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Abstract Constructive disposition principles of the basic
optical units of Michelson interferometers are used in
making one-coordinate laser strainmeters of unequal-arm
type. The fundamental advantages of pendulum-type laser
strainmeter more than classical-type laser strainmeter are
displayed.
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1 Introduction

Currently, the laser strainmeters designed for recording the
gravity waves, studying the geodynamical and geophysical
processes (Park et al. 2008; Garoi et al. 2008; Jahr et al.
2006), examining effects of all kinds of hydrospheric and
atmospheric processes on crustal microdeformations and its
seismicity (Takemoto et al. 2004; Dolgikh and Ovcharenko
2008; Dolgikh et al. 2002, 2004, 2007) are successfully on
operation. The existing laser strainmeters can be divided
into three types: (1) one-coordinate, (2) two-coordinate,
and (3) three-coordinate. The optical schemes of all laser
strainmeters are based on Michelson interferometers (in the
main) and Fabry-Perot interferometers. As the light sources
in them, the lasers with the highly stable frequency (wave
length) are used. The one-coordinate, two-coordinate, and
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three-coordinate laser strainmeters are produced respec-
tively based on the equal-arm or unequal-arm principles. In
the paper, we will study features of the one-coordinate
laser strainmeters based on the unequal-arm principle. In
this case, the optical elements of the one-coordinate laser
strainmeter are mounted to two blocks which are rigidly
connected by the terrestrial rocks (Takemoto et al. 2004).
The measuring arm of the laser strainmeter is connected
between two blocks while the reference arm is fixed on one
of the blocks. Such a laser strainmeter is designed for high-
precision measurements of change in distance between the
above-mentioned two blocks. Technical characteristics of
the laser strainmeters depend mainly on the frequency
stability of lasers used (AL/L = |—Af/f|, where AL is the
base displacement of the strainmeter actuator arm, the
length of which is L, Af/f is the frequency stability of
laser), ways of mounting the strainmeter blocks and basic
parameters of their environment.

An application of lasers with the long-term stability of
10712/10713 allows measurements of strain variations on
the base of a device (strainmeter actuator arm) with an
accuracy of 107'2/107'3, In the following sections of the
paper, we will consider the peculiarities of the amplitude-
frequency characteristics of the classical-type laser strain-
meters in which the optical elements of the one-coordinate
laser strainmeter are mounted on two blocks which are
rigidly connected with the terrestrial rocks and pendulum-
type laser strainmeter in which angel reflector is mounted
to the pendulum system. The pendulum-type laser strain-
meter can be regarded as a hybrid of the interferometer
with free masses and interferometer with rigidly fixed
mirrors. In the early time, the pendulum systems were used
in the interferometers in order to reduce the effect of the
geophysical noise on mirrors [see, for example, Abbott
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et al. (2009), Acernese et al. (2015) and Akutsu (2015)].
The comparison study are also made between the optical
and electronic strainmeters (McDonnell et al. 2008). In our
study, the pendulum system is used for improving the
amplitude-frequency characteristics of laser strainmeters
when recording the geophysical signals in the high-fre-
quency domain. Below we will report some experimental
results obtained by use of the classical- and pendulum-type
laser strainmeters respective when recording the geophys-
ical processes in the infrasonic range and signals of the
low-frequency underwater acoustic projector.

2 Classical-type laser strainmeter

On the left side of Fig. 1, one-coordinate laser strainmeter
based on block-designed with unequal-arm is presented.
Both angle reflectors are mounted on two blocks rigidly
connected with elastic medium (Earth’s crust). A change in
distance between the two blocks is measured using the
interference techniques. Let’s call such a laser strainmeter
the one-coordinate classical-type laser strainmeter. A
change in distance between the blocks can be caused by
different processes including the wave oscillatory, meteo-
rological, geophysical, geodynamic factors etc. When
arranging the laser strainmeter on the Earth’s surface, it can
record the surface Rayleigh waves, longitudinal and
transversal waves. For the purposes of investigating the
features of amplitude-frequency characteristics of the
classical-type laser strainmeter, we take the simplest

harmonic longitudinal wave as the example. And the two
blocks of laser strainmeter are arranged on the uniform
medium. When longitudinal wave propagates through the
laser strainmeter axis, the displacement of the one point x;
in crust can be described by the below equation:

u; = Ag cos(wt — kxy), (1)

where u; is displacement of the Earth’s crust particle at
point x;, Ag is the harmonic wave amplitude, k = 21t/ is
the wave number, 1 is the wavelength, @ = 2mv is the
cyclic frequency, v is the wave frequency and ¢ is the time.
And the classical-type laser strainmeter, will also record
the displacement which equal to distance change between
the blocks

AL = uy — u; = 2A¢ sin <k—2L> sin (wt —kx; — k—2L>, (2)
where L is the length of the strainmeter actuating arm
(distance between the blocks of a laser strainmeter), x; is
the coordinate of the first block of strainmeter, x, is the
coordinate of the second block of strainmeter, x, = x| + L,
uy = Ag cos(wt — kx,), is the displacement of the Earth’s
crust particle at point x,. As seen from Eq. (2), the wave
amplitude A, recorded by the laser strainmeter depends
on Ag, L and /.

When longitudinal harmonic wave in the frequency of
0-30 Hz propagates, change of amplitude with the fre-
quency by the one-coordinate laser strainmeter are recor-
ded. Let us assume that the length of the laser strainmeter
actuator arm is 1000 m, wave amplitude is 1 and its

Fig. 1 Block-scheme of the one-coordinate laser strainmeters of unequal-arm type: classical-type laser strainmeter and pendulum-type laser
strainmeter (/, 8, 18 rocks of the Earth crust; 7 block of the central part of Michelson interferometers; 2, /6 block of the angel reflector; 3, /4 optical
beam waveguide; 6, /3 frequency-stabilized laser, optical gate, collimator; 5, /2 dividing plate; 4, /] reflecting mirrors on piezoceramic cylinders; 9,

10 photodetector, 15 pendulum, /7 cuvette with oil)
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Fig. 2 Amplitude—frequency relation of the 1000 m long actuator
arm one-coordinate classical-type laser strainmeter in the frequency
range of 0—1 Hz (a) and in the frequency range of 5 to 30 Hz (b).
Amplitude—frequency relation of the 1000 m one-coordinate pendu-
lum-type laser strainmeter in the frequency range of 5 to 30 Hz (c)

velocity is equal to 3000 m/s. The amplitude-frequency
characteristic of the one-coordinate classical-type laser
strainmeter with a length of actuating arm of 1000 m
within the infrasonic range (0—1 Hz) is shown in Fig. 2a
where frequency in Hz is plotted on the abscissa while Ay
on the ordinate. In the high-frequency band, beginning
from frequency of about 5 Hz, the amplitude-frequency
characteristic of this laser strainmeter varies harmonically
(beat zone) (Fig. 2b). In other words, the instrument pro-
duces in some frequencies double wave amplitude (in
modulus, |Arc| = 24,) while in other ones 0 instead of real
amplitude equal to 1. That is, it is difficult to record
absolute amplitude correctly in the beat zone due to peri-
odic variations of the amplitude-frequency characteristic. It
is impossible to calculate theoretically and determine
experimentally all of specific features of the particular laser
strainmeters due to inhomogeneous structure of the Earth
crust within a zone of its arrangement. Therefore, the laser
strainmeter with a length of the actuating arm of 1000 m
can be successfully applied for recording the displacements
in the infrasonic range while it is unsuitable for recording
the oscillations of waves in order of 1 Hz and higher. Can
these beats be eliminated? Below, we will consider a basic
procedure which allows not only to eliminate the beats but
also to measure the absolute amplitudes of elastic waves at
frequencies higher than 1 Hz.

3 Pendulum-type laser strainmeter

As shown in the right side of the Fig. 1, both blocks are on
the elastic medium, one optical element is arranged on the
middle block as the same as left side, the other one is
connected with pendulum system having the resonance
frequency vy and quality factor Q. For the middle block, the
angle reflector is only mounted. The other block is hung on
the inextensible thread possessing a negligible mass as
compared with total mass of the block and angle reflector.
The length of the thread is much greater than geometrical
sizes of the block and angle reflector. In this case, the block
with angle reflector can be, within a certain approximation,
taken as a point mass. Thus, we can say that this is a
mathematical pendulum. We call a laser strainmeter
designed under this principle as the pendulum-type laser
strainmeter. When a harmonic longitudinal wave propa-
gates through the pendulum-type laser strainmeter, the
differential equation of motion of induced oscillations can
be written as follows AL = uy — uy:

X+ 2y9x + a)(z)x = fo cos wt, (3)
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where y = wy/20, wo = 2mvy, vy is natural frequency,
Jfocoswt is driving force.

Solving this equation at fo = Fy/m = Aow%, the dis-
placement u; of the angle reflector (pendulum) at one point
with coordinates x,:

2
Wy

Uy = Ao{
\/(w% — w2)2 + 49202

2
cos [kxl + kL — wt + arctan (2))7602)} }
w5 — o

A displacement of the block rigidly mounted on the
elastic medium at the point x; will be described by the
following equation:

uy = Ag cos(kx; — wt). (5)

(4)

Therefore, in case of propagation of the harmonic lon-
gitudinal wave along the pendulum-type laser strainmeter
axis, the strainmeter will record a change in its base which
can be written as follows:

2
AL = Ao{ ]
\/(wé — 0?)? + 49202
2’\
X COS {kxl + kL — ot + arctan (2/&)2)] (6)
Wy —

— cos(kx; — wt) }

In order to obtain the numerical estimates, we will
consider a recording of the harmonic longitudinal wave by
the one-coordinate laser strainmeter of pendulum type. Let
us assume that the length of actuating arm (distance
between the blocks) is 1000 m, velocity of the harmonic
longitudinal wave is 3000 m/s and wave amplitude is 1. Let
the Q-factor of the pendulum system be 100 while its
resonance frequency 3 Hz. In the infrasonic range
(0-1 Hz), the amplitude-frequency characteristic of the
one-coordinate laser strainmeter of pendulum type is
practically identical to that for one-coordinate laser
strainmeter of classical type. When increasing the mea-
suring arm of the pendulum-type laser strainmeter, its
sensitivity within infrasonic range enhances also. In the
high-frequency spectral range, the amplitude-frequency
characteristics of the pendulum-type laser strainmeter (See
Fig. 2¢) are distinctly different from those of the classical-
type laser strainmeter. With increasing the frequency, the
amplitude of beats slowly decreases and nears to 1 in
absolute value, i.e., the laser strainmeter of the pendulum
type can record the true amplitude of the transmitted har-
monic wave of longitudinal type at high frequencies. In the
frequency range of 1-5 Hz, the amplitude-frequency
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characteristic of the classical-type laser strainmeter beats
also while that of the pendulum-type laser strainmeter at a
frequency of 3 Hz presents resonance phenomenon. The
amplitude value at resonance depends on the Q-factor of a
pendulum. So, at the pendulum Q-factor of 100, resonance
frequency of 0.33 Hz and wave amplitude equal to 1, the
resonance amplitude will be about 100. Therefore, the
resonance amplitude will become more and more with the
increase of Q-factor.

Comparison of recording of longitudinal wave with time
by the laser strainmeters of pendulum and that of classical
types in the frequency range of 0-1 Hz and 5-30 Hz are
made, respectively. x; is taken as origin of coordinates, i.e.,
X1 = 0.

In Fig. 3a, a change with time of displacement in the
elastic medium caused by the propagating elastic wave is
shown in the frequencies range of 0—1 Hz. In Fig. 3b, c, a
change of displacement with time in the elastic medium (at
x; = 0) is presented when recording of elastic wave by
laser strainmeters of classical and pendulum types,
respectively. A comparison of these figures allows drawing
the following conclusions: (1) in the frequency range of
0-1 Hz, the laser strainmeters produce practically the same
result; (2) in this frequency range, both strainmeters
demonstrate basically the same character of the displace-
ment variations in the elastic medium caused by the
propagating wave.

In Fig. 4a, the time variation of displacement in the
elastic medium (x; = 0, origin of coordinates) when elastic
wave propagates through with the frequency range of
5-30 Hz is presented. Fig. 4b, c give a time change of the
displacement in the elastic medium (at x; = 0) recorded by
the classical-type and pendulum-type laser strainmeters,
respectively. A comparison of these figures allows draw the
following conclusions: (1) in the frequency range of
5-30 Hz and higher, the pendulum-type laser strainmeter
can be record accurately the displacement variations in the
elastic medium (with regard to multiplication by —1 and
light phase shift) caused by the propagating wave; (2)
whereas classical-type laser strainmeter can not do that
well.

4 Case study: Comparison of recording by classical-
type and pendulum-type

The layout diagram of laser strainmeters of pendulum and
classical types presented in Fig. 1 was implemented into
practice. The devices were installed on Shults cape
(southern Primorsky Krai of Russia) at a depth of 3-5 m
below the surface. The length of actuating arms of the laser
strainmeters is 52.5 m. Central interference blocks of laser
strainmeters are situated on one block which is rigidly
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Fig. 3 Time change of the displacement recordings in the elastic
medium when elastic wave propagates through (a), time change of the
displacement recordings in the elastic medium by a classical-type
laser strainmeter with actuating arm of 1000 m (b), time change of the
displacement recordings in the elastic medium by a pendulum-type
laser strainmeter with actuating arm of 1000 m (c)
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Fig. 4 Time change of the displacement recordings in the elastic
medium when elastic wave propagates through (a), time change of the
displacement recordings in the elastic medium by a classical-type
laser strainmeter with actuating arm of 1000 m (b), time change of the
displacement recordings in the elastic medium by a pendulum-type
laser strainmeter with actuating arm of 1000 m (c)
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mounted on the crustal rocks. The angle reflector of the
classical-type laser strainmeter is fixed on the block which
is connected with the granite rock. The angle reflector of
the pendulum-type laser strainmeter is connected with the
pendulum system, the oscillation period of which is 3 s.
The pendulum is partially damped out due to immersion of
its blades into oil. As the light source in the interferome-
ters, the frequency-stabilized helium-neon lasers having a
long-term stability up to eleventh decimal are used. The
low-frequency underwater acoustic radiators with given
radiation frequency is taken as the artificial sources, which
is operated at sea 19 km apart from the Shultz cape to the
south. The measurement axes of laser strainmeters are
oriented along one straight line which is at angle of 18° to
NS. Since last year, the synchronous measurements of
variations of Earth’s crustal deformations caused by dif-
ferent geosphere processes are performed. In the infrasonic
spectral range, the records of both laser strainmeters are
practically identical. But in the high-frequency range of
spectrum (more than 5 Hz), we should compare the
recording sensitivities of the two laser strainmeters when to
the particular artificial sources. Fig. 5 gives the spectra
recordings of laser strainmeters of classical (Fig. 5a) and
pendulum (Fig. 5b) types, respectively. It can be seen from
Fig. 5 that the amplitude recorded by pendulum-type laser

280nd (@)
0 | IR l l muﬂ L " .
72Hz 224Hz 377 Hz
12 nm 4 (b)
I . R
72Hz 224Hz 377 Hz

Fig. 5 The amplitude spectra recordings by classical-type laser
strainmeter (a) and pendulum-type (b) of a low-frequency hydroa-
coustic radiator with radiation frequency of 22 Hz
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strainmeters is much greater than that by classical-type
under the frequency of acoustic radiator (22 Hz), which can
demonstrate that the sensitivity of the pendulum-type laser
strainmeter is certainly much higher than that of classical-
type for this frequency range.

5 Conclusions

Based on the above-mentioned study, some conclusions
can be drawn:

In the frequency of infrasonic (0—1 Hz), both classical-
type and pendulum-type laser strainmeters can record
longitudinal wave well; while in the frequency range equal
to and larger than 5 Hz, the sensitivity of pendulum-type
laser strainmeter is superior to classical-type. All these
demonstrate that pendulum-type laser strainmeter can
record well microdisplacements of its environment caused
by the elastic waves propagating whereas the classical-type
laser strainmeter is not capable of recording these varia-
tions in this frequency range.
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