property. It is an inner friction of
material i which is inversely proportional to the Q-factor. In
standard technique in represented in imaginary part of the
Young module E= E(1 + i), o changes to & in (2) and (3).
The procedure of this analysis was fully in [11]. Based on
this method, we present here the result equations for the real
amplitude calculation of the transverse displacement |W({)]

Ji “4)
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along the current axial coordinate &

Re(W(a()) = K{—l + % [cosh(af) + cos(aC)]},
Im(W(3)) = %qgm@@ _ sin(a?)]
KQ cosh(a) + cos(x)
am [sin(a) + sinh(a)]*
x {[sin(e) + sinh(e)][cosh(a{) — cos(al)]
— [cos(a) 4 cosh(a)][sinh(al) — sin(a)]}  (5)

Calculated amplitudes are few microns for tip with length of
about 1 mm and radius 30-62.5 pm are in agree with
experimental ones. Calculations of the modulated optical
power coincides with the experimental values which are 20—
50 mW excitation power for vibrations of the fiber tips with
the lengths amount 2 mm [1,4].

(b) Vibrated fiber fragment with both clamped ends differs
from the case mentioned above by the equality of the
boundary conditions at both clamped ends. Using this con-
ditions we obtain the next Eq. (6) for displacement W,(¢&)

W,h(¢) = —K +§[cosh(o¢é) + cos(a&)]

K cosh(a) — cos(«) — sin(a) sinh(x)
2 1 — cosh(a) cos(a)

X [cosh(a&) — cos(aé)] +§
" sinh(o) cos(o) —sinh (&) +sin(a) cosh(o) —sin(o)

1 —cosh(a) cos(x)
x [sinh(a&) — sin(aé)] (6)

This vibrated fragment has resonance when the denominator
is about zero that occurs when o; = 4.7300 with the same
(3). Following the analogous procedure for |W,({)| calcula-
tion we have appropriate equations for the real amplitude.
We use here simplified Eq. (7), because only the imaginary
part of amplitude equation considerable increase during the
resonance

sinh(e) sin(et) — cosh(o) + cos (o)

tip vibrations this amplitude is higher according Egs. (1)—
(5). Typical amplitudes of vibrations and fiber fragment with
both clamps are shown in Fig. 3.

(c) At last, we consider the longitudinal vibrations. There
are another possibility of the fiber oscillations without
bending of its tip. In this case, the direction of vibrations
coincides with the axes of optical-fiber. Amplitude of such
vibrations is calculated according to the procedure from [12]
and in resonance is given by next equation

U = \/ @2(0) sin?(wt) + y2({) cos?(wt),
@ ({) = Csinh(a;{) cos(al) — D cosh(oy{) sin(al),
({) = Dsinh(a;{) cos(al) 4+ C cosh(a; () sin(af)

~

1/2
VB )1+ i) — (B — )
o = | —
2(1+ i) ’
1/2
(W) + 8 - )

2(1+43) ’

ki = cosh(a;) cos(a) + sinh(a; ) sin(a),
ko = cosh(ay) cos(a) — sinh(ay) sin(a),
e LowL?
M= Mo ="pp
__ Klk(ma—ar) + ka(ma —a)]
(a} + a*)[cos?(a) + sinh?(a;)](1 + 13)’
Klki(tpa1 + a) + ko (ppa + ay))

b= (a} + a?)[cos?(a) + sinh*(a;)](1 + 13) ®

where y; and y, are the inner and external attenuation
coefficients, f = wL /p/ V' E the frequency parameter as
o in the case of transverse vibrations. For the first vibration
mode f; =n/2, and K the force parameter. Resonant
amplitude of the longitudinal vibrations of the tip end with
the length L = 5 mm is U(L) = 7.18 pum according calcula-
tions from (8), which is by 50 times smaller than it’s bend
amplitude at the same conditions. But this method attaches

|W2(C)| ~~ % { [cosh(a) — cos(al)]

sin(o) — sinh(a)

+ [sinh(a{) — sin(a{)]

" sin(e2) sinh(o) [cosh(ot) — cos(a)] — [cosh(a) + cos(a)]? } o

[sinh(cr) — sin(a)]?

For all vibration calculations of this paper, we use the
following quartz parameters: E = 73 x 10° Pa, p = 2.2x
10° kg/m3 , O-factor of mechanical vibrations is Q = 2400.
The force per one unit of fiber length in case of tip deviation
was ¢ = 1072 N/m in Eqs. (1) and (2) and below. Results
of the amplitude calculations according to (7) are shown in
Fig. 3. The amplitude at the middle fiber fragment is small as
Wy =7.18 um for a quartz fiber with R = 62.5 pm and
L =5mm, and W, = 149.13 ym when L = 10 mm. For

importance for deformations in the middle fiber axis where
Bragg-grating is located, so we will begin analysis this
deformation due through this vibrated amplitudes.

3. Deformations in a fiber during deviation

(a) Let us consider the elongation er(&, R) of the fiber tip
at it’s bend position during vibration, this term means small
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Fig. 3. Amplitudes of vibrations |W(&)|. Curve 1 corresponds to the tip
with L = 5 mm, 2R = 125 pm; Curve 2 corresponds to vibrated fiber with
both clamped ends (L = 10 mm and the same radius).

local increase of the length of fiber cantilever. According to
the classical theory the force applied in transverse direction
gives the bending elongation e1(&, R). At first, let us consider
the central axial line in a cylindrical fiber, because the
Bragg-grating [11] is located in the central area of a fiber
cross-section at distance of # = 1-3 pm from the central
fiber axis. According to the linear theory of mechanics the
transverse part of applied force do not causes the elongation
of the central axial line in both bending tip as in two-side
clamp fragment cases. The non-uniform function of the bend
strain and appropriate elongation were found here through
the distance 4 from the central fiber line and bending radius
ro(&). This value ep(&, R) is inversely proportional to the
curvature radius of the bent optical-fiber and is calculated
using the second derivative to the fiber displacement W(&)

h(R)
6(R, &) =
(R,¢)=— @
The bending radius of curvature could be determined from
displacement

1 _M .
re(0) T EJ’ re(0)

where r(¢) is the curvature radius of the bent optical-fiber,
which varies along current axial coordinate ¢ together with
the function of displacement W(&). Where # is the distance
from the fiber axis in radial direction. The method of second
derivative calculation |W”(f )| was the same one as for
amplitude |W({)|, so « was changed to corresponding com-
plex value at exact resonance frequency. The approximate
formula of ¢(&) could be achieved by comparison of all terms
at exact resonance, but only the term which is multiplied to
the value of Q-factor must be taking into account

= h(R)W" (&) )

=W (10)

% {G[cosh(a&) + cos(ag)]
+ G*[sinh(a€) + sin(af)]},

_ cosh(@) + cos(«)

~ sin(a) + sinh(a)

e(&,h) ~ hIm[W' (&)] ~ h

1)

This approximate formula gives maximal descrepance from
the exact values less than 1%. Approximate approach is

more exact for the cantilevers made from materials with
high Q-factor. The comparison of this bend elongation and
longitudinal one was done at previous paper [11]. The
longitudinal kind of tip elongation is exceed by this bend
ones by 15-20 times of this bend ones for 4 = 1-3 um for
the equal forces of vibration excitation for short tip lengths,
but, this difference is decreasing during increase of vibrated
lengths.

(b) More simple physical model seems better for descrip-
tion of behavior of vibrated fragment with two clamped
ends. At first, we represented such fiber as the arch during
deviation. We could calculate the uniform inner elongation
with the help of this model as follows:

_ Laen | TP~ L Larcsin(4Wpax /L) {
B Lline - L - 4Wmax

&r
(12)

where r is the curvature radius of deviated fiber. For these
cases we have appropriate average values of elongations,
they are ¢ = 7.2 x 107%; 1.15 x 10™* for vibrated lengths
L =5 and 10 mm accordingly.

So, we can see below that the previous our approach as (9)
is more preferable in comparison with (12) to find deforma-
tions in cross-section of vibrated fiber fragment with both
clamped ends. But previous approach (9) could be applied
also here because our typical amplitudes is more smaller
than fiber radius. As it was done in (11) we get the value
|W’2/(E)| from Eq. (7). With account of the inner friction of
material and complex form of the Young’s modules we get
simplified elongation low for &(R, &)

~n K
& (& h) = hIm[W, (&)] ~ h%

X { — [sinh(&o) + cos(&at)]
sinh(o¢)sin(a) — cosh(a) + cos(a)
sinh (o) — sin(«)
+ [(sinh(&a) + sin(&a)]
" sin(o) sinh (o) [cosh(o) —cos(a)] — Lcosh(oc)—o—cos(u)jz}
K K )
[sinh(or) — sin(a)]

13)

The results according to (13) for the elongation in vibrated
fiber fragment are presented at Fig. 4. Calculations were
done for three axial levels: at central neutral fiber axis 2 = 0,
at the half of radius (4 = 30 pm) and near the fiber surface at
h = 62.5 um. One can see the non-linear length increase
other the coordinate & and this function has maximum at the
middle of vibrated fiber.

In Fig. 4, the results of calculations are presented for this
bend elongation. We see that this bending deformation is
amount ep ~ 1077 to 10*8, so it could be neglected in
comparison with the elongation of whole fiber together with
it’s central axis deformations g, = 3.35 x 107.

(c) We could consider a fiber length increase (and com-
pression) during the longitudinal vibrations. The inner
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Fig. 4. Bend elongation in case of the both-side clamped fiber fragment
with L =10 mm, 2R = 125 pm, (deformation was calculated at the
distance & = 0, 30, and 62.5 um from the central fiber axis).

vibrated fiber stress is determined through elongation as
o = Ee. This is important consideration for optimal opera-
tion of the tip Bragg-grating, &, = (QU(&,1))/0¢.

This value could be found as the derivative of the dis-
placement U(E, 1) from (8) at resonance. Tip stress [12] is
maximal at the clamped end at £ = 0 according to (9). The
result equation is

oU

fiber deformations below in order to compare their influence
to the fiber grating spectrum.

4. Fiber gratings to fix fiber vibrations

Grating filters in fiber core are very suitable and con-
venient to fix vibrated amplitude of fiber cantilevers. Wave-
length reflected signal (or transmitted one) allows the
absolute measurements and further processing.

Fiber grating can be created by standard holographic (or
by mask) method in a core of a quartz fiber by ultraviolet
irradiation. According to the applied periodical laser light
intensity to the fiber core the plates with the different
refractive indexes in quartz will be appear perpendicular
to the fiber z axis

n(z) = n+ Ancos <¥) (15)

At first we will consider the fiber Bragg-grating operation
during vibrations. The main coupled waves equations for the
waves considered according to matrix approach [8]

dA(z)
dz
aB(2)

= kBexp[i(2dfz — ¢)],

= kA exp[—i(2dfz — ¢)] (16)

V2K [0y sinh(o; &) cosh(o &) + asin(a&) cos(aé)]

£ {‘/(ﬁ‘l1 +13) (14 13) \/(sinhz(alf) + sin®(a¢))(cos? a + sinh a;)

The non-uniform displacement U(&) and appropriate non-
uniform length increase were calculated for vibrated tip (see
Fig. 5). This ¢ function is interesting for the operation of
inner fiber grating. We will consider the different kinds of
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Fig. 5. Elongation functions in case of fiber tip longitudinal vibrations
(curves 1-5). Parameters are: R = 62.5 um; L = 3.5 mm (curve 1), 5 mm
(curve 2). Curves 3-5 are for the tip with L = 7 mm in air (curve 5), pure
water (curve 4) and in water with 1% of oil (curve 3). Graph 6 corresponds
to the transverse tip vibration with R = 62.5 um, L = 7 mm, and the same
exciting force ¢ = 0.01 N/m.

(14)

mn T

2
dﬁzﬁfﬁBragg :sz (17)

The electric fields of the backward and forward modes in
this grating can be expressed as Ea (z) = A(z) exp(—ifz) and
Eg(z) = B(z) exp(—ifiz), respectively (see Fig. 6). Where f8
is the propagation constant in the fiber axis direction, and A
the Bragg-grating constant. Where & is a coupling grating
coefficient between forward and backward waves,
k = mAn/J, this value could be varied in experiments by
changing of fiber-core refractive index An by variation of
UV-irradiation. Let us determine the EA(0) and E5(L) as the
forward waves at the initial and last parts of the grating
accordingly, and Eg(0), Eg(L) are the back waves in the
grating at plates z = 0 and L. The grating reflection will be

A An
a(0) = a(L)=0
b(0)_ — Lo
z=0 z=L

Fig. 6. Scheme of the waves propagated through the fiber grating.
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R = |F5; /Fy1|* by this approach from the appropriate trans-
fer-matrix terms

(o) =)

i L
Fy = F}, = —kLsinh(yL) exp 71(&3))2_ ?) ,
idf Lsinh (yL
Fiy = P = [eosnor) + P PERO g,
y =/ & —(dp)’ (18)

Now let us consider the changes of one elemental gratings.
Bragg-grating spectral change is due to the deformations of
the fiber length during cantilever deviation: L = L(1 + ¢).
Also this changes acts to the grating constants

A= Ap(1 +ey) (19)

On the other hand, the coupling coefficient varies along the
tip (and differs from one of non-stretched grating k), it must
be changed during tip stretching due to deviation because
quartz refractive index (as n as An in (15)) is a function of the
strain [7]

n(z
% =1-0.572[pra — v(p11 +pi2)len = 1 — yew,
4~ 021 (20)

The fiber photoelastic constants are p;; = 0.112, pj, =
0.252, and v = 0.17 is Poisson’s ratio.

Let us make the next additional introduction of the e-
function into the main equation at each Nth grating segment

y An
k = ke—o + Ciey, C =~ Xi N
(1l —
df = df._o + Caen, C = ¥7
N
Y = Voo + Caty Q1)

In this work, the matrixes approach [8] was improved to
account fiber deformations described above. It allowed to
calculate the result in case of strong non-linearity function
what is considerable circumstance for fiber tip or fragment
with L = 1-10 mm. We divided of whole grating into
N small segments, and in every one the coupled mode
equations could be utilized to describe the contradirec-
tional coupled wave interaction by the Riccati differential
equations.

Whole grating will be described as a final matrix multi-
plication of all elemental matrixes of segments

(?.?Egg) = [Fi][Fa] -+~ [F]-- - [Fi] @:EB) (22)

Each segment can be assumed to be uniform but to have it’s
own values of k, A, and n that slightly differs from it’s
neighbors. Thus, we represent a grating with the total length
L in vibrating fiber cantilever as a cascade of several small

uniform gratings. Each segment is treated as a uniform
grating with its own F-matrix.

n-phase shifted fiber Bragg-gratings was considered in
this paper as a good method to measure vibrations of the
fiber tips with the lengths of several millimeters. Its spectral
half width near resonance is thinner, as it could be for usual
Bragg-grating. Let us consider the m-shifted Bragg-grating
in the fiber tip as two parts with the n-phase difference in the
middle of the grating, which is the center of the fiber
cantilever. At first let us divide the tip and the grating into
two halfs according to length, so first part has length from 0
up to & = 0.5 at the horizontal axis and second part appro-
priates to 0.5 < £ < 1. Both first and second half of this
cantilever were calculated with the help of the software
created according to method described above. During the
multiplication of this result matrixes the wave phase ¢; =0
for the first N/2 elementary gratings, but ¢, = m was the
initial phase for the second half of grating segments with
numbers from N/2 up to N. The final matrix is appropriate to
such grating is the result of multiplication of two-half of
matrixes of both grating parts by software.

5. Results of calculations of n-shifted Bragg-grating

In the figures below you can see the spectrums of n-shifted
Bragg-grating which were calculated under the different sets
of initial data. These results were calculated using software
developed for this problem. The longitudinal vibrations of
fiber tip is interesting very much for as high-sensitive sensor
for environment [12], also the future practical utilization in
[14]. These spectrums are shown over df at Figs. 7-12. The
dp is variable change of the propagation constant from it’s
Bragg condition, it could be recalculated using the wave-
length

2nndA
dp="7 (23)

Bragg

here di is change of the wavelength from it’s Bragg
condition. Complete reflection spectrum of the =-shifted

R —m—5
*—3
1.0 3 = : 4
<
08 4 ['¢ ¢ 1 M
Al mig . ‘I rim
06 oM/ tha N
e |% e on o
0.4 : -\.l * LI\I '.
b I‘.+ ? ° #\- .
024 % L . | %
.‘ ‘-..‘,, enlm °
0.0 e %

43000 -2000 1000 O 1000 2000 3000

dp
Fig. 7. Complete reflection spectrum for the n-shifted Bragg-grating with
central narrow band. Grating parameters are: L =5 mm, R = 62.5 pm,
curves 3-5 are correspond to An =3 x 107%; 4><10_4; and 5><10_4,
respectively.
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—n— dn=6x10*

R o dn=5x10"
1.0 dn=4x10"*
—v— dn=3x10*

Fig. 8. More detailed reflection spectrum central band for the n-shifted
Bragg-grating. Grating parameters are: L = 5 mm, R = 62.5 pm, elonga-
tion function used is shown in Fig. 4 (curve 2), An varied from 3 x 10~ to
6 x 1074,

R —a— 2
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dp

Fig. 9. Reflection spectrum of n-shifted Bragg-grating. Grating para-
meters are: L =5 mm, R = 62.5 um, elongation ¢ = 0, An varied from
2x 107 to 5 x 107* (curves 2-5, respectively).

Bragg-grating which includes the central narrow band and
two-side grating second orders of reflection shown in Fig. 7.
Grating parameters are: L =5 mm, R = 62.5 um, Bragg
wavelength Aprage = 1.3 pm. More detailed central band
of reflection spectrum of the n-shifted Bragg-grating shown
in Fig. 8. Grating parameters are: L = 5 mm, R = 62.5 um.

0.8

0.6 1

0.4+

0.2

0.0

n‘!IOO ' rZZJO ,1'00 0
dp

Fig. 10. n-Shifted grating reflection spectrum (longitudinal vibrations).
Grating parameters are: L = 3.54428 mm, R = 25 pm, An = 3.5 x 1074;
spectrum 1 corresponds to the tip elongation shown in Fig. 4 curve 2.
Spectrum 2 corresponds to the tip elongation 10 times greater than in
spectrum 1 case. Spectrum 3 corresponds to the tip elongation 100 times
greater than in spectrum 1 case.
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Fig. 11. Reflection spectrum of n-shifted Bragg-grating (longitudinal
vibrations). Gratings parameters are: L =7.0mm, R =62.5um,
An =2 x 107*. Spectrum 1 corresponds to the tip elongation shown in
Fig. 4 curve 5. Spectrum 2 corresponds to the tip elongation 10 times
greater than in spectrum 1 case. Spectrum 3 corresponds to the tip
elongation 100 times greater than in spectrum 1 case.

Elongation function was used in spectrum calculating
according to the data from Fig. 5 and from the Eq. (13),
dn was changed from 3 x 10~* up to 6 x 10~*. From this
Fig. 8 one can see that the half-width of the central wave-
length spectral band is sensitive to the grating coupling
coefficient k, which is depending of the refractive-index
change dn during grating UV-fabrication. One can calculate
from the Fig. 8 that the half-width of the central wavelength
spectral band is df=18m ' for the grating with
An = 4 x 1074, it’s correspond to the wavelength half-width
dA=3.3x 1073 nm.

Fig. 9. shows the reflection spectrum of n-shifted Bragg-
grating with the same parameters as in previous case, but
without vibrations at elongation ¢ = 0. Grating parameters
are: L=5mm, R=0625pum, An was changed from
2x107* up to 5 x 107* (curves 2-5, respectively). The
spectral band (at Fig. 9) is df = 7 m™' for the grating with
An = 4 x 10~*. By comparison of Figs. 8 and 9 we see that
grating has enough sensitivity to recognize vibration elon-
gation as ¢ = 1077 because appropriate spectral half-width
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Fig. 12. Reflection spectrum of n-shifted Bragg-grating (transverse
vibration). Gratings parameters are: L =7.0mm, R =62.5pum,
An =72 x 107*. Spectrum 1 corresponds to the tip elongation shown in
Fig. 4 curve 6. Spectrum 2 corresponds to the tip elongation 10 times
greater than in spectrum 1 case. Spectrum 3 corresponds to the tip
elongation 100 times greater than in spectrum 1 case.
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differs from each other considerably, so is d/;,; = 3.32x
1073 nm at Fig. 8 and diyj, = 1.29 x 1073 nm at Fig. 9,
therefore, their difference is 6(d4;) = (3.32 — 1.29) x
1073 nm = 2.03 x 1073 nm.

The next Figs. 10 and 11 show n-shifted grating sensi-
tivity to the grating length. The graph 1 at Figs. 10 and 11
represents the grating spectrum with account of elongation
function (¢; ~ 10~7) shown in Fig. 5. The graphs 2 represent
the elongation which is increased 10 times (&, ~ 107%); and
graph 3 represents elongation which is increased by 100
times &3 ~ 107>, These increase of elongation ¢,, &3 are the
simple result of appropriate increase of the force of vibration
excitation in Eq. (1) by 10 and by 100 (P3 = 100P;). We can
see in Fig. 10 that ever short (L = 3.5 mm) n-shifted grating
could detect the increase of elongation with enough sensi-
tivity. Comparing Figs. 10 and 11 we see that more longer
grating gives more narrowing of the central spectral band.

Fig. 12 shows calculated grating spectrum with account of
elongation during transverse vibrated cantilever, which is
presented at graph 6 of the Fig. 5. By comparison of Figs. 11
and 12 one can see that grating spectrum has no considerable
difference for longitudinal and transverse kind of vibrations
for approximately equal values of vibration elongation.

Fig. 13 shows the n-shifted grating operation under the
water (graph 2) and under the dirty (viscous) water with 1%
of dissolved oil (graph 3). It is known from the classical
mechanics that the amplitudes of longitudinal vibrations are
sensitive to the external medium friction and mainly depend
on the viscosity of surrounding medium. This calculations
show that such grating can measure the viscosity of the
surrounding media very well. Grating parameters are:
L=7.0mm, R =62.5um, An =2 x 10~*. Graph 1 repre-
sents the tip elongation in air with the values of elongation
¢ ~ 107>, During calculations of the graphs 2 and 3, we used
another elongation functions that were calculated according
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Fig. 13. Reflection spectrum of n-shifted Bragg-grating. Gratings
parameters are: L = 7.0 mm, R = 62.5 um, An =2 x 1074; these spec-
trums correspond to the tip in the air, water and water with 1% of oil
(elongation is 100 times greater than that shown in Fig. 4 curves 3-5).

to Eq. (14) and method described in [12] with account of the
real different external media such as air, water and dirty
water + 1% oil (see parameters o and o; in [12]). For air
viscosity was chosen i = 0.18 X 10~* Pas; for pure water
Pwarer = 1.14 x 1073 Pa s; and for dirty water fiyix = 1.97x
1073 Pa s as a mixture of the pure water value with 1% of
viscosity of pure oil (i = 0.083 Pas). This difference of
the viscosity of surrounding media is resulted in the appro-
priate functions of elongation during this tip vibration. The
band shifts for these three curves are dlg = 31.83x 1073 nm
(air), dlp =30.73 x 1073 nm (water), dy2 = 30.36x%
1073 nm (water + 1% of oil). Graphs 1-3 are correspond
to the strong values of tip elongation (g3 ~ 107°) so this
values of elongation are multiplied to 100 in comparison
with the curves 3-5 at Fig. 5.

The results at Figs. 7-12 are performed for vibrated fiber
tips with parameters used in the set of experiments, length
L = 3-7 mm and typical several microns of vibrated ampli-
tude. The calculated changes in this grating spectrum are
based on the deformations in vibrated fiber tip. n-Shifted
Bragg-grating has high sensitivity to measure these typical
fiber vibrations.

6. Alternative long-period gratings

Long-period grating that couple the fundamental mode to
different forward propagating cladding modes have been
demonstrated. This coupling to the cladding mode is highly
selective. As a result, any modulation of the core and
cladding guiding properties modifies the spectral response
of long-period gratings, and this phenomena can be used for
high sensitive measurement of the fiber deviations. In com-
parison with Bragg-grating which deals with fundamental
mode placed in the fiber core this long-period one deals with
high-order cladding modes which distributed almost uni-
formly into the whole area of fiber cross-section. These fiber
cladding modes are localized in whole cladding cross-sec-
tion with radius R = 62.5 pm, which is important for an
operation of long-period gratings [13]. This grating fabri-
cated by mask-method with UV laser radiation. The trans-
mission spectrum of the long-period grating usually
measured. The discrete spiky loss bands correspond to the
coupling of the fundamental guided mode to discrete clad-
ding mode. The matrix approach based on the coupling
modes theory what describes the interaction of the core R(z)
and the cladding S(z) modes in a single long-period grating
gives the following equation [13] for the transmission
amplitude
S(L)S*(L) = ke sin?(LV k2 + &%)

R4 ’
_2mAA
TA
where typical grating constant 4 = 320 pm, 4 = 1.3 pm,
k = m An/J is the grating coupling coefficient where change

) (25)
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of refractive index due to the UV-irradiation is An = 0.015
[13]. From previous equation we could find the next low (26)
with account of (21) than deformation exist

0L
S(L)S*(L) ~ sin’ [Lk + E}

O’L O’L
-2
~ kL +— Lk(1 — —(x—1 26
Sln{ +2k+‘{ (=) +5 )H (26)
For the center of the band at transmission spectrum (at
0 = 0) we will get more simple equation

SS* ~ sin®{kL + ekL x 0.79} (7)

Typical elongation is ¢ = 1.15 x 10~* from previous calcu-
lations according (12) for length L = 10 mm, and values
kL = 365 is really and could be use for further estimations.
So, one can see from (30) that transmission SS* ~ 0.296 at
¢ =0, it’s change up to S§* ~ 0.327 at ¢ = 1.15 x 1074,
such intensity difference is 3.1%, which is high enough for
the real experimental detection of vibrated fiber fragment.

The long-period grating could be successfully used for
detection of vibrations of fiber section, the resonant fre-
quency in amount kHz, and amplitude of vibrations is
amount W ~ 100 pm.

7. Conclusion

Fiber-optic inner core gratings are considered together
with the no uniform deformations which appear along
oscillated optical-fiber. Analysis was done for vibrated fiber
cantilevers with the length 1-10 mm, the resonant frequency
is amount kHz, and amplitudes of vibrations are from 1 up to
100 pm. Different cases are analyzed which correspond to
transverse or longitudinal vibrations of the fiber tips or
fragments with two clamps. As m-shifted Bragg-grating as
long-period grating could be successfully used for detection
of vibrations of this fiber section.
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