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Absolute Measurements of Ultrasonic Pressure
by Using High Magnetic Fields

Yehuda Sharf, Greg T. Clement, and Kullervo Iynynen, Member, IEEE

Abstract—A hydrophone is introduced that exploits the
emf signal generated in a conductor when sonicated in the
presence of a uniform static magnetic field. T'he method
uses a small metal coil or metal membrane as a hydrophone
receiver. Acoustic signals at 748 kHz are introduced in 1.5T
and 4.7T ficlds and recorded both through direct electri-
cal contact with the hydrophone and via RF piclk-up coils,
allowing wireless placement of the hydrophone. Linear re-
sponse is confirmed over four orders of magnitude in the
presgure amplitude. Waveforms determined from the de-
tected voltage are shown to be in excellent agreement with
those obtained using a calibrated polyvinylidene difluoride
film, and absolute values correlate within 20%. The meth-
ods are conceptually suitable for use in the presence of the
high and uniform field of commercial MR scanners. The
hydrophone may appear particularly useful as a quality as-
surance device in therapeutic and diagnostic acoustic tech~
niques that use MRI.

I. INTRODUCTION

T is well established that a transverse voltage is induced
Iin conducting metals sonicated in the presence of a
maguetic field [1]. This magnetoacoustic interaction has
been used for numerous applications, including the design
of electrodynamic transducers {2],[3]. Previously reported
transducers have relied on the presence of a sharp mag-
netic field gradient to produce an clectric signal. Thesc
transducers involve a conducting coil oriented such that
the magnetic field is appreciable only along one side of the
coil. Acoustic displacement of the coil then results in a net
electric potential as dictated by the Torents force. In the
present study we introduce a hydrophone that allows the
measurement of an ultrasound signal in a strong uniform
maguetic source, such as the field provided by an MRI
scanner. The hydrophoene uses a small wire coil positioned
normal to the axis of acoustic propagation as a detector.
The voltage at the coil leads is shown to be linearly propor-
tional to the acoustic pressure. Additionally the induced
electric signal generates a radiating feld, suggesting wire-
less transmission is possible when the hydrophone is used
in conjunction with RI* pick-up coils,

By operating through a static magnetic field, the hy-
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drophone may hold utility in ultrasound applications used
in conjunction with MRI. An apt example is MR-guided
focused ultrasound surgery [4], an ultrasound hyperthei-
mia procedure that uses MR to stecr an ultrasound beam
while monitoring thermal dosage. The application would
exploit the coil’s durability and accuracy at high ampli-
tudes. The hydrophone could provide immediate informa-
tion on waveform shape and magnitude at intensities not
accessible to most receivers. A marked advantage would be
the ability to obtain absolute measurements of the pressure
amplitude, a quantity necessary for calculation of thermal
energy transfer.

The coil hydrophone design is based on a variation of
an electromagnetic (EM) hydrophone originally proposed
by L. Filipczynski [2]. The original design operates in the
gradient of a permanent magnet., Our design, described
theoretically in Section IT, uses a rectangnlar coil wrappod
about an electrically insulating core to obtain a net signal
in a uniform field, An acoustic signal is passed through
the coil, so the axis of acoustic propagation is perpendic-
ular to the coil’s axis. Use of a long coil dimension in the
direction of the acoustic propagation makes it possible to
separate the entering and exiling signal. Theoretical devel-
opment predicts the coil to yield a rather broadband and
flat responsc. A typical —3 dB bandwidth ranges from DC
to an upper frequency determined by the wire diamecter,
generally in the range of 1-10 MHz. This response is tested
using the procedures described in Section {I. Time history
and amplitude measurcments, presented in Section T11LA,
are found to be in excellent agreemoent with a commercial
PVDI? hydrophone over a broad range of frequencies and
amplitudes. Results suggest application of the hydrophone
as a transducer calibration method.

To demonstrate the feasibility of wireless measurement,
RIF pick-up coils described in Section III.IB are used to
record the time trace of an ultrasound pulse directed
through metal foils. Results are deseribed in Section T11,13.
These time-dependent potentials are shown to exhibit
strong correlation with the time traces of the acoustic pres-
sure measured with a polyvinylidene difluoride (PVDF)
hydrophone.

II. THEORRTICAL BACKGROUND

An acoustic pulse is considered in the presence of a
magnetic field. According to the flux rule for motion in
a static magnetic ficld, a conductling coil consisting of N-
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Fig. 1. The coil hydrophone. An clectromotive force is induced in

the seginents porpendicular to the propagalbion axis and the mag-
netic field. The elecirie insulator absorbs ultrasonic pressure over
the length of the coil, d. The 6-turn coil tested has dimensions
d =40 mm x ! = 3.2 mm. The height across the six turns is 0.7 mm.

turng, placed in the path of propagation will experience an
electromotive force (emf) of:

d
V——N%%B-nd/l (1}

acrogs its terminals. The relevant case involves a rectan-
gular coil placed in a static magnetic field normal fo the
acoustic axis of propagation (1Mg. 1}, The emf under this
geometry cexperiences a time-variation proportional to the
sound-induced area change of the coil. Tn tertns of the par-
ticle displacement velocity in the conductor, %, (1) reduces
to:

V(1) = —NB jf olr, E)dr, @

where the path of integration is taken about the rectangu-
lar coil. In the present case all sides of the recetangular coil
experionce the same magnetic lield. Thus, both the near
and far sides of the coil relative to the transducer con-
tribute fo the integral in (2). These contributions can be
constructive or destructive depending on the dimensions
of the coil and the ultrasonic wavelength, A, inside the
electric insulator, This ambiguity may introduce compli-
cations in the analysis of the signal. ITowever, these com-
plications can be circumvented by increasing the depth of
the coil, making it much longer than the ultrasonic pulse
length. If required, an electric insulator with high acoustic
attenuating propertios may be used as the core of the coil.
Lengthening the coil simply separates the signals of the
ncar and far sides of the coil while attenuation reduces the
ultrasonic pressure and, accordingly, the vibrations of the
conductor along the far side.

The face of the hydraphone manifests a three layer sys-
temn, where the mechanical impedances of the liguid, the
conductive layer and the insulator, ate given by Z;, Z;, and
Z., respectively. The ratio between the absolute pressure
amplitude of the penctrating wave p; and incident wave py

is given by [5]:
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whoere [, is the thickness of the conductive layer, f is the
[requency, and ¢ is the velocity of the longitudinal wave
in the conductor, The equation is valid for incident pla-
nar waves which requires that the receiving face be small
relative to variation in the acoustic beam geometry.

A thin conductive layer is considered with a thickness
small relative to the acoustic wavelength, I, < A, For most
conductive metals at ultrasonic frequencies of less than
10 MHz, this implies layer thickness of less than 10 pm. Tt
is further assnmed that the mochanical impedance of the
conductor is 1rmeh higher than that of hoth the liquid and
the insulator assuring the condition Z2 > 727,72, Z,Z; is
satisfied. Under these assumptions, the amplitude ratio in
{3) can be approximated to second order by:

2
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The particle velocity can then be calenlated accordingly:

2
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Substitution of the solution to (5) into (2) allows the pres-
surc amplitude of a plane wave propagating in the liguid
to be evaluated directly from the detected voltage:

ViZi+ 2 V2rfl.Z ’
I)I o ( 1+ i) 1 — W.f [ ) (6)
20, N1 c(Z; + Zg)

It is evident from this expression that thin conducting
layers, in practice of the order of 1-5 pm, cxhibit a flat
and wide band frequency rosponse. As the layer thickness
increases, there is a sharp decrease in the signal intensity
with frequency [2]. However, as long as the thin layer ap-
proximation is valid, (6) provides a correction for the pres-
surce amplitude estimation. To implement, (5) in case of a
cylindrical wire, the mean displacement across the wire
due to varying thickness must be calculated. This averag-
ing represents only an approximation to the wire’s overall
contribution. In (8), as the wire becomes vory thin, the
thickness term may be neglected altogether. The value is
obtained by integrating across the wire,

WO} = 5
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Tig. 2. A schematic block diagram of the experimenial apparatus.

where R is the wire radius and the thickness is given by

l. = 2v/R? — [2, The solution of {7},

2, 167 nfZ.R 1°
“—m{ls{m}} )

may be substituted into (2} to yicld a resuli similar to (6)

with the substitution I, =

ITT. MATERIALS AND METITODS
A, Measurcimenis in the Magnetic Field

A schematic diagram of the experimental setup for the
measurcment of the ultragonic field inside the magnet is
given in [Mg. 2. The transmission lines as well as most
of the detection cirenitry were identical for all measure-
ments. A single clement 0,748 MIlz air-backod focused
ultrasound transducer was uscd. Its diameter and radius
of curvature wore 40 mm and 100 mm, respactively. The
transducer was matched to a 50Q impedance at its work-
ing frequency. The matching circuit was shiclded and was
physically located about 1.5 1 from the opening of the
magnetic hore. A 100 MHz synthesized arbitrary wave-
form generator {Wavetek model 395) was used to generate
input signals to a 55 dB 0.3 -33 MHz R} power amplilicr
{ENT modcl A150).

Measurements were conducted in two different magnetic
flelds: 1.5 T (mamuifactured in-house) and 4.7 T (Oxford
Instruments model A25776). Magnet bore sizes were 60 ¢
and 20 cm, respectively. All measnrements wore performed
in a cylindrical plastic chamber illustrated in IMg. 3(a). The
hydrophone coil illustrated in Fig. 1 was fixed to an opon-
ended eylindrical plastic hydrophone holder (57.4 mm OD;
50.6 mm ID) that was free to slide up and down along a
cylindrical water tank 70 min 1D and 150 mm in height.
The coil axis aligned parallel with magnetic field vector.
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The ultrasound transducer was fixed to a 2 mm thick rub-
ber layer and placed facing up on the floor of the chamber.

The dueal coax detection lines fed a differential ampli-
ficr (Preamble Instrument model 1820). The input resis-
tance was set to 1M£2 and a hi-pass filter of >10 kHz was
used. The signal was sampled using 5082 input HP 54310A
250 MHz 1 G8a/s digitizing oscilloscope and fransferred
to a portable PC using GPIDB ports. When the input volt-
age saturated the scope due to transmission line coupling,
a logical analog switch driven by another pulse gencrator
was used Lo gate the input.

B. Uydvophone Coil

The rectangular coil hydrophone used in our experi-
ments is Hlustrated in Fig. 3(a). Tt consists of six turns of
a 38 AWC (1008 mm? Belden magnet wire aronnd a Plex-
iglass core. All measurements were porformed in a eylin-
drical plastic chamber. The minitunm bore size restrictod
the dimensions of the chamber to 70 mm 11 and 150 mm
of height. The ultrasound applicator was fixed 1o a 2 mm
thick rubber layer and placed facing up on the {floor of the
chambeor. The dimensions of the receiving face of the coil
were 3.2 mm x 0.7 mm. Because the acoustic velocity in-
side the plastic is about 2600 m/s, ihe length of the plastic
bMock of 40 min is more than 11 times the ultrasonic wave-
length of about. 3.5 mm. The attenuation cocfliciont of the
plastic core is approximately 2 dI3/cm-MHz [6].

For the caleulation of the pressure amplituce the char-
acteristic impedance of water (1.3 x 10% Pa s/m), plastic
(3.2 % 10% Pa s/m), and copper (42 x 108 Pa s/m) were
applied to (7). Using these values and assuming the wire
radius to be a constant value of 51 pm and the velocity
of sonnd inside the coppor wire is 4700 m/s [3], the cali-
bration relation between the pressure amplitude and the
potential across the coil is given by:

v

P=a—,
QBUJ

o — i+ 7
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|16 [__”’TRZC ] } (9)
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with o = 1.69 x 108 T - Pa/V for a given field By at
the {ransducer resonant frequency of 0,748 M= The de-
tected voltage V' is given in volts, 3y in Teslas, and the
pressure amplitude in PPascals. The hydrophone calibration
constant e is seen in Fig. 4(a) to vary slowly at frequen-
cies below | MITs, exhibiting a —6 dB3 bandwidth of DC to
1.0 MHz. I'or the study of submegahertz waves, the wire
vields less than 10% deviation in the measured field. How-
ever, measurements at higher frequencies (>1 MHz#) would
require the usc of thinner wire. For example, a 6-turn coil
similar to that described here but wound with 5 pm wire
would produce a substantial bandwidth increase (DC to
10.2 MITz, —6 dB), as indicated in Fig. 4(b).
Ulirasonic ficld measurements outside the magnet wore
carried out in degassed water using a needle type 1.0 mm
PVDF lLydrophone (Precision Acoustic LTD) cquipped
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Fig. 3. The cxporimental setup for testing hydrophones inside the magnet. Ultrasound waves propagate perpendicular to magnetic (elds Bg.
The cylindrical plastic hydrophone holder is 50.6 mun ID, and the cylindrical water tank 70 mm ID and 150 mm in height, The transducer
is fixed on 2-mun thick rubber. In {a) the terminals of the hydrophone are connected to the differential amplifier. In (b) the horizontal coils
pick up the RE signal gonorated by the oscillating cloctrons in the vibrating conductive element. The coils are connected through a tuning

cirenit to the dillerential amplifier.
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Tig. 4. Frequency dependenee of the coil hydrophone calibration con-
stant. The top graph shows valucs for a 51 pm-radius wire using the
thin wire approximadion given by (4) {solid) and withoul. the approx-
imation (dashed}. Below, similar ealculation for a § pm-rading wire
reveals linearity across an increased handwidth.

with a submersible preamplifier and a DC coupler (Preci-
sion Acoustic LTD). To obtain an independent and abso-
lute assessment of the pressure field, the calibration factor
was determined using the method described by Herman
and Harris [7]. The total acoustic power of the 0.748 MHz
transducer was obtained from a radiation force measur-
ing device using an absorbing target. The same field was
then scanned in a planc at the focus with the PVDF hy-
drophone. The recorded potential is related to the total
power by the factor:

(10)

Assuming no loss through the media of dogassed wa-
ter, this procedure yiclded a calibration factor of § =
1824 nV/Pa.

C. RF Pickup Coils

For the wireless reception demonstration, two pairs of
RF pickup coils, one horizontal and one vertical, were used.
The coils were mounted on an outer plastic cylinder of
larger diameter (76.4 mm OD; 69.8 mm I1}) and could be
adjusted to the desired position. Each pair included two
identical 15-turn coils. The horizontal pair is illustrated in
Fig. 3(b). One end of each coil was connected to ground;
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the other terminals were connected through a tuning cir-
cuit to the input of the differential amplifier. The vortical
pair could be positioned with its axis al an arbitrary an-
gle perpendicular to the axis of sonication. The diamoter
of each vertical coil was 64 mm, and the gap between the
two coils was 83 mm. The horizontal pair was placed with
its axis coinciding with the axis of sonication. Here, the
gap between the two coils was 23 mm, and their diamcter
was 76.4 mm. Prior to measurements, the coils were tuncd
to the corresponding ultrasonic transducer frequency. The
¢ value of the receiving coils could be set using a resistor
across the two coilg. In place of the hydrophone coil, a solid
conductive element was used. The clement was made of &
20 gan thick aluminum foil mounted, as shown in Fig. 3(h),
on a 40 mm long eylindrical Plexiglas rod {d = 25 m).
A strong coupling signal between the RF coils and the
ultrasonic transmission appeared at zero ficld outside the
magnet, This RF coupling noise was highly reduced by the
differential amplifier; however, its level remained velatively
high. The noise level was further reduced when the bottom
part of the chamber was shiclded. However, high pressure
fields caused the amplified coupling signal to exceed the
maximum allowed overdrive input of 100 V and saturated
the scope. This problem was solved using an analog switch
that gated the input to the scope and allowed the RIF in-
terference from the transducer to be separated from the
signal received by the hydrophone. Another source of noise
appeared only in the 4.7 Tesla magnct inside the magunet
and was identified with the interference with the MR shim
coils. This noise was eliminated by [ixing additional shicld-
ing or simply by turning off the supply to the shim colls.

IV. RESULTS AN DISCUSSION
A, Coil Hydrophone

The six-turn hydrophone coil was positioned in the
1.5 T magnctic ficld along the center of the ultrasonic
beam and perpendicular to the sonication axis [Fig. 3(a)].
The active element of the detector was located 100L 1 mm
from the center of the transducer. Burst lengths of 1, 4,
and 10 cycles were input to the transducer, and the coil
response was recorded. The maximum peak-to-peak signal
measured as a function of the input voltage is displayed in
Fig. 5. The ficld was measured over the full amplitude
range of the driving amplifier. The lower threshold for
signal detection is determined by detection of the signal
above background naise. Because sensitivity of the signal
is lincarly proportional to the magnetic field strength, a
stronger magnet would allow a weaker signal to be de-
tected. For the 4.7 T magnet, a background noise was ob-
served on the order of 1.5 uV rms over 64 averages, which
would allow the detection of signals slightly below 1 kPa.
Identical signals were recarded outside the magnet using
the PVDF hydrophone tip, also positioned on the axis of
propagation 100 mm from the transducer surface. Time
traces for comparing the PVDI and the coil hydrophone
arc presented in IMig. 6, showing oxcellent agreement,
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Fig. B. A graph of the output voltage and the corrcsponding pressure
amplitude measured using the 6-turn hydrophone as a function of
voltage tuput to a 55 dB amplifier. "The four lnes correspond to burst
lengths of 1, 4, and 10 cycles as well as for CW. These measurements
were. carried inside the 4.7 1" magnet.

The pressure amplitude then was measured as a func-
tion of distance from the transducer., This was accom-
plished by sliding the coil in 5 mm steps along the cham-
ber. Again measnrements were conducted for burst lengths
of 1, 4, and 10 cycles. The procedure was repeated out-
side the magnet using the PVDF hydrophone. In Fig. 7
the normalized pressure amplitude of cach hydrophone is
plotted as a function of distance indicating strong correla-
tion between the waveforms, although a systematic error
of approximately 20% is observed between the coil mea-
surements and the PVDF hydrophone data. In addition
to the uncertainty in the PVDI hydrophone ealibration,
crror 18 introduced in part by the approximation presented
in (4). The differing spatial characteoristics of the M hy-
drophone and the PVDF hydrophone may also account for
some small differences in these axial scans, At the trans-
ducer resonant frequency of 0.748 MHy, the calibration
constant exhibits an 11% divergence from the exact three-
layer system solution calculated using (4). Additionally,
curvature of the wire layer introduces crror into our cal-
culation, which is based on continuous layers. It is evident
from (6) that sensitivity te the wire parameters is signifi-
cantly reduced for thinner wire. Under the current exper-
imental parameters but using a wire diameter below 50
g, the calibration factor o would vary by less than 106%
for any thickness value. Any generation of surface acoustic
waves should not, contribute gignificantly to the overal) or-
vor as the small angle of incidence of the ultrascund upon
the plexiglass centered coil suggests that this mode con-
varsion is negligible [7].
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Tig. 6. Tino traces of the normalized pressure field acquired using
the 6-turn hydrophone (solid) and the PVDF hydrophone (dashed).
Resulis obtained for burst lengths of 1, 4, and 10 cycles are shown.
The 6-turn hydrophone is normalized over 185 kPa, and the PVDF
hydrophone is normalized over 150 kPa. 'Lhe distance ol the detoctors
frem the surface of the transducer was 100 mm. Measurements with
EM kydrophone wore earried out at 1.5 1.

The hydrophone is sensitive to the acoustic velocity vec-
tor, which in some respect malkes the model a paraxial ap-
proximation. Divergence, or convergence of heams far from
the acoustic axis, would be sensitive only to the compo-
nent of the velocity parallel to the acoustic axis. This is
not problematic for most fields, including the measurement
of flelds near the focus of convergent beams, which have
vectors approximately parallel to the axis of propagation.
Heating of the coil core by focused ultrasound beams at
very high powor possibly could affect measurements due
to expansion and alteration of the sound speed, although
such effects on the hydrophone have not been studied at
this timc.

Similar measurements were conducted in ficld of 4.7 T
using the same experimental sctup. Signal shapes were
similar to those obtained in the lower field but with pro-
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Fig, 7. Axial scans of the maximum peak-to-peak prossure amplitude,
Scans oblained with the PVD]® hydrophone (lines) and the 6-turn
hydrophone (symbols) at magnetic field of 1.5 T, Burst lengths are
indicated in the legends. ‘I'he error in the measurement of distance
ingide the magnet is £1 mm.

portionally higher intensities, A comparison between axial
scans obtained at the two different fields, is given in Fig. 8.
The ratio hetween left, and the right scales in the figure is
set to the inverse ratio of the two ficlds, i.e., 4.7/1.5=3.13.
The small deviations between the two lines are mainly due
to the experimental errors in positioning the hydrophone.

L. Wireless Receplion

In order to demonstrate the feasibility of performing
wircless measurcments, a series of cxperiments was con-
ducted using RF-pickup coils. The spatial sensitivity of
the coils was determined using another RE test loop, The
results are shown in Iig. 9. In the spacce between the
two coils, the sensitivity reached its maximum and was
relatively homogeneous (£5%) over the volume of about
88 cc. For the ultrasound measurements, an aluminum foil
(d = 25 mm, thickness 20 pm) was used in place of the
hydrophone coil. The time trace recorded over a four ¢y-
cle burst length is shown in Fig. 10{a} and compared with
a PVDIE hydrophene measurement in Fig. 10(h). Because
the wireless receiving coils are not calibrated, the mea-
surcments are presented in tevms of the reccived voltage.
Differences hetween the four cycle signals of Figs. 6(b} and
10 can be attributed to the three order of magnitude drop
in the reccived signal in addition to small alignment errers.
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Fig. 10. Time traces obtained using RF pickup coils. The active clo-
ments woere (a) A cirenlar {d = 25 mm) aluminum foil measured at a
magnetic field of 1.5 1. (b) A rectangular 3.3 mm=1.4 mm aluminum
foil recorded at 4.7 'I". This time trace is the result of the subtraction
after a 180° rotation of the chamber relative to the magnetic fleld.
{c) The signal recorded using the PVDE hydrophone. All measure-
ments wore obtalned with an tuput voltage of 30 'V poak-to-peak
pricr ta the 55 dI3 RE amplifier and a burst length of four cycles.
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Local measurements of the nltrasonic pressure field were
carried out using a rectangular piece of aluminnm foil of
much smaller size (3.3 mm x 1.4 mm).The long axis of the
clement. was placed perpendicular to both the magnetic
ficld and the sonication axis [Fig. 3(b)]. To increasc the
sipnal strength, the measurement was taken in the 4.7 T
magnet. The input voltage was similar to that used for
the eoil hydrophone measurcients, but the observed sig-
nal intensities wore about three orders of magnitude lower.
Morcover, coupling noise, particularly at shortor distancoes,
distorted the signal. To suppress the coupling, two conscee-
utive time traces were recorded. After an initial measure-
ment, the chamber was rotated by 180° rclative to the
magnetic ficld, and the data again was recorded. By (2),
the emf of these data sets should differ in sign, and cou-
pling noise is invariant to the rotation. The linal signal
shown in Fig, 10{c) is obtained by subtracting the two
time traces. This method was successfully used to allow
the measurement of the time trace signal from the small
gtrip of aluminumn foil. Apart from the inconvenience in re-
peating cach measurermnent twice, the reduetion in the noisc
level is limitod to the dynamic range of the oscilloscope.

V. CONCLUSIONS

Our results show that eclectromagnetic (IBM) hy-
drophones arc capable of assessing the ultrasonic field
parameters in the presence of static nniform magnetic
ficlds. A systemalic errov of approximately 20% was ob-
served between measurements taken independently with
the EM hydrophone and with a PVDI' hydrophone us-
ing 0.748 MHz transducer in a 1.5 T magnet. Excellent
agreement. was observed between the pressure waveforms
of the hydrophones. However, unlike PVDI? hydrophones,
EM hydrophones offer the advantages of durability and
simple assombly. These hydrophones are inexpensive when
used in conjunction with a preexisting magnetic source and
can exhibil a broad frequency response.
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The eml generated in the EM hydrophone is found to
be proportional to the amplitude of the ultrasounic pres-
sure. This expected and yet remarkable linearity with the
pressure amplitude was demonstrated over four orders of
magnitude. Similarly, the cxpected lincar dependency of
the signal intensity with the strength of the magnetic field
was demonstrated in 1.5 T and 4.7 T". These results agrec
with those reported in inhomogeneous fields 2], [3].

Results suggest that electromagnetic hydrophones are
suitable for calibration as well as quality assurance of ul-
trasound devices operating in the vicinity of high magnetic
fields. In addition, we demonstrate the potential for wire-
less acoustic field detection using RE pick-up coils, opening
the possibility of future use as emboedded reccivers within
test materials or in vivo tissnes. Currently, the main ob-
stacle in applying this method in vivo is the signal-te-noise
ratio that limits the size of the conducting clement. How-
ever, it s reasonable Lo belicve thal a betfer detection
scheme will he available in the future, allowing substantial
reduction in the element gize.
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