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Abstract.  Self-modulation oscillation regimes are studied in erbium 
fibre lasers with intracavity microoptomechanical structures (micro-
oscillators) of different types, namely, based on silicon structures 
and consisting of special waveguide segments. Optical excitation of 
acoustomechanical vibrations of microoscillators is accomplished 
using photothermal effect or light pressure. Under the conditions 
of resonance interaction, i.e., when the eigenfrequencies of micro-
oscillators coincide with the frequencies of relaxation oscillations 
or with those of intermode beats, the dependences of self-oscillation 
characteristics on the system parameters are found and the stability 
of the self-modulation frequency within 10–4 – 10–6 is obtained at 
relatively low (40 – 300) Q-factors of microoscillators. The possibility 
to construct multivariate (multichannel) fibreoptical sensors of physi-
cal quantities with frequency division of measurement channels is 
demonstrated.

Keywords: relaxation oscillations, fibre laser, self-modulation, passive 
Q-switching, microoptomechanical resonance structure.

13. Introduction

The studies of interaction between microoptomechanical res-
onance  structures  (MOMRSs)  and  laser  radiation  are  one 
of the urgent issues of research and technology [1 – 3], within 
which  the  interdisciplinary  studies  joining  micromechanics 
and fibre optics and aimed at the design of novel functional 
fibreoptical devices have been extensively developed in recent 
years. The key role in these devices is played by the MOMRS 
mechanical degrees of freedom, interacting with laser radiation. 

MOMRSs  (microoscillators)  represent  multifunctional 
structures  having  micron  and  submicron  dimensions  and 
fabricated  using  plasmachemistry  or  preferential  etching  of 
dielectric and  semiconductor materials  (glass,  silica,  silicon, 
etc.) [4], in which a fraction of optical radiation energy can be 
converted  into  acoustomechanical  vibrations  as  a  result  of 
photoinduced MOMRS deformations, caused by photother-
mal effect, light pressure, electrostriction, photopiezoelectric 
effect  in  semiconductors  and  other  mechanisms.  The  effi-
ciency of conversion depends on a number of factors, namely, 
the characteristics of the light wave (spectral range, polarisa-
tion  state,  and modulation  frequency),  the physicochemical 

parameters of the materials, the construction and dimensions 
of MOMRSs,  the  external  conditions,  etc.  In  laser optical 
systems MOMRSs  can  operate  as  microminiature mirrors, 
deflectors, and optical waveguides, the characteristics of which 
are changed under the action of light. Being distributed oscil-
latory  systems, microoscillators are  characterised by a wide 
spectrum of eigenfrequencies and forms of elastic eigenmodes 
with pronounced resonance properties. 

The  introduction  of  a microoscillator  into  the  feedback 
circuit  of  a  laser may  lead  to  passive modulation  of  laser 
radiation parameters with the modulation depth, essentially 
depending on frequency and demonstrating resonance behav-
iour  at  the  frequencies  of  MOMRS  eigenmodes.  Of  great 
interest are also systems with resonance interaction, in which 
the  MOMRS  eigenfrequencies  coincide  with  characteristic 
frequencies of different processes in the laser (relaxation vibra-
tions,  intermode  and  polarisation  beats,  etc.),  which  may 
strongly affect the dynamics of laser oscillation. Satisfying the 
resonance interaction conditions may be relatively simple in 
fibre lasers (FLs), in which by variation of resonator param-
eters it is possible to control frequency-temporal and energy 
characteristics  of  laser  radiation  within  wide  limits.  In  the 
present paper  the conditions  for self-modulation regimes of 
FL oscillation  in the presence of resonance  interaction with 
various types of MOMRSs are considered. 

14. Self-modulation in fibre lasers 
with MOMRSs under conditions of resonance 
with relaxation oscillations of laser radiation

Optical  schemes  of  the  studied  erbium  fibre  lasers  (EFLs) 
with MOMRSs  are  presented  in  Fig.  1.  In  the  considered 
EFLs  the  role  of MOMRSs  is  played  by  silicon  structures 
with vibrational elements, implemented as micromembranes, 
microcantilevers or microbeams with various boundary con-
ditions and the following characteristic dimensions: the diam-
eter of membranes 500 – 150 mm, the thickness 2 – 20 mm; the 
length,  width  and  thickness  of  microcantilevers  and  micro-
beams 100 – 150 mm, 10 – 200 mm, and 2 – 40 mm, respectively 
(Fig.  2).  The  eigen frequencies  f  of  fundamental  modes  of 
MOMRS acousto mechanical vibrations  lie within the range 
of  3 – 450  kHz,  the Q-factor  of microoscillators  (in  air) Q  = 
40 – 300, and in vacuum conditions with residual pressure p –~ 
10–2  Torr Q  =  100 – 2000.  The  structures  are  fabricated  by 
preferential  etching  of  monocrystalline  silicon,  doped  with 
boron, which allows creation of MOMRSs with various topol-
ogies.  The  deposition  of  metallic  or  dielectric  films  on  the 
MOMRS  surface  allows  formation  of  microoscillators  with 
the required optical and other physical properties.
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In the studied EFLs the microoscillators are located at the 
exit of the fibre part of the laser and play the role of either a 
resonator mirror, or an additional external reflector. Double-
clad active optical fibres (AOFs) are pumped using radiation 
of semiconductor lasers with the wavelength lp –~ 980 nm. The 
optical feedback between the EFL and MOMRS is provided 
either by a MOMRS-based autocollimator (AC) or by a Fabry – 

Perot interferometer (FPI), formed by a semi-transparent reflec-
tor at the exit face of the EFL and the reflecting surface of the 
MOMRS, which makes a two- or three-mirror laser resona-
tor, respectively.

The  laser  radiation  incident  on  the MOMRS  causes  its 
photoinduced deformation, which in the case of positive feed-
back  can  lead  to  self-modulation  of  intensity  and  other 
parameters  of  the  generated  radiation  at  the  frequency  of 
MOMRS eigenmodes. The typical mean power of EFL radia-
tion, incident on the MOMRS, is  

–
P –~ 1 – 10 mW.

The  mathematical  models  of  FL-MOMRS  systems  [5], 
based on the fibre laser rate equations for three-level (Er+3, [6]) 
and four-level (Nd+3 [7]) schemes, as well as the equations of 
linear microoscillator in the single-resonance approximation, 
are considered and analysed in Refs [8, 9]. The results of this 
analysis show that one of the basic conditions for self-oscilla-
tion in the system is the coincidence of the eigenfrequency of 
MOMRS mechanical vibrations with the frequency of relax-
ation oscillations in the FL,  frel –~ f. In particular, single-fre-
quency  synchronous  oscillations  of  the microoscillator  and 
laser  radiation  are  possible  under  the  conditions  of  conti-
nuous  pumping  in  the  considered  system,  which  manifest 
themselves in self-modulation of the radiation intensity at the 
frequency of synchronous oscillations F, virtually coincident 
with the frequency of MOMRS eigenmode vibration (F » f  ).

The  experimental  studies were  carried  out mainly  using 
erbium-yttrium fibre lasers (EYFLs). In the present work it is 
experimentally  found  that  in  the EYFL – MOMRS  systems 
under the condition frel –~ f self-modulation is also possible in 
the  schemes of  lasers with  so called nonresonance  feedback 
[10], in which the role of one of the optical resonator mirrors 
(M1) is played by a diffuse light scatterer, such as chalk, paper, 
and  sheets  with  a  fine-grained  (0.3 – 0.5 mm)  rough  surface 
used for grinding optical connectors (Fig. 1c). This fact means 
that for the existence of self-modulation regimes of this sort ( 
frel –~ f  ) the mode composition of laser radiation does not play 
a crucial role, and the character of the system behaviour may be 
described within the concept of radiation as a whole [11]. 

It is remarkable that the EYFL – MOMRS systems with the 
feedback via a SELFOC-based autocollimator (beam diameter 
300 – 400 mm) demonstrated high stability with respect to the 
impact of destabilising factors [12, 13], which is important in the 
design of high-precision frequency-domain sensors. Provided 
that the characteristics of the MOMRS and the EYFL optical 
resonator are given, the behaviour of the system is determined 
by the level of the EYFL pumping and the angle j between the 
axis of the collimated beam and the normal to the MOMRS 
surface. In the space of the parameters mentioned, the region 
of  excitation  of  self-oscillations  possesses  a  rather  compli-
cated structure [13]. For creating fibreoptical sensors (FOSs), 
based on self-excited oscillations, of particular importance is 
the presence of areas with  ‘soft’ excitation regime,  in which 
reversible  and  stable  (breakdown-free)  self-oscillations with 
reproducible parameters take place. In these areas the relative 
fluctuations of the self-modulation frequency DF/f = |F – f |/f 
for  the given MOMRS parameters do not exceed 10–4. The 
dependence F( f ) is practically linear: within the range of rela-
tive variation of resonance frequencies |D f /f | £ 5 % the non-
linearity coefficient does not exceed 0.1 %.

In the present work it was also found that under the con-
ditions of polarisation-isotropic pump of  the EYFL,  imple-
mented by simultaneous focusing of two orthogonally polarised 
pump radiation beams with similar power on the AOW face, 
in the case of using a MOMRS with high temperature stability 
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Figure 1. Schematic diagrams of  lasers with a MOMRS and optical  
feedback  via  autocollimator  (AC)  (a)  or  Fabri – Perot  interferometer 
(FPI) (b): 
( 1 )  laser  pump  diode  ( lp  =  980  nm);  ( 2 )  fibre  multimode  splitter; 
( 3 ) active optical fibre; ( 4 ) dielectric semitransparent reflector, R(ls) –~ 
20 % – 90 %; ( 4* ) diffuse reflector (Fig. 1c); ( 5 ) and ( 6 ) InGaAs photo-
diodes; ( 7 ) MOMRS; ( 8 ) collimator (SELFOC); ( 8* ) outlet semitrans-
parent mirror (multilayer interference reflector or boundary between the 
optical waveguide and air) (Fig. 1b); ( 9 ) optical filter; ( 10 ) fibre single-
mode splitter ( ls = 1.5 mm); (M1, M2, M3) reflectors; Reff  is effective 
reflection coefficient.
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Figure 2. Schemes of MOMRSs based on micromembrane (a) and microcan-
tilever (b); PZT is plumbum – zirconium – titanium piezoelectric ceramics.
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[  f  –1(D f /DT )  –~  2 ́  10–5 °C–1 ],  excited  by  light  pressure,  the 
short-time (during 1 hour) relative instability of self-modula-
tion  frequency under  the normal  conditions was |DF /F| » 
2 ́  10–6 (  f » 60 kHz, Q  –~ 250). This indicates the possibility in 
principle to create frequency-domain FOSs with wide dynamical 
range of measurements. Note that in the course of experiment 
no special measures were taken to protect (isolate) the system 
from external perturbations of the basic elements of the laser 
scheme,  as well  as  to  stabilise  the  parameters  of  the  pump 
source. The  relative  fluctuations  of  the  pump power |DPp /Pp| 
amounted to ~3 %, and DT was equal to 0.1 °C.

The  possibility  of  using  the  resonance  self-modulation 
regime  for  creating  frequency-domain FOSs  is  confirmed by 
the data, presented in Fig. 3 that shows the dependences of the 
self-modulation frequency on the pressure and the temperature 
for  a microcantilever MOMRS  and  a microbeam with  sup-
ports on the membrane, respectively. The transformation func-
tion  and  the  sensitivity  of  a  temperature  FOS  can  be  varied 
within  significant  range,  e.g.,  by  coating  the  microoscillator 
resonator  with  a  metallic  film.  The  sensitivity  of  a  pressure 
FOS can be varied by changing the thickness of the membrane. 
The  experiments  with  combined  MOMRSs,  containing  the 
films  of  magnetostrictive  materials  (Ni,  Fe)  and MOMRSs, 
mounted  on  piezoelectric  lead  zirconate  titanate  substrates, 
demonstrated  the  possibility  to  create  a  frequency-domain 
FOS of steady-state (quasi-static) electric and magnetic fields.

15. Resonance self-modulation of EYFL intensity 
under passive mode locking using MOMRS

The relatively large length of fibre EYFL cavities ( l >~ 1 m), 
leading to sufficiently large lifetimes of photons, as well as con-
siderable inertia of the laser active medium, with the limitations 

of  the pump power  taken  into account, yield  the  frequency 
of EYFL relaxation oscillations frel, as a rule, not exceeding 
300 kHz. Therefore, in the case of using high-frequency micro-
oscillators (  f >~ 500 kHz) it is difficult to implement the con-
sidered mechanism of self-oscillation excitation. At the same 
time, thanks to considerable spectral width of the EYFL active 
medium amplification band that amounts to 30 nm and greater, 
the oscillation of the EYFL can be implemented in the multi-
mode regime with the frequency separation between the modes 
Dn =~ c/(2nl ), where c is the speed of light in vacuum; n is the 
refractive  index.  In  this  case,  the variation of  the  resonator 
length allows  implementation of  the resonance condition of 
another  type, Dn  =  f,  under  which  the  efficient  interaction 
between  EYFL  and MOMRS  is  possible  in  a  wider  range 
of  microoscillator  frequencies.  Figure  4  shows  a  schematic 
diagram of the experimental setup for investigating such inter-
action [14].

The optical length of the fibre laser resonator could vary 
both discretely and continuously, at the expense of introduc-
ing passive waveguide segments and smoothly heating them. 
The multilayer interference mirror M1 is formed directly on 
the face of the optical waveguide. The mirror M2 represents 
an optically-tunable FPI, formed by the reflecting face of the 
silica waveguide with the reflection coefficient r1 –~ 3.5 % and 
the reflecting surface of the MOMRS (r2 » 70 %) having the 
form of a microbridge with the eigenfrequency of the bending 
vibration fundamental mode f1 » 370 kHz. The FPI base is 
expressed as d = d0 + y, where d0 is the initial value of the base 
with the EYFL switched off; y is the shift of the MOMRS due 
to photoinduced deformation. Tracing of the EYFL oscilla-
tion dynamics and the state of microoscillator vibrations was 
implemented using fast photodetector devices ( 6, 7, 10 ).

Under the resonance conditions (Dn = f1), corresponding 
to l »  280 m, at certain values of the FPI base, belonging to 
definite branches of  interferograms,  the  fibre  laser becomes 
switched over to the regime of regular pulse generation with 
the pulse repetition rate F, close to the mode frequency sepa-
ration  (F » Dn). The  transition  to  the mentioned regime of 
oscillation has a pump level threshold, and with the growth 
of pump power the duration of pulses decreases (the minimal 
duration  achieved  is  tmin » Т/30, T = F –1), while  the  laser 
intensity modulation  depth  grows,  approaching  100 %. The 
mentioned  regularities  are  typical  for  the  regime of  passive 
mode locking in lasers. Figure 5 shows the self-oscillation fre-
quency F versus the relative variation of the fibre resonator 
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length  of  the  EYFL  and  the  temperature  of  the MOMRS, 
which demonstrates the possibility to use this regime in fre-
quency-domain FOSs.

Note  that  the  self-oscillations  at  the MOMRS  eigenfre-
quency  f1  =  370  kHz  are  efficiently  excited  also  under  the 
multiple-resonance conditions  (Dn =  1/2 f1),  easily attainable 
by doubling the length of the laser resonator, l2 = 2l1 » 560 m.

The ratio of calculated values of the eigenfrequencies for 
three  lowest  vibrational modes  of  the  considered MOMRS 
looks as f1 :  f2 :  f3 = 4.73 : 7.85 : 10.99 [15], from which it follows 
that f3 = (10.99/4.73) f1 » 860 kHz. The antinodes for the first 
and the third modes of the transverse vibrations are concen-
trated  in  the  centre of  the microoscillator. Therefore,  if  the 
laser radiation is focused onto the microoscillator centre, one 
can expect that by the appropriate change of the EYFL reso-
nator length it is possible to provide the conditions for exciting 
self-oscillations also in the third eigenmode with the frequency 
F » f3.

The experiment completely confirms this expectation: the 
self-oscillations in the EYFL – MOMRS system with the fre-
quency F » f3

exp » 899 kHz are observed in correspondence 
with the resonance condition Dn » f3 at the resonator length 
l3 » ( f3 /f1) l1 » 110 m.

In contrast to the self-oscillations under the conditions of 
resonance  with  relaxation  oscillations,  whose  maximal  fre-
quency in ‘common’ EYFLs does not exceed  frel  –~ 300 kHz, 
in the considered system the limits of possible MOMRS reso-
nance frequencies are essentially wider. Thus, for the EYFL 
optical resonator length l  –~ 1 m, the eigenfrequency f of the 
microoscillator  vibrations may achieve  the  value of Dn  and 
amounts to ~100 MHz.

Since the MOMRS vibrations change both the amplitude 
and  the  phase  of  the  light  wave,  reflected  from  FPI,  the 
observed  regime of  passive mode  locking  can be  caused by 
modulation of both  the Q-factor and  the phase  in  the  laser 
resonator [16]. Note, that an important role in the dynamics 
of EYFLs with a  ‘high-frequency’ MOMRS may be played 

by  the Doppler  frequency  shift  of  light,  reflected  from  the 
moving surface of the MOMRS (DnD = n0 2u/c), the influence 
of  which may  increase  when  approaching  the  condition  of 
other type of resonance, DnD

max
  –~ f  –~ Dn. The maximal value 

of  the  Doppler  frequency  shift  is  determined  by  the maximal 
velocity of the microoscillator umax = 2p fA, A  –~ ls /4p being the 
amplitude  of  vibration.  The  peculiarities  of  FL  oscillation 
under such conditions require further studies.

In connection with the possibility of simultaneous genera-
tion of orthogonal polarisation supermodes in fibre lasers, it is 
interesting  to  study  the  dynamics  of  fibre  lasers  with  the 
MOMRS based on  integral optical waveguides,  in which the 
photoinduced forces, leading to MOMRS deformation, depend 
on the polarisation state of the propagating radiation [17]. Due 
to the dependence of the polarisation dispersion in the integral 
optical  waveguide  on  the  photoinduced  deformations  the 
effects  of  locking  between  the  polarisation  beats  of  FL  super-
modes and the microoscillator vibrations become possible.

Note that in a fibre laser it is rather simple to satisfy the 
condition Dn  –~ 0.1 – 100 MHz; this interval covers the region 
of resonance frequencies for a variety of MOMRSs, used, in 
particular, as sensitive elements of frequency-domain FOSs. 
It is of great interest to study the considered regime in fibre 
lasers with resonators based on special strong-dispersion optical 
waveguides. This is expected to increase the allowed range D f 
of tuning the resonance MOMRS frequency at a fixed resona-
tor length at the expense of the shift D ls of the generated radi-
ation  spectrum  in  correspondence with  the  resonance  condi-
tion Dn + DlDls  –~ f + D f, D being the optical waveguide dis-
persion. The considered regime may be used for investigating 
the properties (mechanical, acoustical, optical, etc.) of micro- 
and nanoobjects and microstructured (special) optical fibres.

16. Fibre laser with passive mode locking based 
on photoinduced resonance vibrations of optical 
waveguide

In the EYFLs considered above the construction of exploited 
MOMRSs  essentially  complicates  the  problem  of  providing 
efficient and stable optical connection with the fibre part of the 
laser resonator, particularly, under the impact of destabilising 
factors, which requires special technological solutions. In this 
connection it is of considerable interest to investigate self-mod-
ulation processes in FLs based on of all-fibre schemes, in which 
the MOMRS represents a segment of a special fibreoptical wave-
guide [18]. Figure 6 shows the schematic diagram of EYFL with a 
passive Q-switch based on  a  segment of  special  optical  fibre 
with large size of the lowest mode LP01, executing transverse 
resonance vibrations under the impact of laser radiation. 
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ditional segment of SMF-28 fibre; (M1, M2) semitransparent reflectors.
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The schematic diagram and parameters of the elements of 
the passive  fibre Q-switch on the basis of a metallised multi-
mode stepwise optical fibre (MMSOF) are presented in Fig. 7. 
The total length of the MMSOF segment coated with copper is l 
» 35 mm, the length of the vibrating section being losc » 9 mm. 
The faces of the MMSOF, embedded in ceramic capillaries, are 
polished and processed up  to  the optical  surface  finish class. 
One end is coated with a semitransparent interference reflector, 
the EFL resonator mirror, and the other end serves to provide 
an efficient optical  connection with  the mode expander. The 
parameters of the MMSOF are as follows: the numerical aper-
ture NA = 0.2, the core diameter dc » 100 mm, the diameter of 
silica  cladding  dout »  125 mm  (the  thickness  of  the  copper 
coating h » 10 mm), the characteristic parameter of the MMSOF 
V » 41. In correspondence with the formula dm = (2 lnV )–1/2dc, 
the diameter dm of the fundamental mode LP01 [19] amounts 
to ~37 mm, which is close enough to the diameter of the mode 
at the exit of the mode expander used (42 mm). 

The given MMSOF construction simultaneously provides 
the  required  efficiency  of  excitation of  bending  acoustome-
chanical vibrations, sufficiently high resonance frequency, and 
Q-factor of a fibre microoscillator. The optical excitation of 
vibrations is achieved mainly due to photothermal effect. The 
EYFL radiation is directed to the surface of the vibrating seg-
ment  by  means  of  the  auxiliary  multimode  stepwise  wave-
guide (100/125 mm). To enhance the absorption of the radia-
tion, the metallic surface of the optical waveguide was coated 
with a thin layer of smoke black.

In  the EYFL oscillation regime, provided  that  the  reso-
nance condition frel » f is satisfied and the output radiation 
power, a part of which is incident on the surface of the vibrat-
ing segment, exceeds a certain threshold value (P ³ 4 mW), 
the  self-modulation  of  intensity  at  the  frequency  F  »  f  is 
observed. The modulation arises, if the surface of the MMSOF 
is illuminated from only one definite side, providing positive 

feedback  in  the  self-oscillatory  system  considered.  A  rela-
tively  low frequency of EYFL relaxation oscillations (  frel = 
5 – 10  kHz),  together  with  the  necessary  level  of  the  output 
radiation power (P ³ 4 mW), was achieved at the expense of 
increasing  the  laser  resonator  length  by means  of  an  addi-
tional  SMF-28  fibre  segment  120 m  long.  Thanks  to  small 
bending of the MMFOS (the angle a <~ 1°) the resonance fre-
quency of the vibrating section may be efficiently controlled at 
the  expense  of  longitudinal  deformations,  which  will  allow 
the usage of such elements as frequency convertors in fibreop-
tical sensors of physical quantities.

Figure 8 shows the experimental dependence of the reso-
nance  frequency  f0  of  the  vibrating  section  on  the  tension 
deformation e = Dlosc /losc, obtained in the regime of induced 
oscillations,  and  the  temperature  dependence  of  the  self-
modula tion frequency F (T ) and intensity of the EYFL with 
the  abovementioned  fibre Q-switch,  fixed  at  a  copper  sub-
strate with variable temperature. The growth of the substrate 
temperature leads to stretching of the vibrating section, which 
causes the increase in self-modulation frequency with increas-
ing temperature: F –1(DF /DT ) » 0.4 %  °C–1.

Along with high efficiency, the proposed method of pas-
sive Q-switching,  based  on mode  transformation  in  optical 
waveguides, is characterised by spectral uniformity of losses 
in  the  range  of  wavelengths  1520 – 1570  nm,  which  softens 
the requirements to spectral stability of EYFL laser radiation. 
Note,  that  in MMFOSs having  the  structure  of  a  homoge-
neous core with a metallic cladding (including hollow metallic 
waveguides)  the photothermal deformations may be caused 
by the absorption of radiation in the metallic layer directly at the 
inner  boundary  between  the  core  and  the  cladding without 
any  additional  auxiliary  optical  waveguides.  In  this  case  the 
bending  photoinduced  deformations  and  vibrations  may  be 
excited due to asymmetry of the cross section of the metallic 
cladding, which essentially simplifies the scheme of the FL.
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Figure 6. Schematic diagram (a) and parameters (b) of the fibre Q-switch 
and  dependence  of  the  effective  reflection  coefficient  on  the  bending 
angle (c): 
( 1 ) vibrating segment; ( 2 ) ceramic capillaries (ferrules); ( 3 ) interference 
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Thus, in a fibre laser the regime of passive Q-switching is 
implemented, based on photoinduced resonance vibrations of 
the waveguide  segment,  which  is  simultaneously  an  optical 
element of the laser resonator. The additional simplification 
of  the all-fibre  laser  scheme may be achieved by combining 
the functions of the vibrating section and the active waveguide 
within a single optical fibre element. Here, as we expect, an 
optimal way is to use FLs based on single-mode active optical 
fibres with large mode diameter [20], which is also favourable 
to the increase in efficiency of converting laser radiation energy 
into acoustomechanical vibrations of the MOMRS. The pro-
posed scheme may serve as a basis for designing frequency-
domain  sensors  of  linear  deformations.  These  devices  are 
optical analogues of the well-known electromechanical string 
sensors of deformations [21], differing from the latter by the 
absence of any electric schemes or circuits in the measurement 
zone, which is undoubtedly favourable to widening the area 
of their application.

An  important  role  in  improving  the  construction  and 
characteristics of optical fibre passive MOMRS-based modu-
lators may be played by  recent achievements  in  the  field of 
microstructured and photonic-crystal optical waveguides, which, 
from the point of view of elasticity theory, are acoustic wave-
guides with complex structure  [22].  In  these waveguides  the 
photoinduced vibrations of various structure elements can be 
excited, leading to modulation of optical characteristics of prop-
agating radiation [23]. Using inertialess photoinduced deforma-
tion mechanisms of nonthermal nature, i.e., the ‘gradient’ forces 
[17] and electrostriction [24], caused by transverse gradients of 
the light wave intensity in these optical waveguides (including 
integral and optical waveguides on the basis of composite elec-
trostriction materials  [25]),  an  essential  increase  in  efficiency 
and resonance frequencies of fibreoptical MOMRSs is possible. 

17. Parametric oscillations of optical  
micronanofibres in the process  
of propagation of laser radiation

Micronanofibres  (MNFs)  with  transverse  dimensions  not 
exceeding  the  wavelength  of  light  (a/l £  1)  possess  many 
unique properties  that allow creation of  fibreoptic elements 
and  devices  of  new  generation  with  advanced  functional 
capabilities [26]. The MNFs can be made of various dielectric 
and semiconductor materials, providing a wide scope of prop-
erties  and  regimes  of  operation  of  the  fibreoptic  elements. 
Depending  on  the  material  optical  properties,  shape  and 
dimensions of the MNF, different regimes of radiation propa-
gation are possible: when V £ 2 the main part of the guided 
mode propagates beyond the nanofibre, while at V >> 2 the 
radiation is concentrated within it.

In the field of a light wave at V £ 2 and asymmetric distri-
bution of the propagating radiation intensity with consider-
able transverse gradient the fibre is subjected to the ‘gradient’ 
ponderomotive force [17]. If the radiation is modulated, this 
force gives rise to bending vibrations of the MNF, which pos-
sess resonance character at the modulation frequencies f, close 
to the eigenfrequencies of the MNF W (W  –~ f  ). In photonic-
crystal MNFs the resonance frequencies of optically excited 
vibrations W can be as large as 3 GHz [23]. Such MNFs may 
serve as a basis for a new class of optically controlled fibre 
elements, including MOMRSs.

We considered the possibility of implementing an alternative 
mechanism of optical excitation of micronanofibres vibrations, 

which is efficient under the condition V >~ 2. In this case almost 
all of the exciting modulated radiation propagates within the 
uniform  transparent  MNF,  in  which  the  abovementioned 
‘gradient’ mechanisms appear to be inefficient. In the present 
case the excitation of vibrations occurs under the conditions 
of parametric resonance, caused by the dynamic instability of 
the MNF in the course of modulated radiation propagation; 
the maximal  amplitude  of  vibrations  is  achieved  under  the 
conditions of the principal parametric resonance f = 2W. Due 
to  the  dependence  of  the  resonance  frequency  on  various 
external perturbations and environment parameters, the MNFs-
based MOMRSs may be used as sensitive elements in frequency-
domain FOSs of physical quantities [27]. Figure 9 displays a 
segment of an optical fibre with a micronanofibre section of the 
simplest type and the scheme, by means of which it is possible 
to  excite  and  register  the MOMRS parametric  oscillations. 
To increase the sensitivity of the scheme, the MNF segment is 
placed  in the Fabry – Perot resonator,  formed by semitrans-
parent reflectors with the reflection coefficients R1,2. The above-
mentioned MNF may be fabricated using the redraw process in 
scanning flame [26] applied to a standard SMF-28 fibre, which 
allows variation of the MNF dimensions within wide limits.

The considered MOMRS represents an oscillatory system 
with distributed parameters in the form of an elastic rod with 
rigidly fixed ends. At static bending and transverse vibrations 
of the MNF the bended segments, in which the change of the 
light  momentum  occurs,  are  subjected  to  transverse  forces 
from the field of propagating radiation. The distribution of 
arising  forces  may  be  approximately  determined  using  the 
approach, based on  the  certain analogy between an optical 
fibre and a pipe with flowing liquid [28]. This approach is cor-
rect if the power of radiation is conserved along the MNF and 
the  direction of  the  radiation momentum  coincides with  the 
waveguide axis. For the nanowaveguide bending radius R >> 
Rcr =~ 3aV 2/(4NA2W 3) the distortions in the distribution of the 
mode  field  in  the bended  segment are  insignificant  [19],  for 
silica MNF with a = 500 nm, NA = 1, and l = 1000 nm the 
critical radius Rcr = 30 mm (W being the parameter of inten-
sity distribution in the cladding). Restricting ourselves to the 
initial  stage  of  excitation of  the  fundamental  type  of MNF 
bending vibrations, we can show that for the MNF dimension 
L ³ 2 2a/NA the condition R >> Rcr is satisfied liberally for 
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Figure 8. Schematic diagram of exciting MNF parametric oscillations: 
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vibration amplitudes A £ a. In MNFs with the dimension L 
£ 10 mm and a ³ 300 nm the power losses do not exceed 5 %, 
so  that,  in  correspondence  with  the  proposed  model,  the 
equation of motion for MNFs has the form [29]
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with the boundary conditions y|x = 0, L = 0, y’|x = 0, L = 0, where 
y(x, t) is the transverse displacement of the MNF axial line; s 
= pa2; J = pa4/4; E  and r  are  the Young modulus  and  the 
material density of the MNF; c is the speed of light in the nano-
fibre; P is the radiation power in the MNF. The total density 
rs = r + rr, where rr = P/sc3 is the equivalent (‘mass’) density 
of light ( rr << r); N is the applied longitudinal force of MNF 
compression (tension); N + P/c = N * is the effective longitu-
dinal force.

The analysis of Eqn (1) shows that for constant radiation 
power, exceeding a definite (critical) value, the rectilinear shape 
of the MNF is unstable (Euler instability), which leads, par-
ticularly, to the static bending of the MNF. 

In  the  case of modulated power P(t) Eqn  (10) describes 
an oscillatory system with parametric excitation,  in which a 
parametric resonance is possible, leading to the excitation of 
MNF oscillations. Assuming that P(t) =  

–
P(1 + m cos wt), where

  
–

P  is  the mean  power; m  is  the modulation  depth; w  =  2pf 
(| f /2W – 1| << 1). Using the Bubnov – Galerkin method [30], 
we find that under the condition W << c/L the contribution of 
the second term in Eqn (1) can be neglected. As a result, we 
get the equation, describing parametric oscillations:
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j(x)  is  the shape of MNF vibrations; y(x, t) = j(x) T(t). The 
second term in Eqn (2) accounts for damping of MNF vibra-
tions that is characterised by the Q factor. Neglecting the dif-
ference between  the MNF bending  shapes  caused by eigen-
mode oscillation and by Euler  instability, we get P* = cN *cr. 
In the system, described by Eqn (2), at f = 2W and the values 
of the excitation coefficient m =  

–
Pm/2(P* –  

–
P), exceeding the 

threshold value mcr = Q –1(1 –  
–

P/P*)
1/2, the principal parametric 

resonance  is  observed, when  the  amplitude  of  vibrations  is 
limited by  the nonlinear  properties  of  the  system only  [30]. 
Thus, at  

–
P >  

–
Pcr =~ 2p3cEa4/(mQL2) and f » 2W  the resonance 

vibrations of the MNF with the frequency f /2 » W are excited. 
The Q  factor  of  the  vibrating  nanosection  depends  on  the 
parameters of the environment  [31];  thus, under the normal 
conditions Q =~ 10 – 100, while in vacuum Q ³ 104. For MNF 
in vacuum with the dimensions a = 500 nm, L = 3 mm we get   
  
–

Pcr =~ 1 mW. In this case, the radiation intensity in the MNF 
I =  

–
Pcr /s =~ 4 ́  109 W m–2, which is essentially lower than the 

threshold, limiting the light intensity in silica fibres [32].
The considered vibration mechanism is universal, practi-

cally inertialess and does not impose strict limitations on the 
MNF material properties. Note, that in strip and polymer micro-
nanowaveguides [26], because of small thickness and relatively 
small elasticity modulus of the material, the transverse rigidity 
(EJ) is considerably smaller than in the considered silica nanofibres; 
therefore, in these waveguides the effects of static and dynamic 

instability, caused by the light propagation, may manifest them-
selves at  

–
P << 1 mW. Significant optical powers ( 

–
P >> 1 mW) 

take place, e.g., in nanofibre lasers [33] or in optically nonlinear 
MNFs in the regime of supercontinuum generation [34].

In fibre lasers based on optical nanowaveguides the insta-
bilities are possible due to an alternative mechanism, namely, 
the longitudinal deformations of the laser resonator produced 
by the light pressure on the mirrors, which for a nanowave-
guide laser resonator may be estimated as e = DL/L =~ 2 

–
P/(cEs) 

(we  assume  that  the  reflection  coefficients R1,2  =~  1).  These 
deformations may lead to unstable laser oscillation, associated 
with excitation of longitudinal MNF vibrations with resonance 
frequencies W * [35]. Combined longitudinal – transverse reso-
nances are also possible (W  =~ W *) that additionally complicate 
the behaviour of the MNF. Therefore, in a number of cases 
the optical properties of MNFs with laser radiation should be 
determined  as  a  result  of  solving  a  self-consistent  problem 
with the arising vibrations taken into account. For standard 
fibres  (SMF-28)  the  transverse  rigidity  exceeds  the  values, 
typical of MNFs, by eight orders of magnitude; therefore, in 
conventional  fibres  the  abovementioned  effects  virtually do 
not manifest themselves.

In Eqn (2) W = W (N,  
–

P) = W0(1 – N*/N*
cr)1/2, and the relative 

variation of the MNF vibration eigenfrequency, caused by the 
propagating radiation, is DW /W 0  =~ L2 

–
P/(8p2Esc). Therefore, 

in high-precision measurements of  the MNF resonance  fre-
quency a limitation of the acceptable level of the laser radia-
tion mean power  fluctuations  in  the optical nanowaveguide 
arises. On  the other hand,  the dependence W( 

–
P)  allows  the 

resonance  frequency  control by varying  the mean power of 
radiation in the MNF. The amplitude and the phase of MNF 
vibrations may be determined by using interferometric schemes 
(Fig. 10) that allow fabrication of FOSs on the basis of MNFs 
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Figure 9. Schematic diagrams of optical waveguide structures SMS1 (a), 
SMS2 (b), and the measurement setup (c):  
( 1 ) source of exciting modulated radiation ( lex = 1480 nm); ( 2 )  laser 
pump  diode  ( lp  =  980  nm);  ( 3 )  photodetector;  ( 4 )  phase  shifter; 
( 5 ) generator of sinusoidal signals; ( 6 ) fibreoptic multiplexor (WDM) 
(980/1550); ( 7 ) fibre laser; ( 8 ) WDM (1480/1550); ( 9 ) SMS structure; 
(M1, M2, M3) selective semitransparent reflectors.
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in all-fibre implementation, which is technologically rational 
for production and provides high performance characteristics. 
The studies of the dynamics of laser radiation in the MNFs 
with console fixing are also of great interest. In analogy with 
the behaviour of a console-fixed elastic pipe duct under the 
conditions of following load [36], the self-oscillations in MNFs 
are possible.

18. Photoinduced vibrations in MOMRSs 
based on irregular optical fibres

Interference effects  in  fibre structures based on single-mode 
(SMFs) and multimode (MMFs) fibres (SMS structures) open 
the possibilities  to create a new class of  fibreoptical devices 
[37 – 39]. Rather promising seem the studies aimed at creating 
optically controllable SMS structures, particularly MOMRSs, 
based  on  amplitude – phase  modulation  of  radiation  as  a 
result of photoinduced acoustomechanical vibrations in SMS 
structures.

In the present Section we present  the results of study of 
two types of SMS structures (Fig. 10a, b), namely, SMS1 with 
a multimode segment based on a uniform silica rod and SMS2 
based on a silica stepwise fibre with biconical links (waists). 

The  photothermal  excitation  of  the  MMF  segment  is 
implemented at the expense of the energy of modulated radia-
tion, propagating through it, a part of which is absorbed by the 
metallic film (MF) asymmetrically coating a fragment of the 
segment surface. Due to thermoelasticity, periodical mechanical 
stresses and bending moments appear in the segment, giving 
rise to vibrations [40]. In SMS1 structures the film is deposited 
on a small area in the middle of the segment. In SMS2 struc-
tures the film coats a half of the waist surface along the full its 
length; in this case the part of radiation, passing from the core 
into the cladding,  is absorbed. In SMS1 the presence of the 
film also leads to an additional phase shift Dj0 for the rays, 
reflected from the boundary between the rod and the film.

From the transmission spectra T( l) of the studied struc-
tures SMS1,2 (in the range 1400 – 1600 nm) it is seen that the 
maximal  values  of  transmission  are Tmax =  15 % – 45 %,  the 
position lmax and  the value Tmax being very  sensitive  to  the 
parameters of the MMF segments: in SMS1 at fixed dimen-
sions of the segments the values of Tmax and lmax depend on 
the  thickness and  the optical  constants of  the metallic  film, 
and in SMS2 the crucial characteristics are those of the initial 
multimode fibre and the dimensions of the waist (L, l, d *). For 
the principal interference maximum of transmission the half-
maximum  spectral  widths Dl1/2  for  the  considered  SMS1,2 
amount to 8 – 20 nm. Note that in the SMS structures based 
on regular MMF segments the maximal absorption takes place 
for the segment length Lk = L0 k, where L0 = 4nd 2/l; d and n 
are the diameter and the refractive index of the MMF core, 
respectively; l  is the wavelength of light; k = 1, 2, … [37]. In 
the MMF cross sections with the coordinates Zk = L0 (k – 1/2) 
the radiation is completely concentrated in a narrow belt at the 
segment surface, which provides efficient interaction of radia-
tion in SMS1 structures with the small-size metallic film. 

With multiple-beam interference taken into account, the 
radiation  intensity  in  the receiving waveguide  is determined 
by a  superposition of  resulting amplitudes of pairwise  sym-
metric beams, propagating in the MMF segment along defi-
nite zigzag lines (trajectories), forming symmetric interferom-
eter  arms  that  converge  in  the  light-guiding  cores  SFM1,2. 
The  transmission maxima of SMS structures  correspond  to 
certain lengths Lk of the segment that provide formation of 

the maximal number of  in-phase (to 2p) beams of the men-
tioned type. In axially symmetric SMS structures, because of 
quadrature condition violation (due to in-phase arms), these 
interferometers are characterised by low sensitivity to bending 
vibrations  of  the MMF  segment.  In  the  considered  SMS1 
structures the necessary sensitivity to the vibrations is achieved 
via phase unbalancing between the arms due to the additional 
phase shift Dj0 acquired by beams, reflected from the metallic 
film and forming one of the interferometer arms. To eliminate 
the interaction of the beams in the opposite arm of the inter-
ferometer with the metallic film the length of the latter is lim-
ited  by  the  condition  lf   <~  2nd /NA. The  use  of  special  film 
structures, in principle, allows providing maximal sensitivity 
of the interferometers (|D j0| = p/2) [41]. Thus, in SMS1 the 
metallic film plays two important roles: provides the mechanism 
of optical excitation of MMF segment vibrations and deter-
mines the position of the operating point of the interferome-
ters,  allowing  registration of  small  vibrations.  In SMS2  the 
necessary sensitivity of the MMF segment to bending vibra-
tions is achieved by optimisation of the operating point of the 
interferometers by transverse displacement of one of the SMS 
optical waveguides with  respect  to  the MMF  segment,  i.e., 
axis misalignment of the SMS2 structure (Fig. 10b). The optimal 
transverse displacement D  is determined experimentally and 
amounts  to  1 – 3 mm.  In  the  studied  structures  the  films  of 
nickel (Ni) and chrome (Cr) were used having the thickness 
of 50 – 200 nm, obtained by means of the method of electron-
beam evaporation and characterised by good adhesion to the 
silica glass.

Schematic diagram of the setup for investigating the photo-
induced vibrations of  the SMS1,2  structures  is presented  in 
Fig. 10c. The optical excitation of the induced MMF segment 
vibrations was performed by means of the modulated radiation 
with the wavelength lex  –~ 1480 nm, and the registration of the 
vibrations was implemented using a EYFL with diode pumping 
( lp  –~ 980 nm) that provides smooth controlling and harmonic 
modulation of  the pump  radiation power P (t) by  changing 
the supply current of the diode. The selective semitransparent 
reflector M3 at the outlet face of SMF2 provides almost com-
plete reflection (93 %) at the line of FL oscillation ( ls  –~ 1538 nm) 
and transmission (87 %) at the wavelength 1480 nm. Due to 
the optical connection of the EFL with the external resonator 
(M2 – M3), comprising the SMS structure, the modulation of 
losses  TT u  and phase Tju  of the light wave in the SMS struc-
ture, caused by vibrations of the MMF segment, leads to the 
modulation of the FL output power [42]:

[( ) ]
[ ]

( , ),W
W

f f f
f

F T/

/

rel rel

rel
m2 2 2 2 1 2

2 2 1 2
T T T

g
g

j=
- +

+u u u   (3)

where  frel(P)  is  the  frequency  of FL  relaxation  oscillations, 
depending, in particular, on the pump power P; f is the frequency 
of MMF segment vibrations; grel is the damping parameter of the 
EFL relaxation oscillations;  ( , ) ( )F T G Am T Tj =u u   is  the  func-
tion  of  loss  and  phase modulation  in  the  external  resonator 
(M2 – M3), depending, in turn, on the amplitude A of the MMF 
segment vibrations. In Eqn (3) it is assumed that the length of 
the external resonator lext << c/2f.

In the experiment the resonance frequencies of fundamental 
vibration modes of the MMF segments with rigid fixation of 
the ends amounted to 4 – 15 kHz, the Q-factor of the mechanical 
vibrations  (in  air) was  equal  to  100 – 400;  the  length  of  the 
oscillating MMF segment was equal to a definite fraction of 
the multimode  segment  (l /L0 = 1/6 – 1/3). The  relatively  low 
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frequencies  of  relaxation  oscillations  (  frel £  10  kHz)  were 
achieved via increasing the laser resonator length (M1 – M2) 
by  attaching  a  passive  segment  of  the  SMF-28  fibre  to  the 
active  segment  of  the  optical waveguide.  The  length  of  the 
external resonator is lext = 10 – 20 m. In correspondence with 
Eqn (3) the sensitivity of the EYFL to the vibrations of the 
MMF  segment  demonstrates  resonance  behaviour with  the 
maximum at frel –~ f, which is achieved by smoothly control-
ling the level of EYFL pumping.

Additional enhancement of sensitivity is possible via the 
use of nonlinear properties of lasers with modulated pump-
ing [43]. In particular, we studied the possibility to increase 
the  sensitivity  of  the  EYFL  at  the  expense  of  parametric 
amplification under the conditions of the principal paramet-
ric resonance, taking place at n –~ 2frel –~ 2f, where n is the EFL 
pump  power  modulation  frequency.  Optimisation  of  the 
pump modulation depth  /P PT u  –~ 3 ́  10–2 and the phase dif-
ference DFf, n between the control harmonic signals  fUu  and 
Un
u   (n  =  2f )  in  the  given  scheme  allowed  the  sensitivity 
increase by 10 % – 13 %. The estimates show [44] that the opti-
misation of the scheme parameters would provide an opportu-
nity to increase the sensitivity of the fibre laser at least by 2 – 3 
times at the expense of parametric amplification of signals. It 
is important to emphasise that the high sensitivity of the FL 
allows registration of MMF segment vibrations with small 

amplitude  (A  <<  d ),  which  significantly  reduces  the  error 
component  of  frequency-domain  FOS  signal,  associated 
with  the  anisochronous  (having  amplitude-dependent 
period)  vibrations,  typical  for  vibration  frequency-based 
sensors [21].

The  performed  studies  of  optical  waveguide  structures 
open the possibilities for creating multivariate vibration fre-
quency-based FOSs, using the method of frequency division of 
measurement channels. Figure 11 shows a schematic diagram 
of the measuring transducer of such a sensor on the basis of a 
SMS,  designed  for  simultaneous  control  of  deformations  e 
and temperature T. The sensitive element of the transducer is 
the MMF segment, one section of which ( l1) is placed in the 
thin-walled part of the transducer housing, experiencing lon-
gitudinal deformations. Under these conditions the resonance 
frequency of  the vibrating segment  f1(e, T ) depends both on 
the deformations and on the temperature (Fig. 11b). The other 
section ( l2 ) is located in the massive thick-walled part of the 
housing, insensitive to longitudinal forces, and possesses the 
resonance frequency f2(T ) (Fig. 11c). As a result, the measured 
values of f1 and f2 allow separate determination of deforma-
tion e( f1,  f2 ) and temperature T( f2 ). Due to the high stability 
of physicochemical properties and perfect elastic and durable 
properties of the fibres made of uniform and pure silica glass, 
which are exploited in the proposed SMS structures, the con-
sidered vibration frequency-based FOSs may have large service 
life  period  (over  20  years)  and high  reliability  under  severe 
operation conditions.

19. Conclusions

The oscillation regimes in ELs, experiencing resonance inter-
action  with  microoptomechanical  resonance  structures  of 
various  types,  are  studied.  In  the  case, when  the MOMRS 
eigenfrequencies  coincide with  the  frequencies of  relaxation 
oscillations of intermode beats at EFL oscillation, the stable 
self-modulation regimes arise  in the system, the modulation 
frequency being determined mainly by the eigenfrequency of 
the acoustomechanical MOMRS vibrations. These regimes may 
be implemented in a wide range of resonance frequencies and 
Q-factor values of  the microoscillators with various mecha-
nisms of photoinduced deformation excitation of the MOMRS 
vibrations.  It  should  be  noted  that  the MOMRS  in  the  laser 
schemes may play  the role of a complex passive modulator, 
implementing  the  modulation  not  only  of  the  resonator 
Q-factor  and  light wave phase, but  also of  the polarisation 
anisotropy  (modulated  phase  plate)  and  the  frequency  of 
light, reflected from the MOMRS, which essentially expands 
the variety of laser dynamic regimes.

The  stabilisation  of  self-modulation  frequency  (DF/F ~ 
10–5 )  may  find  application  in  laser  radiation  sources  with 
high stability of pulse repetition rate. It  is shown that using 
resonance modulation of FL pump is efficient for increasing 
the  sensitivity of  the  laser  in  registration of  small perturba-
tions  of  the  optical  resonator  characteristics.  Due  to  the 
dependence of the MOMRS eigenfrequencies on the external 
conditions and perturbations, this phenomenon can be a basis 
for  creating  high-precision  and  noise-immune  fibreoptic 
transducers and sensors of physical quantities with frequency 
output. We demonstrate the possibility to design multivariate 
measuring systems, based on the method of partial division of 
measurement channels, with miniature microoscillator sensor 
elements. 
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Figure 10. Schematic diagram of vibration frequency-based transducer 
of deformations and temperature on the base of SMS1 structure (a) and 
calibrating curves f1(e, T ) (b) and f2(T ) (c); e = DL /L.
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