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New applications of magneto-acoustic phase conjugan

V. PREOBRAZHENSKY ®° Yu. PyL’NOV®, P. FERNOD? , N. SVAGIN *¢, A. MERLEN?

Joint European Laboratory on Nonlinear Magnetoacimssof Condensed Matter (LEMAC) :
a. Institut d'Electronique, de Microelectronique &t Manotechnologie (IEMN DOAE UMR CNRS 8520),
Ecole Centrale de Lille, USTL, 59652 Villeneuvesdtf\(France)
b. Wave Research Center, A.M. Prokhorov Generasiegynstitute, Russian Academy of Sciences, 38
Vavilov Street, Moscow 119991 (Russia)
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Résumeé :
Par ses propriétés d'invariance par retournememhgerel et d'amplification géante, la conjugaison de
phase magnéto-acoustique a déja montré de nomlzeustentialités d'applications. On montrera que

lorsque que l'on brise cette symétrie temporedle,déphasages induits peuvent étre exploités pautres
applications comme la vélocimétrie non intrusive.

Abstract :

The results of theoretical and experimental studiesipplication of parametric wave phase conjugatio
(WPC) for ultrasonic velocimetry of flows are refmat. 3D-simulation of propagation of phase conjegat
waves (PCW) in nonlinear and moving media is deexlo Break of time reversal invariance of WPC in
moving media is considered as a principle of daacind velocimetry of flows. The results of experital
harmonic imaging of flows in water are presenteddmparison with theoretical description. Applicatiof
WPC technique for diagnostics of blood circulatisndemonstrated on an example of pulsating flow in
real blood vessel “in vitro”.

Mots clefs :ultrasound, wave phase conjugation, diagnostics éibws

1 Introduction

Due to its specific properties, wave phase conjaggWWPC) is of interest in various problems ofanic
diagnostic. For instance WPC provides restoratiophase of the primary wave on the transceiverrarite
after back propagation of the phase conjugate WR@W) in static media. In a moving medium this time
reversibility of wave processes is broken [1,2]isTleads to an uncompensated phase shift between th
emitted and received waves on the antenna afteseplocanjugation, directly correlated to the media
movements. WPC can thus be used for ultrasonaxcireétry and diagnostics of flows in fluids [3,4he
precision and quality of the results can be furtimproved when nonlinear modes of propagation and
interaction of phase conjugate waves are used.[B$]another example, owing to its possibilities of
selection and amplification of harmonic componeats] automatic con-focality, WPC provides an efinti
way of imaging of isoechogenic objects hardly distele by conventional ultrasonic methods [6]. The
efficient technique of phase conjugation is basedarametric interaction of sound with electromdigne
pumping in magnetic media [7]. Modulation of souvelocity by alternative magnetic field of double
frequency leads to generation of backward wave imiRrsed phase and giant amplification. In thesging
paper, the principle of flow diagnostics using suohgneto-acoustic WPC is illustrated by nonlinear
imaging of immersed jet in water and by detectibfiaw circulation in real blood-vessel “in vitro”.

2 Phase conjugate ultrasound waves in moving nonlineanedia
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2.1 Theoretical description

The basic equations of hydrodynamics applied falinear media moving with relatively small velochy
compared to the velocity of soumdcan be reduced in the framework of quadratic appration and for
paraxial acoustic beams to the KzZK-like equatio@]6

2 2 3
ia(ap_v;ap}riavzangmém p_oP*, b 0P
orl oz c?or c dz or 2 2p,c° 0T pCc” 0T

whereP is acoustic pressur, po andb are respectively the nonlinear parameter, the ibguim density
and the viscosity factor of the medium, andt¥z/c, , the upper and bottom signs corresponding to the

direct and backward waves respectively.

Considering second harmonic generation one canesept acoustic pressure as a superposition of
fundamental and second harmonic components:

P=A exp(i(a)r +¢*)+ Ajexp(i (2cr +l/Ji)+ cc.

One can show using Eq.1 that synchronization osghaf harmonics known for nonlinear propagation i
immovable media remains valid in presence of flaval results in relationship™=2¢*.  Thus all
variations of phase for fundamental harmonics atdbbtbd for the second one. In the framework of imealr

geometrical acoustics the rafs(z) and phases of the conjugate waves can be desdripedsystem of
ordinary differential equations, resulting from Edg]:
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The system (2) is completed with boundary cond#iom the surface=0 of the transceiver and on the
aperturez=L of conjugator:

—_ _ At
z:L_ ¢

9.

o = G(@)rl/e? ¢

R'_
Z:L’ o z=L

here G{) ande are the gain and aperture of focused transceesectively. This system was solved
numerically for the experimental geometry describeldbw.

2.2 Immersed jet in water

In this experiment the nonlinear technique comlgriacond harmonic generation and Brillouin scatteoif
ultrasound in water was used for imaging of an imz®é jet. The experimental setup is shown scheaiigtic

on Fig.1. A water jet was immersed in a watek tamder the angle 20° relatively to the (x,z)- @day the
nozzle of 2mm diameter. The nozzle scanned in {>pigne. The focused transceiver T1 emitted 10 uS
ultrasonic pulse of frequency 10MHz. After reflectiby the thin glass plate M this pulse was revkesal
amplified by magneto-acoustic phase conjugator @iry back propagation PCW generated the second
acoustic harmonic 20 MHz that was detected by ¢@imer T1. The phase shifts of the fundamental and
second harmonic components of PCW were measuraduation of the nozzle position. According to the
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above prediction the phase shift of the second bita was twice higher relatively to the phasetsifithe
fundamental one.

Positioning system

Water jet
Generator 1 MHz Oscilloscope
20 & 19 MHz ® o
| M 4,,_
| »ETl — |T2
10 MHz L
10 MHz
C
y
- —
20 MH —
0 z é X
:¢ 0 z

FIG. 1 — The scheme of experimental setup.

The second harmonic pulse reflected by the surfdideansducer T1 was mixed with additional wave of
frequency 19 MHz. The Stokes component 1MHz ofl@uih scattering, containing the same phase shift a
20 MHz harmonic, passed through the plate M and deiected by transducer T2. The result of
measurement of the phase shift of Stokes compa@seatfunction of jet position in (x,y)- plane i8m on
Fig.2a. For comparison the jet velocity distribatiwas simulated in laminar approximation by thevgafe
COMSOL Multiphysics 3.2. The correspondent phasé shlculated by the approach mentioned in the
section 2.1 is presented on Fig.2b. The depend#rte phase shifts on position of the nozzle fer ¢ross
sections of the jet near the outlet of the injei@@hown on Fig.3. Points on Fig. 3a corresporttiéophase
shift of the second harmonic 20MHz detected bytthesceiver T1. The phase shift of the Stokes compo
1MHz detected by the transducer T2 is shown bytpain Fig.3b. The results of calculations are preesk
on Fig.3a,b by lines. The signal to noise ratio $®okes component is noticeably higher than fooséc
harmonic itself due to smaller error of digitalipat of low frequency signal.
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FIG. 2 — The jet image reconstructed from the pisagfe of 2' harmonic of phase conjugate wave: a-
experiment, b- numerical simulation.
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FIG. 3 — The dependence of the phase shift§“di&monic (a) and Stokes component (b) on positfahe
nozzle for the cross sections of the jet near thiebof the injector.

3 Experimental simulation of diagnostics of blood ciculation « in vitro »

The principle of wave phase conjugation can beiegbr diagnostics of blood circulation. The Figlows
the scheme of experimental setup for detectiorutsgting flow in real biological tissue “in vitroThe pig’'s
blood-vessel of 4 mm diameter surrounded by adjaoeiscular tissue (3) was placed in a water tartkén
focal area of the confocal system containing pataomphase conjugator (1) and focused trancedewith
operation frequency 10 MHz. Blood pulsations wdrautated using the peristaltic water pump (5) with
frequency 64 min.

1

)/

FIG. 4 — The scheme of experimental sefup:parametric phase conjugat@r- plastic tubes connected
with the peristaltic pump, 3 — the blood-vessel with surrounding tissdie; focused transceiver.
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FIG. 5 — Time dependence of the phase shift betiresdent and phase conjugate waves on the tramecei
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The time dependence of measured phase shift betineiglent and phase conjugate wave on tranceiver is
shown on Fig.5. The amplitude of the phase shiiiéees variations of flow velocity. The mean valofeflow
velocity was about 15 cm/s that corresponds tartean velocity of blood flow in veins.

4 Conclusions

The obtained results show reliability of diagnostand velocimetry of flows using magneto-acoushiase
conjugation. The results of experimental measurésnend imaging are in agreement with the theoretica
predictions and numerical simulations. Contraryhte traditional Doppler methods the proposed tegphi
does not need in scattering of ultrasound on movyiadicles transported by flow and can be used for
velocimetry and imaging both of homogeneous andrmigeneous liquids. The systems based on wave
phase conjugation do not require precise positgpmind are applicable for electronic scanning byised
beams in the limits of aperture of conjugator withany mechanical displacements. The principle &GNs
useful also for velocimetry of flows in presencestatic aberrations.
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