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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ULTRASONICS — HYDROPHONES -
CHARACTERISTICS AND CALIBRATION IN THE
FREQUENCY RANGE FROM 15 MHz TO 40 MHz

FOREWORD

1) The IEC (International Electrotechnical Commission) is a worldwide organization for stagndardization comprising

all natipnal electrotechnical committees (IEC National Committees). The object
internafional co-operation on all questions concerning standardization in the electpi
this enfl and in addition to other activities, the IEC publishes International Sta

with thie IEC also participate in this preparation. The IEC collabgrates
Organigation for Standardization (ISO) in accordance with conditions d
two orgpgnizations.

2) The fo NESS, @ nearly as p

internat
from all interested National Committees.

3) The dog¢uments produced have the form of recommendaji
of stan
Commiftees in that sense.

4) In ordey to promote international unificatio

Standafds transparently to the maximum ex¢ 9 i } rational and regional stan
national or regional standard shall

diverge
indicatq
5) The IE
equipm

6) Attentid
of pate

Internatid
Ultrasoni

The text pf this standard\s based~anthe following documents:

\ £\ FDIS Report on voting
) BT/203A/FDIS 87/209/RVD

Full information on tHe voting for the approval of this standard can be found in the

0 promote

ic fields. To

aration is
ith may
ipAs liaising

ternational
etween the

pssible, an
resentation

in the form
e National

ternational
flards. Any
be clearly

ble for any

the subject

ittee 87:

report on

voting indicatedmthe above tabtfe:
This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

Annexes A, B, C, D and E are for information only.

The committee has decided that the contents of this publication will remain unchanged

until 2006. At this date, the publication will be

¢ reconfirmed;

e withdrawn;

* replaced by a revised edition, or
e amended.
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INTRODUCTION

The spatial and temporal distribution of acoustic pressure in an ultrasonic field in a liquid
medium is commonly determined using miniature ultrasonic hydrophones. The characteristics
and calibration of these hydrophones have been dealt with in a number of IEC standards in
the frequency range 0,5 MHz to 15 MHz. The purpose of this International Standard is to
extend this frequency range up to 40 MHz. The main hydrophone application in this context
is the measurement of ultrasonic fields emitted by medical diagnostic equipment in water.
It has turned out in recent years that hydrophone operation in the frequency range above
15 MHz is important to characterize fully this equipment, primarily due to the i
appearance of high-frequency components in the ultrasonic signals, caused by nonlinear

won—ln additiaon thao niimhar of madical pliracoanies ovotameoe wwhich o fr

ncreased

propagat
above 15

While the

various 4
structure
as those
applicable
gain mor
have to [
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measure

with more
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amplitudes
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practice, t
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possible si

the respecti
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possible, a
whole field

<
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MHz, particularly intra-operative probes, is growing.
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e importance in field measurement practlc isties and calibn
e dealt with in a revised version of this or in a separag
ment with present measurer

nal Standard as amplitude as phase sensors.

this standard would need
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ccordingly, the hyd N\ € { i tpod as a real quantity (expressing t
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ULTRASONICS — HYDROPHONES -
CHARACTERISTICS AND CALIBRATION IN THE
FREQUENCY RANGE FROM 15 MHz TO 40 MHz

1 Scope

This International Standard is applicable to

+  hydrophones employing piezoelectric sensor elements, designed to measure the pulsed
and continuous-wave ultrasonic fields generated by ultrasonic equipment;~_

+  hydrophones used for measurements made in water and in the freguency range| between
15 MHz and 40 MHz;

+ hydrpphones with or without an integral amplifier;
«  hydrpphones with a circular piezoelectrically active eleme

This Intefnational Standard specifies

« relevant hydrophone characteristics;

- methpds of determining directional respo
relatiye or comparative measurements;

spho sensitivity lased on

and describes

. absol

Recomm ative and
absolute nhdard.

2 Norn

The follo locument.
For dateai 5t edition
of the re

IEC 608¢€

5 istics and calibration of hydrophones for operation in the
frequency

9 15 MHz

IEC 611(01:1991
techniqu

absolute calibration of hydrophones using the planar |scanning
cy range 0,5 MHz to 15 MHz

IEC 61102:1991, Measurement and characterisation of ultrasonic fields using hydrophones in
the frequency range 0,5 MHz to 15 MHz

IEC 61161:1992, Ultrasonic power measurement in liquids in the frequency range 0,5 MHz
to 25 MHz 1
Amendment 1 (1998)

IEC 61828:—, Ultrasonics — Focusing transducers — Definitions and measurement methods
for the transmitted fields 2

1 There exists a consolidated edition 1.1 (1998) that includes IEC 61161 (1992) and its amendment 1 (1998).
2 To be published.
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3 Definitions

For the p

3.1
acoustic

urposes of this International Standard, the following definitions apply.

centre

the point on or near a transducer from which the spherically divergent sound waves emitted
by the transducer, and observable at remote points, appear to diverge

[definition 3.3 of IEC 60866]

3.2

beam-aligrmmremrt—=axis

used for
spatial-p
are at thd
element
is the g¢g
and A i
second H

more apj
ultrasoni

For mog
propagat

curvaturg
[definitio
3.3

direction
direction

al resp e
il resp
description, generally

of directi
acoustic

[definitio

3.4 4
effective
effective
radius of

hlignment purposes only, beam-alignment axis is a straight |j

sdrophone active element
receiver hydrophone which has a predicted directional 1

points of
b centres

?sducer
here Ay
int group

ncy. The
er is the

ce of the

pction  of
ted on a
radius of

function
ough the

esponse

function

) 1 ) T -l 1 ! ! ) =T 1
VILIT ait artguial Wiutlrt cyudal tU 1U1c UDSTIveu ditguiar Widtrl.  TT1ie  artguial

width is

determined at a specified level below the peak of the directional response function. For the

specified

levels of 3 dB and 6 dB, the radii are denoted by a; and ag respectively

[definitions 3.4 of IEC 61101 and 3.13 of IEC 61102]

Symbols:

Unit: met

3.5
electric |
electric

Symbol:

a, ag, dg
re, m
oad impedance

input impedance (consisting of a real and an imaginary part) to which the
hydrophone unit output cable is connected or is to be connected

Z

Unit: ohm, Q
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3.6
end-of-cable loaded sensitivity
end-of-cable loaded sensitivity of a hydrophone

ratio of the instantaneous voltage at the end of any integral cable or connector of a
hydrophone, when connected to a specified electrical input impedance, to the instantaneous
acoustic pressure in the undisturbed free field of a plane wave in the position of the acoustic

centre of the hydrophone if the hydrophone were removed
[definitions 3.5 of IEC 61101 and 3.14 of IEC 61102, modified]
Symbol: M,

Unit: volt per pascal, V/Pa

3.7
end-of-cpble open-circuit sensitivity

end-of-cdable open-circuit sensitivity of a hydrophone
ratio of the instantaneous open-circuit voltage at the end of any integra
a hydrophone to the instantaneous acoustic pressure in the upais
wave in [the position of the acoustic centre of the hydrop
removed

[definitiop 3.15 of IEC 61102, modified]
Symbol: M,
Unit: volt|per pascal, V/Pa

3.8
far field

%ctor of
a plane

ne were

the sounf field at a distance from the instantaneous values of the sound
pressure|and particle velogci

[definition 3.2 of IEC 60866

NOTE 1 | b€ spherically divergent from a point on ¢r near the
radiating s{irface. Hence the sound source is approximately inversely proportjonal to the
distance frgm the sg,

NOTE 2 Tlhe term " ig ing source
transducer$. For focusing eld applies
(see IEC 6

3.9

hydroph

geometrd

radius deg

[definitio

Symbol:

Unit: metre, m

3.10
hydrophone

transducer that produces electrical signals in response to waterborne acoustic sighals

[See 3.4 of IEC 60866 and 3.19 of IEC 61102]
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3.11
hydrophone axis
nominal symmetry axis of the hydrophone active element

NOTE Unless stated otherwise (explicitly and quantitatively) by the manufacturer, it is understood for the
purposes of this standard that this is given by the apparent geometrical symmetry axis of the hydrophone.

3.12

integral amplifier

active electronic device connected firmly to the hydrophone and reducing its output
impedance

NOTE 1 An integral amplifier requires a supply voltage (or supply voltages).

NOTE 2 The-tntegraamphiermay-haveaforward-volagetransmissionfastoroitessifanoe—enit need not
necessarilyl be a voltage amplifier in the strict sense.
3.13 >
pulse duration
1,25 timgs the interval between the time when the time e of the
instantaneous acoustic pressure reaches 10 % and 90 % of1
[definitiop 3.30 of IEC 61102, modified]
3.14
uncertaipty
parametgr, associated with the resul ersion of
the valugs that could reasonably be att
[See 2.23 of the ISO/IEC Guide to the B]
4 List|of symbols
a = efinition,
ay =
amax =
at =
Aq =
A 4
= eed\of sound in the measurement liquid (water)
e = bas natural logarithms
= frequency
f; = fundamental drive frequency of a signal used to generate non-linear distortion
fy = upper frequency limit of the stated frequency band of a hydrophone
F = geometric focal length of a focusing transducer
k = circular wave number
M, = end-of-cable open-circuit sensitivity

3 Numbers in square brackets refer to the bibliography in annex F.
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end-of-cable loaded sensitivity

harmonic number

pressure amplitude

path length from the transducer rim to a field point

lateral distance from the beam-alignment axis (Rpaxe, Rmaxy: Maximum values
with respect to avoiding edge-wave and head-wave interference, respectively)

arrival time of the nearest head wave
time available for a free-field measurement in time delay spectrometry
acoustic transmission factor

speed of a radial wave in a transducer plate

beam width of the fundamental-frequency field compon

sducer
certain

small-signal, plane-wave 8 surement

liquid (water)

non-linearity

one axis

es the Rayleigh length (atz/)\ , see IEC 61828) of a focusing trgnsducer

ass)\density of the measurement liquid (water)

non-

ear distortion parameter

pulse duration or burst duration (T ae, Tmaxn: Maximum values with respect
to avoiding edge-wave and head-wave interference, respectively)

circular frequency
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5 Hydrophone characteristics

5.1 General

For a full characterization of the hydrophone performance in the frequency range of this
International Standard, the following information is required.

5.2 Basic information
The following shall be briefly stated:

- the basic physical principles of the transduction process, the type of matenal involved and
the form and geometrical dimensions (diameter, thickness) of th hydrtﬁsh\oﬂ\e active

element;

« the configuration and design of the hydrophone;

NOTE 1 Ip the case of a membrane hydrophone, for example, it is importa
of the coplanar or the bilaminar type.

fophone is

- whether or not an integral amplifier is included in thed
« the npminal direction of ultrasonic incidence in relg

NOTE 2 The last point is important, as it has been found i e i p membrane
hydrophones, the response may change upon reversal of 3 P tion to the
hydrophore.

The frequency of the fundamental th element
should also be stated.

5.3 Hydrophone class

Since hydrophones are us essary to
demand fthe highest pexrforms ecificatitens for every standard device. Two cl|asses of

ed for standardized measurement pufposes in
Hz) are therefore specified as follows

hydrophpnes, Class
the frequency r

The end integral
amplifief f at least
one octa k2 dB for
Class 1 and ¥4 d (Class 1)
and =1 d ' requency
band stated

NOTE 1 phone will

appear frequently and Beweferred to as f, in this International Standard.

NOTE 2 The bandwidth criteria for Class 1 and Class 2 hydrophones relate to their ability to measure accurately
acoustic fields within which a range of frequency components are present. Typically, but not exclusively, the full
quantitative characterization of ultrasonic fields within the frequency range of this standard will require the use of a
Class 1 hydrophone. In contrast, Class 2 hydrophones will be appropriate for use when relative measurements
are required, for example in the determination of the spatial characteristics of a field.

NOTE 3 Rather similar hydrophone classes having, however, different names, namely Class A and Class B, have
been defined in IEC 60866. Note that the two standards cover different frequency ranges and that the class
definitions in the two standards therefore do not interfere with each other. If a hydrophone whose useful frequency
range is sufficiently broad is to be qualified under both standards, four combinations of hydrophone classes are
possible as follows: Class A + Class 1; Class A + Class 2; Class B + Class 1; Class B + Class 2.
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5.4  Sensitivity

The end-of-cable sensitivity of the hydrophone unit shall be stated in V/Pa or in decimal
submultiples, or as a logarithmic level in dB with reference to a stated sensitivity value.

If an integral amplifier contributes to the sensitivity value given, this shall be stated.

NOTE 1 "End-of-cable" refers to the end of the output cable of the hydrophone unit, with or without an integral
amplifier.

It shall be stated whether the sensitivity value given is understood as end-of-cable open-
circuit sensitivity or as the end-of-cable loaded sensitivity. In the latter case, the relevant
electric loading conditions shall be stated, i.e. the electric load impedan;e{order to obtain
the stateft Sensitivity:

The uncertainty of the stated sensitivity shall be given.

NOTE 2 Tlable A.1 summarizes overall measurement uncertainties of calibration
techniques

The freqpency interval over which the sensitivity is given Certainty
applies shall be stated. For the purposes of this standard Ny & inty values
may be diven separately for several frequency intery,

The methods by which the sensitivipgi\and j i shall be
described.

5.5 Frequency response

The hydiophone sensitivity ¢y Shall be stated either graphicglly or as
a list of yalues and over\a freg g ehtaining at least the frequency band claimed
under 5.8. If it is givex i or as)discrete points in a graph, the g:equency
distance |between adj N0 S greater than 1 MHz, as far as the frequency
range of ‘ i

The frequiency res girehjn terms of absolute sensitivity values or in @ relative

representation, r.
frequency. In  th
frequenc

2 to the absolute hydrophone sensitivity at fa certain
ative representation, the reference sensitivity[and the
all be stated.

The sta§
sensitivit
this shall bé
sensitivit|es¢

uency response should refer to the same condition$ as the
rding to 5.4. If it is understood as referring to different conditions,
arly) stated and formulas shall be given for interrelating thg various

If the uncertainty of the sensitivity values in the frequency response representation differs
from the general uncertainty assessment of 5.4, this shall be clearly stated and the new or
additional uncertainty be given. In case the frequency response is presented graphically
only, the additional uncertainty due to reading of the graph shall be less than 10 % of the
total uncertainty listed.

If the frequency response is given as a list of absolute sensitivity values, the sensitivity
statement according to 5.4 may be omitted.

NOTE 1 The frequency response and, hence, the hydrophone class, may depend on the electric load conditions.

NOTE 2 If in a practical application the hydrophone is used with subsequent electronic components such as
amplifier, oscilloscope etc., the frequency response of the whole system is, of course, influenced also by the
frequency response of these additional components.
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5.6 Directional response

NOTE 1 The effective radius is obtained from the directional response (see 5.7). While it is desirable to have
the full information, that is, both the directional response and the effective radius, this may be relaxed in
practice to either the directional response according to this clause being stated or the effective radius according
to 5.7.

NOTE 2 For the purposes of this standard, it is assumed that the hydrophone active element is nominally circular
in geometry. If in the future hydrophones of a different geometry appear on the market, this standard will need
revision or amendment.

The directional response of the hydrophone shall be measured and stated at both the lower
and upper limits of the frequency band claimed under 5.3, as follows.

The directional response shall be measured by rotating the hydropheme _about an axis

which is|perpendicular to the hydrophone axis, at least from -35° (with the
hydrophpne axis as reference) or at least from the first left-hand migdim rst right-
hand mirlimum, whichever of the angular spans is the lower. This s i namely
about tw¢ rotational axes perpendicular to each other. If in the plane D Ats axis,
a hydrophone has a certain distinct direction (for example that i ds in the
case of |a membrane hydrophone), the rotational axes i i fregtion and
perpendigular to it. The directions of the rotational axes shall be M rophone
or in the pccompanying literature.
The two |resulting directional responses obtai perpen-
dicular rqtational axes shall be given.
If in any ection of
maximunp response and the hydrophopae axis\js\great ifference
between be stated
and the d
NOTE 3 H wil arise |ithe direction of maximum hydrophong response
varies sign
5.7 Ef
From ea i se results obtained according to 5.6, a value for the
effective \ active element at both the lower and upper limits of the
frequenc '
If the aggutar\diffgrence\between the left-hand -3 dB direction and the right-hapd -3 dB
direction|is he dngular difference between the left-hand -6 dB direction and the
right-han i ion is 26, the following formulas for the effective radii apply:
1,62 ¢
a=———— (1)
3 2mfsin@
3
and
222 ¢
= 2

6" 2mfsingg (2)

where

fis the relevant ultrasonic frequency of the particular measurement;
cis the speed of sound in water at the particular temperature (see table A.2).
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If, for the directional response in question, a; and ag are equal to each other within +10 %

(of the maximum value), their arithmetic mean shall be used as the effective radius. If not,
that value of the two shall be used whose corresponding angle 8 is closer to 10°.

If the two effective radius values thus obtained for the two measurements at perpendicular
rotational axes are equal to each other within £10 % (of the maximum value), only their
arithmetic mean and a statement of this need be given, otherwise both values shall be given.

If in any of the directional response results obtained, the angle between the direction of
maximum response and the hydrophone axis is greater than 1/10 of the angular difference
between the left-hand -6 dB direction and the right-hand -6 dB direction, this shall be stated
and the deviation-of-axis angle be given, if not done already according to 56~

5.8 Dynamic range and linearity

}ch the

The dynamic range of the hydrophone, i.e. the pressure amplitude
hydrophpne unit (with an integral amplifier if included) can b& use ) iven.

This range is to be understood as meeting at least the folldwing

1. no mlechanical or electrical damage to the h plifier, if

included;
2. no output saturation;
3. the olitput signal must be above th

NOTE 1 "Putput saturation" means that a non-
voltage chgnge.

NOTE 2 T
conditions
sources of

ement at the hydrophone does ndt lead to a

he noise level may deend on electrgma

g slinterfereneé and may thus vary with the elecfromagnetic
i dysDe possible to give a noise level representing all other

The rang i i NI ' according to 5.1.2 of IEC 60866 should be
given.

NOTE 3 |

59 El

All quant der free-

field co

5.9.1

It shall bg

59.1.1 Matched impedance

If the output impedance is matched to the characteristic impedance of the output cable (which
is typically low in comparison with 1 kQ):

The electric load impedance to which the output cable is to be connected shall be given. It is
required in this case that all sensitivity statements according to this standard are understood
as end-of-cable loaded sensitivities with reference to this impedance.

Limits for this impedance should be given such that the actual sensitivity agrees with the
stated one within a stated maximum error or within the uncertainties given under 5.4 and 5.5.

NOTE 1 This may be done in practice as follows. A lower and an upper limit for the load resistance (embracing
the characteristic impedance value) are given and an upper limit for the capacitance parallel to the resistance is
given.
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NOTE 2 This subclause normally applies if an integral amplifier is included.

NOTE 3 If the input to which the hydrophone output cable is connected is a high-impedance one, the
requirements of this subclause can usually be met by means of an additional shunt resistance.

5.9.1.2 Unmatched impedance

If the output impedance is not matched to the characteristic impedance of the output cable:

The end-of-cable output impedance Z, shall be stated as a function of frequency. This can be

done by giving the real and the imaginary part or by giving the values of the electrical
components (such as resistance and capacitance) of an equivalent network. In the latter case,
the type of network must be clearly specified (e.g. the resistance being in/'sefi\es or parallel to
the capa .;touu.,c).

The freq | not be
greater than 2 MHz, as far as the frequency range of this Internationg i erned.
The relat] n-circuit

sensitivity depends on Z, and Z and is given by

(3)
where "Re" antity.

This for factors if the actual elecfric load

impedan in connection with the sensitivity values
given.

This sub igs if 9 amplifier is included.

NOTE Eq main consideration. In practical hydrophone applicptions with
ultrasonic emporal convolution and deconvolution) would have fo be taken
into account.

5.9.2 t lead\cownfigyation and ringing resonance in cable

The basi fqunation_of the output leads shall be explained, such as differential output
(floating) S a{ric output, i.e., single output and ground.

Any elec e -transmission line with an unmatched termination may-under certain donditions
give rise to resonance ringing. If this is likely to occur with the hydrophone unit in question
(either due to the output cable or to an internal transmission line), particularly at the higher
frequencies associated with finite amplitude distortion, this should be stated and the ringing
frequency to be expected should be given.

5.10 Information on the integral amplifier, if included

The required supply voltage (or supply voltages) and the current consumption shall be stated.
The consequences of supply voltage deviations from the nominal value(s) shall be stated.

All limitations on the amplitude and frequency ranges not given under 5.3, 5.5 and 5.8 shall
be stated, such as those due to slew rate limitations etc.
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5.11 Environmental and other aspects
5.11.1 Temperature range

The nominal water temperature, its uncertainty, and the temperature range over which the
given sensitivity applies shall be stated. If possible, a correction accounting for temperatures
differing from the stated one should be given, or the sensitivity be given as a function of
temperature. If any of the other relevant quantities according to this standard show substan-
tial changes over the usable temperature range, this shall be stated and a correction given.

5.11.2 Water tightness

which are not.

It shall be stated which parts of the hydrophone unit are waterproof
i i i i i erature)

Limitationrs;
shall be stated.

5.11.3 Water properties and incompatible materials

Limitatiops, if any, on the water conductivity shall be stated. e ifions (for

5.11.4 Pther aspects

In the ca
a functio

ansmission factor (preferably as

The user|shall be provide| wi

6 Relgtive meéu

6.1 Gdneral congé

6.1.1 - irectional response and for comparison of

In this cl surement are described:
Type | of the directional response;
Type Il |the 'comparison of sensitivity of two or more hydrophones.

Both measurements are referred to as "relafive™ measurements which means that two or more
measurements of the hydrophone output voltage under almost identical conditions are
performed, with only one relevant parameter being varied, and that ratios of results (or
logarithms of ratios of results) are chiefly considered.

NOTE As far as type Il is concerned, it is assumed in the following that the sensitivities of two hydrophones are
being compared. This can easily be extended to three or more hydrophones.

In type I, the parameter changed is the hydrophone orientation angle. The hydrophone
output voltage at a certain angle is considered in relation to the hydrophone output voltage in
a reference orientation. In practice, of course, this will be done for a series of angles of
rotation. This type of measurement is to obtain the directional response according to 5.6 and
the effective radius according to 5.7.
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In type Il, the hydrophone itself is replaced by another one. It is understood here that one
hydrophone is a reference hydrophone and the other is the hydrophone under test. This
type of measurement is to obtain the sensitivity (according to 5.4) of the hydrophone under
test, if the sensitivity of the reference hydrophone is known (from any calibration), and/or the
frequency response (according to 5.5) of the hydrophone under test, if the frequency
response of the reference hydrophone is known (from any calibration).

These relative measurements have the following features in common: They are performed in a
water tank and in the ultrasonic field emitted by a transducer to be characterized below. It is
vital that measurements carried out in relation to one another are performed as far as
possible under identical conditions, meaning at the same position in the field, under the same

excitation conditions (waveform and amplitude), and under the same eantal conditions

t noratira) ate  Tha tranmecdiiany chold At e et A vy aAl (A rli-;nj 1 t
e.g. temperature)—ete—Fhe—transducer—showldrotbe—amplitnde—weighted(apedizef), i.e., i

should a$ far as possible have a uniform amplitude distribution over its

6.1.2 Temporal waveform and frequency concepts and hydrogho

All results obtained according to this clause refer to a certain \ .[They are
consider¢d as a function of frequency and can basically des in a
frequency spectrum. This is in contrast to the usual field it devices
where the relevant quantities are derived from hematical
operatiors in the time domain.

The condepts as regards the tempora

narrow-band tone burst;

b. broad-band waveform resulting hand tone burst after ron-linear

propagation;

broad-band pulse;

conti
The cona
A. near-
B. far-fi
C. far-fi achieve

non-|

4 o

The over suming a
plane-cir he, direct

wave an -plape edge wave. According to concept A the hydrophone is plaged fairly
close to theltransducer, where as they have different propagation path lengths the fwo wave
components can be separated from each other. By choosing an appropriate ume gate the

direct, plane ultrasonic pulse can be picked out. According to concepts B and C, on the other
hand, the hydrophone is placed on the beam-alignment axis in the far field. In this region
there is only a relatively small path length difference between the two wave components, so
they inevitably interfere with each other, but the resulting field character is almost plane, the
main restriction being that of a limited diameter of the central lobe of the field.

D. geometric spherical focus position with focusing source transducer (low amplitude or
linear excitation);

E. geometric spherical focus position with focusing source transducer (high amplitude
excitation).

In cases D or E, the source transducer is focusing so that the beam has the same shape at
the geometric focus as that obtained in the far field of a nonfocusing transducer. For case D,
the advantage of using a focusing transducer as a source is that conditions similar to B are
obtained in a shorter path length under linear excitation conditions, thereby reducing
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attenuation effects. For case E, the field of a focusing transducer at its geometric focus is
used to achieve non-linear distortion through high amplitude voltage excitation. The
advantages of E are that the attenuation is reduced by the shorter path length for both the
fundamental and higher harmonic components of the pressure waveform and the non-linear
distortion is obtained by the increased pressure amplitude caused by the focal gain of the
transducer.

NOTE 1 Certain combinations of the waveform concepts and the hydrophone position concepts are preferred
in the literature (although up to now mostly in the frequency range up to 15 MHz or even lower). These are
the combinations aB ([3], IEC 60866, and see 5.1.3 of IEC 61102), bC [4, 5], cA [6] and dB [7, 8, 9]. Other
combinations are also possible.

NOTE 2 The waveform concepts and the hydrophone position concepts are listed again in table A.3.

6.2 Meastrementeonrcepts

6.2.1 Source transducer

The ultragsonic source transducer for the measurements descripe 3 Qrcularly
symmetric ultrasonic transducer for use in water, either a plafie nonocusi ducer for
concepts| A, B or C or a focusing transducer for concepts D, i vaveform
concept chosen (see 6.2.3) it must be able to produce the requency
values. This requirement includes the amplifier drivipgtr cer must
be temp bding the
acceptab|

The follg measurement: in [all those
cases w : s a, b, ¢), the hydrophone
output si ' ansduce /hydrophone distance is vafried over
several rophone
echoes f , & remedy
could be

6.2.2

6.2.2.1

The hyd ansducer,
according to the\field i z 2. i bne axis
aligned d with a
mechanig c lar to the
beam—al axi is i i i to each
other. TH BCOKT or better
than 64 /10, [ . i i after the
measurement-er can k i i using the
hydrophpne’geometrical radius.

It is vital that the hydrophone be so rotated that the centre of its active element is kept at the
same place in the ultrasound field, in compliance with the positional accuracy requirements of
6.3.3.

NOTE 1 For hydrophones of the unbacked membrane type, it is possible to check whether the hydrophone is
actually rotating through its centre by rotating it through 180° and observing any resultant shift in the arrival time of
the ultrasonic wave.

The measurement can be conducted in two ways. Either the hydrophone output voltage is
measured as a function of the rotation angle at a constant frequency; or the hydrophone
output voltage is measured as a function of frequency at a constant angle of rotation, and this
for several values of the angle of rotation. In the latter case the data obtained should be
rearranged to yield again the hydrophone output voltage as a function of the angle of rotation
at a constant frequency. The hydrophone output voltage measured is divided by that
obtained in the orientation of maximum output voltage.
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NOTE 2 To give an indication of the angular resolution required, the following assessment is made: assuming a
hydrophone radius of 0,25 mm and € =1488 m/s for water at 22 °C, the following values are obtained from

equation (2): Og =8° for a frequency of 15 MHz and 8¢ = 3° for a frequency of 40 MHz.

NOTE 3 Values for the speed of sound C in water are listed in table A.2.

6.2.2.2 Sensitivity comparison of two hydrophones (Type II)

This involves a series of measurements where the hydrophones are placed alternately in the
ultrasonic field. The absolute minimum is a series of two measurements, one with each
hydrophone. However, it is recommended that at least the first hydrophone be remeasured
after the second one (this leading to a total of three measurements). A series of five or more
single measurements would be even better.

In each dqingle measurement the hydrophone in question shall be posgii ater tank

in the fieJd of the source transducer and at the relevant place ac Oroh i D!:?osition
concept chosen (see below). The output signal shall be maxi tational
adjustment of the hydrophone.

It is vital|that the centre of the active element of the hydrop e i tioned in
the ultragonic field exactly at the relevant place ¢ eries, in
compliance Wlth the posmonal accuracy requwemen S 0f6,3. c 3 t-up shall
be provid S As an additiongl, useful
procedur 3 e) of the ultrasqgnic burst
or pulse e distance (not ng¢eded for

TDS, seq 6.2.3.4 and annex E).

The hyd unction of frequency and this is
consider¢d in relation to t Qthér hydrophone.
If the measurements ot s RO™es afe not carried out under the same electric
loading ([condition g ; stated and prescriptions for calculating the
hydrophpne se Y 1i iti i

6.2.3.1

Here, ar one burst of fixed frequency fand burst duration 7 ig applied.
The hyd4 Itage does not usually show a clear rectangular burst, buf rather a
signal wi naltransients and ideally with a central part of constant amplifude. The
burst mug tly long to achieve such a constant hydrophone signal amplijude. The

constant S|gnal amplitude is measured, e.g. by means of a calibrated oscilloscope. The result
Obtalned rnfnrc to fhn narticular fracaiancyvy chaocan
| bbb L i 4 o e

This concept is characterized by the following features:

. It is a single-frequency method. If the result is desired for several frequencies, the
measurement must be repeated at these frequencies. This is time-consuming.

« The frequency range of the source transducer must cover the desired frequency band,
therefore in practice it must be a damped, broad-band transducer well suited to the
frequency range in question.

« The transducer must produce ultrasonic wave amplitudes high enough to be well above
the hydrophone noise, taking into account the ultrasonic attenuation along the
propagation path.
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« If the hydrophone output voltage is measured with a broad-band instrument, the
harmonic content of the signal must be checked and should be lower than =30 dB in
comparison with the fundamental frequency.

NOTE |If the harmonic content of the signal is greater than -30 dB, band-pass filtering of the signal at the

fundamental frequency or a spectrum analysis of the signal may be used to reduce the content of the second and
higher harmonics.

6.2.3.2 Using a broad-band waveform resulting from a narrow-band tone burst after
non-linear propagation (b)

A sinusoidal tone-burst of high voltage is applied to the transducer. The ultrasonic signal is
propagated over a long distance until a highly asymmetric time waveform is measured by the
hydrophone at the positions described by either C or E. This distorted waveform is

charactefized by peaked compressional half-cycles and shallow rarefagtional halfrcycles and
the harnjonic content of the spectrum contains equidistant frequercie artated by the
fundamental frequency value and with amplitudes which roughly d i is the
harmonid number. The signal received is either fed to a speg 3 i a fast
fourier transform (FFT) calculation stage and the measurementres 3 f discrete
frequencl|es is obtained.

The ultrasonic source itself can be a narrow-band, re a frequency well
below the range of interest. However, i i o low, as harmonic
amplitud¢s that are high enough must be prod PO/ s must not be too far
removed|from the fundamental freque ' f , d and in
view of the requirements of 5.5, the er should
be in the range of roughly 1 MHz. pressure
amplitudes in the megapascal range, is would
disturb the required temperature stabi ity of—th ~ ould also
lead to ap instability of the i . handled
by intermi

6.2.3.3

A short,| broad-b cer. The
hydrophpne output requency
resolutiop of the 5 equal to the reciprocal of the time interval oyer which
the broad- and the frequency range covered by the gpectrum
depends

The souf r can\be either a damped, resonant transducer with the main pgrt of the
pulse fre eing around its resonance frequency as determined chigfly by its
thicknesg, be low for the frequencies of this standard, or it can bg a thick
transducer excite a short current spike as obtarned by short crrcurtmg a hrgh voI age. The
main prok 0 achieve

a rapid swrtchrng of hrgh voltages and currents The thlckness of the transducer in the latter
case determines the time delay of the arrival of the mechanical pulse radiated at the rear
surface of the transducer and disturbing the measurement if this delay is too short.

6.2.3.4 Using a continuous-wave frequency sweep with time delay spectrometry (d)

A continuous-wave signal is used with a linear frequency sweep over the frequency range of
interest and at a constant sweep rate. The hydrophone output signal is passed through a
narrow-band (tracking) filter which is swept synchronously, but with a certain frequency offset
in relation to the generator frequency. This frequency offset is adjusted to the time-of-flight
(propagation time) of the direct ultrasonic signal from the transducer to the hydrophone, the
time-of-flight being determined by the transducer/hydrophone distance and the speed of
sound, which is a function of the water temperature. This technique suppresses the potential
influence of reflected signals, strictly speaking all those signals which have a propagation
time differing substantially from that of the direct signal.
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The main component of the electronic equipment in this case is a special kind of spectrum
analyzer able to perform all the relevant operations mentioned. The hydrophone output
voltage is obtained as a continuous function of frequency. The electronic equipment,
particularly the spectrum analyzer, must operate in the frequency range of interest.

The frequency and amplitude requirements with respect to the transducer are the same as
those of 6.2.3.1.

6.2.4 Hydrophone position concepts
6.2.4.1 Near-field hydrophone position (A)

The hydrophone is positioned fairly close to the transducer (see belowh~on the beam-
alignment axis. The direct, plane-wave burst or pulse is picked out ftopm theNhydrophone
output signal by adjusting a time gate.

It is recommended that the suitability of the transducer bg
hydrophpne output signal when the hydrophone is moved la > . rophone
output signal is independent of the lateral position (in the uSaple ioW, sep below),
if all parts of the transducer surface vibrate with uniform a S

The geormetrical region usable for this type of measg
is the bufst or pulse duration.

6.2.4.1.1 General requirement

The hydrpphone distance x should be

(4)
so that any puls rophone
will not interfere
6.2.4.1.2
A plane-gi ce x and
lateral di The path
length wave is

x? +(a, must not

be greatgr.than thext
the inequatty

e-of-flight difference between edge wave and plane wave. Thig leads to

x*+(a, -Rf - x

c

T<Thae =

(5)
which can be modified to
R<Ryae =& — (cr)2 +2cTX (6)

this being the inequality defining the paraxial region that can be used.
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NOTE Depending on the actual set of parameter values, it may be that the inequality (6) has no solution (which
means, formally, that it has a negative solution), in which case this type of measurement is not possible. A remedy
would be to reduce the burst or pulse duration T and/or the hydrophone distance x. The condition for the
inequality (6) having a positive solution, which means that this type of measurement is possible, can be formulated
as follows:

_ 13 EZ _ ]
X<X = pytape H lépr (7)
6.2.4.1.3 Potential influence of head waves

The plane-wave field near the transducer may also be disturbed by waves of another type.
These are head waves caused by radial modes which may exist in the transducer during pulse
excitatior inside at

velocity pagating
fluid, a fi e and
produce scribed
e.g. in [ a priori
knowledd practical
details g$hould be studied C gives
assessm own.

6.2.4.2 Far-field hydrophone positi

NOTE This applies only in connection with wawefor y ection with
waveform goncept b, see 6.2.4.3.

\nsducer.
imum, which shall be deterinined for
ce is to be regarded as the Jminimum

The hydiophone is positioned on the
The far flield begins at the i
the highest frequency i
distance ffor the hydro

For a theoretic@ oyfce the last axial maximum is at a|distance
X = atzf/c } j the frequency, and so in the frequency ranpe of this
standard i S may result, depending on the transducef radius.
However ath tfength/should not generally exceed values of a few dg¢cimetres
in order fo avoi i e consequences of ultrasonic attenuation, and 3o source
transduc i pall diameter must be chosen in this case.
4 \ o . : :

6.2.4.3 rophone position with special reference to a long propagation

In conndction with “waveform concept b given in 6.2.3.2, the propagation path [must be
sufficiently Tong to achieve both significant non-linear distortion of the waveform and also
ensure that the acoustic pressure distribution is sufficiently broad so that spatial-averaging
effects are maintained below a specified level (see 6.3.4.4). This can be achieved using
relatively large diameter plane-piston transducers whose near-field distance (atzf/c) may be
in the range 200 mm to 400 mm [4]. The degree of non-linear distortion occurring at the
position of the hydrophone may usefully be characterized by the non-linear distortion
parameter o whose value depends on the pressure amplitude at the source (p,) and for

plane waves is given by

- Zn..Bpo ff X (8)
pc®

g
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where

B =1+ B/(2A) is the non-linearity parameter for water (approximately 3,5 with values for the
Fox-Wallace parameter B/A being given in [12], for example);

. is the fundamental drive frequency of the source which is used to generate the non-linear
distortion;

X is the propagation distance;
p is the density of water.

For optimum comparison conditions, the value of o should be 3, a situation which

corresponds to a non-linear loss of 6 dB in the amplitude of the fundamental [13]. For this
value of (o spectral
harmoniqg operties,
it is useflll to evaluate the pressure amplltude generated at high fr que is Wll affect
the accu i [ ressure
amplitud¢ rce), the
pressure (f,) can
be readil here nis
the harm

NOTE Fo

Po idin MPa;

fi ig in MHz;

X igin m.

These approximate expresgsi ) , -wave and
lossless propagation. Th i piston sources can be taken int¢ account
to provig i & is valid
providing the parameter QX i ; -Si i fficient of
the watel, which are given
in table R 2). Th hcies, for
example|at 1 or 24 ion of the
fundamental will field.

In any i nt of the
axial no optimum
comparige ' ; 0j i i .3.4.4, psition(s)
should mjaxini ign

6.2.4.4 r (D)

(low voltage or Imear excitation)

NOTE 1 This applies only in connection with waveform concepts a, ¢, and d. For the position type in connection
with waveform concept b, see 6.2.4.5.

The hydrophone is positioned on the beam-alignment axis at the geometric spherical focus
of the focusing source transducer. If the geometric focal length, F, of the transducer is not

known, it can be determined from Xy, the distance of the pressure focus (which is the
position of the maximum pulse-pressure-squared-integral along the beam axis) from the

transducer, and the formula

-1

Eﬁ f: E 9)

NOTE 2 The distance from the transducer surface is referred to as Z in IEC 61828 instead of X.
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For linear excitation conditions the non-linear propagation parameter og,, (3.25 of IEC 61102)
for focusing transducers must be less than 1.

6.2.4.5 Geometric spherical focus position with focusing source transducer and high
voltage excitation in order to achieve non-linear distortion (E)

The hydrophone is positioned on the beam-alignment axis at the geometric spherical focus
of the focusing source transducer. If the geometric focal length, F, of the transducer is not
known, it can be determined from the location of the pressure focus under linear excitation
conditions as described in 6.2.4.4 above. To achieve sufficient non-linear distortion, the non-
linear propagation parameter g,, should be 3 or greater.

6.3 Rdquirements

6.3.1 Measurement vessel and water

%oned in

The mea

the ultrag rophone

to be rota

Degasse . tivity limitafions and

other limjitations according to 5.11 must be obseryed, i i j s on the

duration |of the hydrophone's immersion in water\ 3 P hersed in

water prior to measurements for a tipfe\suffiefe its sgaking is complete. All air

bubbles @and particularly the adherenc ir I bided.

The med Is is not

absolutel ences of

echoes are to a great exte S trometry.

In the pé : i walls to

prevent d

6.3.2

The wate

NOTE Te

1. The hy

2. The ture, as a
conse

3. Theti mperature-
depenflent speed_of sdund in water (see table A.2). This is of relevance to the adjustment of the time gate for
bursts|aripulses and.&lso to time delay spectrometry.

With respeCTTO PO 2 e fotowWMg eXampte Tan be given. & prane uirasonic wave T the tmear amptitude range

is propagated over 15cm at a temperature around 22 °C, the resulting ultrasonic amplitude differs for two
temperatures that are 1 °C apart by 0,2 dB at a frequency of 15 MHz and by 1,5 dB at a frequency of 40 MHz. (The
small-amplitude attenuation coefficient in water is proportional to the square of the frequency. Values as a function
of temperature are given in table A.2).

With respect to point 3 the following recommendation can be made: in a measurement of type Il, the axial
hydrophone distance should be adjusted to a constant propagation time.

For a list of decibel (dB) values compared with amplitude ratios, see table A.4.
6.3.3 Positional accuracy

This subclause deals with the accuracy of the relative positioning of two hydrophones or of
one hydrophone under various angles of rotation.
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6.3.3.1 Accuracy of the axial hydrophone position

The axial distance of the centre of the hydrophone active element from the transducer shall
be constant to within £0,2 mm. This requirement may need modification in case of focusing
source transducers and depending on their actual axial field distribution.

NOTE 1 For focusing source transducers operating in the frequency range of this International Standard,
positioning is critical. The following is an assessment of the axial distance change from the focal length, i.e.,
Ax=F-x, leading to a pressure reduction of 1dB. Starting from the theoretical equation

sin[f(l/x—:l/F)]/[E(]/x—:l/F)]=0,891 from the annex of IEC 61828, where .{:natzf/(Zc), a two-term sine expansion
yields Ax =0808F2/¢ .

NOTE 2 In the following example, if a plane ultrasonic wave in the linear amplitude range is propagated at a water
temperature of 22 °C, the ultrasonic amplitudes at two axial positions that are 0,2 mm apat differ by 0,01 dB for a
frequency pf 15 MHz and by 0,07 dB for a frequency of 40 MHz, as a consequence of the freq\s%-dependent

attenuation (see table A.2).

6.3.3.2 Accuracy of the lateral hydrophone position

ed when
e latera] position
aximum |value.

It is recommended that the dependence of the hydrophon
the lateral hydrophone position is varied. The condition £
is that the output signal shall not be reduced by more tha

NOTE In bl, focusing
transducer|under linear propagation conditions, the latera}-dis j (fat) for a

0,5 dB amglitude reduction and R :0,151cx/(fa

6.3.4 Maximum hydrophone size

6.3.4.1 General

In order |[to avoid me | ' ' effective
radius S:Eall not exceef a_limt ; ement as
described below.

If it is ngt possible it i radius in
one particular si i - es to be
compare

If these areMiot fulfilled, a theoretical correction may if possible bg applied

to ther
formulas

this shall be clearly stated and explained and a referenge for the

6.3.4.2 hydrophone size in the near-field case (A)

If the near-field position concept according to 6.2.4.1 is chosen, the maximum hydrophone
radius is in principle only limited by the radius of the usable paraxial region in the sense of
6.2.4.1 or annex C. If, however, the recommended lateral displacement check shows
amplitude variations, these should be less than +1 dB for a hydrophone displacement by an
amount equal to the effective radius in all lateral directions.

6.3.4.3 Maximum hydrophone size in the far-field case (B)

For an assessment a simple formula based on linear propagation in the far field of a plane-
circular piston source and obtained from 5.1.5 of IEC 61102 can be given as

_cx

a 10
max = gpa (10)
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NOTE 1 Strictly, this formula applies only if x>>a and x<<20fa12/c (see [14]), but this is generally fulfilled in
the measurements dealt with in this subclause.
NOTE 2 In [14] a theoretical correction procedure has been derived, to multiply the measured pressure amplitude

by (1+ 6) in order to obtain the true pressure amplitude, where O is given by (5=[7Ta/(1£‘>amax)]2 with amax as in

equation (10). This applies only to the hydrophone standard orientation, i.e., with the hydrophone surface
perpendicular to the field axis.

NOTE 3 Equation (10) may also be used in case D.

6.3.4.4 Maximum hydrophone size in the far-field case with special reference to a
long propagation path in order to achieve non-linear distortion (C)

The waveform at the field point used for the comparison consists of a pamker of harmonic
frequenc|es and the pressure distribution of each needs to be sufficient| sure that

spatial-ayeraging over the hydrophone element does not degrade e iOR |laccuracy
providing. With a prudent choice of transducer diameter and propagation di e-wave
conditions over the effective receive aperture of the hydrophon i b

As the higher harmonics have beamwidths which progressjve heas th increasing
frequency, spatial-averaging will be more important at cy limft £,. An
estimate |of the effect of spatial-averaging may be m G jderi highest frequency
harmonidq beam-width using a parameter Y, given b

(11)
NOTE 1 The beam-widths referred to in the expressiona asured and
actual (trug a spatial-
averaging g¢orrection of 7,5 %.
A spatialtaveraging error 0O b error to

2 %, requires y >4 [15

NOTE 2 Hrom 5.1 mepfed maximum radius of the hydrophone is| given by

amax = CX/ 8fat). Taking 1 ponds to a y value of approximately 2,8.

Simple d
spatial-a
the analyfsj

. theé

complari isideytical to that derived from linear propagation;

NOTE 3 ({hanhges in ressure distribution occur at progressively high values of o leading to a brgadening of
the beam pgrofil€ of the individual harmonics [16]. The current analysis therefore represents a worst casel

experimental conditions required to limit the |effect of
ied level may be derived. Two assumptions are madle during

+ the harmonic beamwidths are given by Wf/\/F, where w; is the beamwidth of the
fundamental component and n is the harmonic number [17].

If & is the fundamental frequency and f, is the upper frequency limit for the calibration, then
assuming an ideal plane-piston transducer, an expression may be derived for X, the

minimum distance between the transducer and hydrophone required to keep the effect of
spatial-averaging below the specified level. The expression for Xx,, valid for large values

of ka, is

f
— u
Xmin —O,451yz:zkat _ff (12)
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where

a

is the effective radius;

k = 2nf, /c is the fundamental circular wave number;

a; is the radius of the transmitting transducer.

Equation (12) may be used to derive approximate values of Xx,;, although due to non-linear
broadening, smaller distances may actually be used.

In any implementation of the concept bC method, the frequency content of the waveform must
be investigated at various positions off-axis, in order that the inflyence of f

dependent spatial averaging be estimated using available models ([15],

NOTE 4 Hquation (12) can also be solved for a yielding the maximum hydrophoneg/rac

6.3.5 Requirements for the electronic equipment

6.3.5.1 Source transducer drive signal

requency

The amplitude of the drive signal for the source trang able to within
centre frequency shall be stable to within 0,1 %.

6.3.5.2 Receiving electronics

The signpl from the hydrophone or integral s 8f shalte measured with the
oscilloscppe, digital signal analyzer, spectrum or other appropriate instrun
sufficientt bandwidth and _sensitivit i plification of the signal
hydrophpne or integral g ifi

The insfrument to integral amplifier is connect
oscilloscppe, digital s analyzer, amplifier) shall meet the
requirements:

« Its input impedan ' v'so that the end-of-cable loaded sensitivit

determined.

Its frequencyespogse
frequencyband glaimed bodér 5.3.

Its liNearity Withiput signal over a dynamic range of 50 dB shall be better than *

In cape ofa-digital signal analyzer: For recording temporal waveforms, the sam
shall beratleast 20 x f, megasamples/second, where f, is in MHz. Also, the gair]

t>ance X.

+1 %, its

aid of an
hent with
rom the

bd  (e.g.,
following

y can be
least the
D,3 dB.

bling rate
shall be

adjustedto allow at lea even significant b n the digitized waveform

6.3.6 Requirements with particular respect to time delay spectrometry

For time delay spectrometry no requirements are formulated. Guidance can be found in
annex D and [7, 8, 38, 39].

7 Hydrophone calibration

The hydrophone shall be calibrated according to one of the state-of-the-art calibration
methods.

NOTE See annex E for examples of current technology methods in the frequency range of this International
Standard.
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Annex A
(informative)

Tables

Table A.1 — List of typical uncertainty values obtained by the calibration methods given in
this standard and for the frequency range dealt with here

The unc artainti
cover a | substitutio

according to E.3.
according ‘
where the

e has been calibrated according to annex D and E.4.

h cases, the uncertainties of the absolute calibratid

Line Methoe regerey fFergeg Hhcertainty
1 ARsolute calibration (interferometry) according to annex E.3.1 up tAoé/O\&IH \ +13 %
2 u(to\d\o Hz\ \ \_>15 %
3 ARsolute calibration (interferometry) according to annex E.3.2 /\M\h\ZO\MI—h\ \\‘ +7 %
4 /\ \up{)\Q&M z \/ +10 %
5 N Wt MH? +11 %
6 ARsolute calibration (reciprocity/TDS) according to anneX D and\ to 38 MHz +14 %
E.p1 ?[ ) \
7 A (\\// ) to 40 MHz +21 %
8 Sybstitution calibration (see below) & \& ) ( \ Y Np to 20 MHz +9 %
9 > \ \ up to 30 MHz +12 %
10 ( \ S up to 40 MHz +14 %
11 Sybstitution callbrat|on(é}e\bel}>vv‘)\\ \\ \>V up to 30 MHz +16 %
12 N \ \ )\/ up to 40 MHz +22 %
at a level of confidence of 95 %. Lineg 8 to 10

alibrated
en made
alibration
1 (lines 6

¥ity comparison has been made according to method dB type

n and of

Table A.2 ound c [18, 19] and linear amplitude attenuation coefficient g divided
by the[frequency Squared ([20], interpolated), as a function of the temperature, in water
¢ a
Temperature f_2
°C ms™ m™ MHz
20 1482 0,025
23 1491 0,023
26 1499 0,021
NOTE If the amplitude attenuation coefficient in m™ is to be given in dB m™, its numerical value has to be
multiplied by 20 xIge = 8,69 .
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Table A.3 — List of the waveform concepts and the hydrophone position concepts

Temporal waveform concepts

Hydrophone position concepts

a Narrow-band tone burst A Near-field position
b Broad-band waveform from narrow-band tone | B Far-field position
burst after non-linear propagation
c Broad-band pulse C Far-field position with long propagation path to
achieve non-linear distortion
d Continuous-wave frequency sweep with time | D Geometric spherical focus with focusing source
delay spectrometry transducer (linear propagation)
E Geometric spherical focus with focusing source
trancdiicer (nan.lingar/mnrana i
\ 'l“ Lad
N
Table A.4 — List of decibel (dB) values and the correspondin plitudke rdtios
AN
dB Amplitude ratio /d.B\ \ \\w@tude ratifo
0,01 1,001 / ‘P*Ql\\ X 0,999
N
0,07 1,008 r\\)o),é?/\ \ 0,992
0,09 1010/ N\ N\ 2 ol ) A 0,990
N
0,2 1,023 \ \ =0, 0,977
0,3 1,035 \\ 3 0,966
0,5 1,059 RN\ N5 0,944
0.7 NN\ LN\N Y \/ -o7 0,923
1 I\\v/\ 1,12 \ J -1 0,891
1,5 >\1\18\9\\ > -1,5 0,841
/\ s
2 \// 126\ -2 0,79
3 /\\ \\ \1\/4%\/ -3 0,71
S \ \ \ “s.00” -6 0,50
<x
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Annex B
(informative)

Behaviour of PVDF polymer sensors in high intensity ultrasonic fields

B.1 Introduction

High intensity ultrasonic fields are commonly used in biomedical ultrasonics and it is now well

established that those hrgh amplrtude frelds Iead to non-linear phenomena I.III Iudrng distortion
of the w3 2]

3f—Wideband,
calibrated ultrasonlc polymer probes of both the membrane and negdle type ‘ already
proved tp be the most suitable hydrophones for precise measupé e Miltrasonic
fields anf basic parameters of the hydrophones such as frequercy i
response and voltage sensitivity have been described [24]. H

linearity of the response of the hydrophones is rather limited. } particular
importantce for medical applications; modern diagnostic equiy bnerating
instantaneous pressure amplitudes on the order of 10 M SSuch i e only an
order of magnitude lower than those encountered in i bal shock
wave generators (lithotripters).

In additign, linearity in the pressure il|zation of

non-linedr calibration methods [26].

The tests described below were
hydrophpnes made of PYDF polym
published in [27].

etermine linearity of the ultrasonic
gtion of the results discudsed was

arried_ ou
. ia

The thed i 9i S s many applications in underwater and| airborne
ultrasoun . he N gations of non-linear propagation phenomepa at the
biomedicpl i i S s were pointed out [22, 23].

B2 T

It is well ee of the wave distortion depends on the distance [from the

source [4 i lationskp provides a practical criterion to distinguish distortigns of the
wavefor i i derlying
differenti f the propagation medium (here: water) and to separate them from

distortion associated with the non-linear response of the hydrophomfe to the
pressure i non- Imear response of the acoustrc transmitter or source t¢ voltage
excitation- i Wy oy
linearity observed was not assocrated with a possible non- I|near electroacoustrc transfer
function.

B.3 Experimental

All measurements described here were carried out in a distilled, degassed water at
21,0°C £ 0,1 °C. The experimental set-up employed different ultrasound sources working in
the frequency range 2,25 MHz - 10 MHz, and hydrophones, including needle-type and
membrane-type designs [24, 28]. Additionally, an optoacoustic device capable of producing
shock waves was used [29, 30]. While the ultrasound sources were able to generate pressure
amplitudes on the order of 5,5 MPa (corresponding to instantaneous (sptp) intensities on the
order of 1 000W cm~ ) the optoacoustic source generated shock waves having peak
compressional amplitudes in excess of 10 MPa.
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Both sources and hydrophones were carefully aligned using an x-y-z micromanipulator
system. The signal detected by the hydrophone was fed into a spectrum analyzer and then
displayed on its screen to determine the harmonic contents. Concurrently, the signal was also
observed on an oscilloscope and polaroid pictures of the propagating waveforms,
corresponding to different axial source distances were taken.

Prior to each set of measurements it was verified that the wave distortion was due to the non-
linear propagation phenomena and was not caused due to non-linear dependence of an
acoustic port (transmitting surface) vs. excitation voltage. As mentioned above the verification
utilized the fact that the acoustic wave distortion depends on the distance from the source and
involved recording the transmitted pulse at different axial distances. Those measurements
were performed using both needle-type and unbacked membrane-type hyWones [24, 28].

Three dilfferent methods were used to determine the linearity o e of the

hydrophpnes with increasing acoustic pressure.

In the first method, the linearity of the needle-type calibrateg ested by
observing the increase in the output voltage of the 0,6 m bes with
increasing excitation of the source transducers. The maxfqu s : pressure
measurefl by the hydrophones in the focal region of the ; ’ bximately
5 MPa at|3 MHz.

The secgnd procedure involved the mea c acoustic power generated by a
given sourrce. Calibrated miniature pe 5 ane type
were use esults of
the calcu b c he same
field locations with an acoustic radiatign fogce ba . Nhese measurements were pgerformed
in the fre due to spatial averaging effects.

The third
more corj
diverging

coustic converter. Earlier work [32-34] on
indicated that such device should groduce a
sing according to the (distance)'1 law.

NOTE Th 7 " "(dista "' behaviour" means that the pressure amplitude pehaves in
proportion i 3 e adisfance from the source to the field point considered is irjcreased.

escribed here were carried out using thirty 1 mm diameter and
hydrophones [24], and about ten membrane-type
hydroph

In the f , as mentioned above, the linearity of the needle-type ¢alibrated
hydrophones was tested by gradually increasing the excitation voltage of the 3 MHz source
transducer and measuring the corresponding increase in the output voltage of the 0,6 mm and
1 mm diameter needle-type hydrophones. A plot of the excitation voltage versus the
hydrophone signal indicated a linear relationship.

In the second procedure calibrated miniature polymer hydrophones of the needle and
membrane type were used to scan the field and the total power radiated was calculated [31].
The results of the calculations were then compared to the results of the measurements taken
at the same field locations with an acoustic radiation force balance. For the same acoustic
source (either 1,5 MHz or 2,25 MHz) the discrepancy between the acoustic power as
measured by the radiation force balance and that determined by using planar scanning
approach was approximately 22 %.
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The third procedure involved measurements taken at the output of an optoacoustic converter.
In the frequency range 1 MHz to 10 MHz the waveforms generated by the acoustic sources
observed exhibited a shape characteristic for non-linear propagation phenomena associated
with non-linear properties of the propagation medium. The optoacoustic devices produced
waveforms similar to those encountered in the focal region of the commercially available
lithotripters. The (distance)™ behaviour of the devices was experimentally confirmed — the
maximum pressure amplitude measured was on the order of 10 MPa and the deviation from
(distance)'l characteristics was within the experimental uncertainty (about £15 %) [30].

Any discrepancy from the (distance)'l law exceeding the overall uncertainty of the
measurements would imply a possibility of non-linearity in hydrophones response. However,
no such discrepancy was observed with both membrane and needle hyd ro/ph.c{\es [30].

>eS was

B.5 Cpnclusions

The linearity of the pressure response for a number of PVD}
determingd. Measurements were performed at the pressure af order of
10 MPa. | Different test methods were employed and the ~ acoustic
transducers indicated that the non-linearities observed were cI Ay a i ith the wave
propagatjon only. An excellent agreement between iffe ign ophone,
polymer needle-type and unbacked membrane-type,

Furthermlore, no discrepancy from the tainty of
the meagqurements was observed wit § e hydrophones. As pointed
above, stich discrepancy would imply ngn-li ure response with imcreasing

acoustic pressure.

The pregsure amplitudes 4 Xpeli en
10 MPa. |Additional evidensge s portm thelre
of the specially desig

Negligible changes,
observed up to

bximately
e testing
[35, 36].
es were

Based orf
it can be
intensitie

in [35, 36]
range in

In additig ipters do
not exhibji expected>behaviour. The pressures encountered in the focal region of those
lithotriptdrs e order of 100 MPa and the shape of the shock waves measured
remains Jnchand with decreasing excitation voltage or voltage applied to the eledtrodes in
the electrehydraulic” system. While this does not constitute a rigorously obtainfed proof
supporting linear response of the PVDF maferial, on the other hand, there IS currently no
evidence indicating that any non-linearity in the pressure response of an appropriately
designed ultrasonic PVDF hydrophone would exist in the range up to approximately 70 MPa.
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Annex C
(informative)

Hydrophone positioning in the ultrasonic near field

C.1 Head waves near the transducer

Consideration is given to a plane-circular transducer of radius a, according to figure 1.
Consider the conical region (symmetrical with respect to the field axis) whase base is the

circular tftansducer surface and whose apex is the axial point \
X=x,=a == > (C.1)
ac o
where vy is the wave velocity of radial waves in the tra ating ling for this
right circlilar cone is
(C.2)
For points (X,R) in this reg P nearest
point on [the source péxi G Al , . i ad waves
coincide.| At all points|in™ 9 i Tthan the
edge waye, so it ( like edge
waves, head wa pdints in the field. Outside the conical reg|on, head
waves efther do no than the edge wave and therefore need not be
consider¢
Within th above the fundamental requirement when considefing head
waves is , the burst or pulse duration T must not be greater
than thd fference between the nearest head wave and plape wave
component rrival of the nearest head wave, t,, is
[ - 2
R+x\/b%|j -1
b, = et (C.3)
Vi
Therefore, in analogy to equations (5) and (6), the condition is
—R—x@#— i —1@
c oc O
T<Tphaxd = ] ] (C.4)

Vi
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from which

R<Rpaxn = & —vg—x@v—‘— Bv—tg —1@

(C.5)
g° \beb g
The inequality (C.5) has positive solutions if
-V,
X< X3 :# (C.G)
v lpnd oy
¢ \ocO
C.2 Statements on the usable paraxial plane-wave regi > near-
field hydrophone position, considering both edg ave
cpntributions
Assume [that a hydrophone is positioned at an b-circular
transducer of radius a, (according to figure 1) emifting_a bMyst h 7. The
time-of-fljght criteria lead to the following state e of xin
relation tp four reference values the firgt three « ind x3 in
equation
(C.7)
A comple
1. If x blation of
the €
2. If x weasurement is possible and the usable paraxial regiof is given
by if '
3. If x on of the
head wave ti -flight condition.
4. If x<x; and x<X, and X< Xz and X= X;, the measurement 1S possible and the usable

paraxial region is given by inequality (6).

5. If x<x; and x<x, and x<x3 and x<x,, the measurement is possible and the usable

paraxial region is given by inequality (C.5).

It should be noted that the hydrophone's whole sensitive area must be in the usable paraxial
region so that R includes both the hydrophone radius plus, possibly, the lateral distance of

the hydrophone centre from the field axis.

It should also be noted that all the statements above are subject to the general requirement of

inequality (4).
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Annex D
(informative)

Time delay spectrometry —
Requirements and a brief review of the technique

D.1 Introduction

Time delay spectrometry (TDS) was originally proposed [37] for analysis of loudspeaker
behaviour in acoustlcally reflective environments. Later, it was suggested Nllbratlon of the

hydrophpmes—imthemegatertz frequency Tange {71 A compretensive ey g Ol the TDS
technique [38] reviews and examines in depth all space and instrupien nx%lrements
needed for practical implementation of the TDS technique. A g0 i of S and
reciprocily [8] has been used for absolute calibration of hydrop d/ 8 n}ber of
experimental data are presented in [39]. The figure of merit i 5, Of solution
has also [been considered [31].

In this gnnex, the most important requirements of its| relevant

parametadrs are briefly reviewed.

D.2 Calibration and performan
time delay spectrometry

z hydrophones|using

D.2.1 Ultrasonic field parameter

The primary parameter m
pressure| amplitude is ré
hydrophdne terminals.
of-cable loaded sensiti

>’technique is acoustic presgure. The
the electrical voltage produced at the
its corresponding pressure yields| the end-
of frequency.

D.2.2 ultraso®r S hich the technique is applicable

The technique i c 9 acoustics range from about 20 Hz and in blomedical
ultrasoni¢ § he technique has also been successfully implemented
from 100

Limitatiofs:

1. frequ the measurement equipment available;

2. in theg Cdse of ubstitution calibration, availability of calibrated reference hydrpphones
in the-fregquencyrangeof-interest:

D.2.3 Ultrasonic field configuration for which the technique is applicable

Plane waves (continuous-wave and swept).

D.2.4  Spatial resolution

The output signal represents the frequency spectrum of the measured temporal signal. The
range resolution depends on the ratio of the filter bandwidth to the sweep rate used.
Uncertainty in the frequency resolution of the performed measurement can, in general, be
expressed as f =1/t;ps , Where fis the frequency in hertz, and t;pg is time available for a free

field measurement in seconds. Both frequency response and directivity patterns can be
readily obtained by using the TDS technique, see examples in [7, 8, 31, 38, 39].
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D.2.5 Sensitivity of technique

Depends on the input signal available from the hydrophone being tested. At acoustic
pressure amplitudes as low as 1 kPa, a typical signal-to-noise ratio of approximately 50 dB
can be achieved. The maximum achievable signal-to-noise ratio is on the order of 75 dB.
Typically, changes of about 0,2 dB in the end-of-cable loaded sensitivity can be detected.

D.2.6 Range over which the sensitivity is measured

End-of-cable loaded sensitivity or end-of-cable open-circuit sensitivity down to
approximately —300 dB re 1 V/puPa (1 x 107° v Pa'l) can be measured readily.

D.2.7 eproducibility

Typical: |<t5 % (in the range 0,1 MHz to 10 MHz) for PV Pal
Achievalblle: approximately 2 %.

D.2.8 mpulse response

Can be gbtained from a Fourier transform of the frequen the TDS
signal is| recorded. The resolution of the impulse with the

frequency range recorded [40].

D.2.9 Procedure for performing mgs

Consult [[7, 8, 31, 38, 39] for a typical
given as follows.

t. The procedures gre briefly

D.2.9.1 [ Measurement pyo : i inte mparison)

1. Positjlon and align S and receiver (previously ¢alibrated
hydrophone [24, i ) istilled water bath, controlled to +0,5 °C.

2. Meagure log mie WL € selected frequency range.

3. Storg measur

4

Replace know 3N yhe with a hydrophone to be calibrated.

5. Repe

NOTE 1 Hositioni ollows: Verify that the hydrophone to be calibrated is in the|[same field
position as S\§ hyeither (1) pulsing the transmitter and adjusting the axial distance|so that the
pulse progagatio VAN & same for both hydrophones, and then moving the hydrophone [aterally to
maximize the_sighmal with the TDS time delay set the same as for the known hydrophone, posjtioning the

6. Plot {differen oj’ both logarithmic spectra. (If the reference hydrophone hps a flat
frequency response, the difference represents the frequency response of the hydrophone
being calibrated.) See [7, 8, 31, 38, 39] for details.

NOTE 2 The TDS technique can be used both in performing sensitivity intercomparisons and absolute

(reciprocity) calibration. See [8, 31] for details. However, for the sensitivity intercomparison, a reference
hydrophone having a known frequency response as a continuous function of frequency is required.

D.2.9.2 Measurement procedure (reciprocity calibration)

Reciprocity calibration requires use of a fairly complex measurement set-up and special
equipment. More specifically, a wideband bridge circuit to decouple the transmit and receive
signals and wideband transducer dummy load are needed. Instead of a dummy load, two
identical transmitters can be used. See [8, 31] for details. The measurement uncertainty of
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the combined reciprocity/TDS technique has been reported to be less than 10 % in the
frequency range 2 MHz - 15 MHz. Below 2 MHz and above 15 MHz the uncertainty
increases to approximately 20 %, primarily due to the signal-to-noise ratio available.

D.3 Limitations
One basic limitation of the TDS technique is the assumption that the propagation medium is

non-dispersive. This does not pose any practical difficulty as the hydrophone calibration is
carried out in degassed and deionized water.

VAN

RN

@%
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Annex E
(informative)

The absolute calibration of hydrophones up to 40 MHz

E.1 Overview

This informative annex describes the current status of absolute methods of calibration for
ultrasonic hydrophones appropriate for frequencies above 15 MHz. The basis of some of the
methods WhICh have been used in the past, as well as those currently under evaluatlon are

optical in
made di

terferometry The Iatter method in partlcular is attractive,
rectly traceable to primary standards of length measurg

describeg the progress made in implementing absolute calibration [ %optical
interferometry at two National Standards Laboratories. The fupdamental etween
the two implementations, designated | and Il in E.3.1 and E.3%, li [ 3itipn of the
acoustic |and laser beams. In implementation II, (kast i jon 1, the
optical bpam traverses the acoustic beam. Other calibrati S i escribed
in E.4.

NOTE "Absolute” hydrophone calibration is understood hefe |n the sen3e of j to another
hydrophore". This is sometimes also referred to as "pri DY) ' hone_s_a_re
often callbrated in practice following a " " "supstitu |onoced e, which means a| sensitivity
comparison with a calibrated reference hydrofhone nce hydrop itself may have been cjalibrated in
"absolute" [terms or against another reference\ hydrop , 5Q on. Obviously, there are twp different,

fundamentql procedures: to perform an absolute yydrophbpé.cali i and to compare the sensitfvity of two
hydrophones. This annex E deals with the for . ke latter procedure is dealt with in detail ipn Clause 6.
It should be noted that a substitution calibrati steps and that the interested yser should

refer to both Clause 6 and this apn \ MNYie ronv’both fundamental steps contribute|to the final
calibration i i 3 i i

E.2 P

E.2.1

In the p3g to calibrate hydrophones at frequencies a$ high as
100 MHz hic” method [43]. This utilises a non-linear prgpagation
model fo d exploits the fact that, for a piston transducer of relatively large
diameter the acoustic signal can isolate the plane-wave cgmponent
from the iated from the piston edge. At high-pressure amplitudes, thege plane-
waves Lﬁ inifesamplitude distortion, producing an acoustic field rich in harmonics. A
theoretic opagation model is used to predict the distortion of these sound

waves, and, by)campaying the predictions with measurements made close to the fage of the
transducer{undistortéd) and at a known distance further along the axis (distorted gnd made
harmonicatty rich by morm=timear propagation);, e catibratiomrof thehrycrophomecanbe obtained
at each harmonic frequency.

Results obtained from this method were promising and agreed well with the theoretical
response of two membrane hydrophones. It does, however, have some disadvantages.
Firstly, it depends crucially on the propagation model used. Secondly, the method depends on
the performance of the transducer used to generate the acoustic field. Owing to transducer
imperfections, the field produced may deviate significantly from the desired plane-waves,
leading to significant uncertainties in the calibration.

Methods employing a smaller diameter focusing transducer to generate harmonics in a focal
plane overcome some of these disadvantages. Measured fields are more reproducible at a
known focal length distance where there is a well-defined main beam lobe. The focal gain of
the transducer can provide higher pressures full of harmonics in a shorter distance than
distances used for the plane wave approach. Suitable focusing transducers with uniform
properties are commercially available.
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E.2.2 Optical interferometry

In the calibration method based on optical interferometry, the acoustic field produced by a
transducer is detected using a thin plastic membrane (known as a pellicle or foil) metallized
on one side to be optically reflecting. The pellicle is thin enough to be acoustically transparent
and follows the motion of the acoustic wave, its displacement being measured using optical
interferometry, the acoustic pressure being derived from the measured displacement. The
hydrophone to be calibrated is substituted for the pellicle with the acoustic centre of the
hydrophone positioned at the same point in the acoustic field interrogated by the laser beam.
The hydrophone is then calibrated by measuring the output voltage corresponding to the
known acoustic pressure.

Clearly, an important requirement for a viable calibration method is that the—acoustic pressure
is sufficient for the hydrophone signal to have an acceptable signhal-{o-noise_rafio at the
frequency of interest i.e. up to 40 MHz. However, the optical interfekomet \cst}wy senses
acoustic |[displacement and this imposes more severe requirement tabje signal-
to-noise fatio. For a plane-wave, the acoustic pressure amplitude : 5

pPo = pcw( (E.1)
where
p is the|density of the medium;
¢ is the[speed of sound in the mediuy;
w is the|circular frequency;
{ is thd between

press

Ignoring 3 I a given
acoustic |pressure, the|displacs Wpli i y so that
high acolistic press SO quencies
of 40 MHz and akoye, it oted tlvat both implementations of the method dgescribed
below enjploy focused ' j ' ssure.

E3 H
E.3.1

N
E.3.1.1

The optical’ calibration technique is based on measurement of the displacemgnt of a
membrane-which-is pncifinnnri at the surface of a qullirl r-nnfnining a transducer (ficure El)
The generated sound wave is normally incident and displaces the membrane which is
measured using a Michelson interferometer [44-47]. It contains a laser as a light source and a
polarizing beam splitter for dividing and combining the optical field (figure E.1). In the
measuring arm the light is focused onto the foil which is coated with an aluminium layer in
order to improve the optical reflectivity. The focusing ensures a small spot diameter for a
sufficient spatial resolution.

A balanced photodetection scheme with a bandwidth BW = 100 MHz detects the optical output
field. It consists of two photodiodes and a difference transimpedance amplifier Ay suppressing
amplitude noise and increasing the photocurrent. The transimpedance amplifier is followed by
a second amplifier V. It has a high input impedance and can be used as a hydrophone
amplifier (see below). The interferometer is path-stabilized [45] by a servo-loop with a unity-
gain frequency of about 100 Hz. In this case the displacement is obtained from the measured
photocurrents by:
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_ UsA V(f=0)
2nTU  V(f)

where

A, is the wavelength of the light in vacuum,;

T is the transmission factor of the displacement through the foil;
Ug is the voltage of the signal,

(E.2)

U is the peak-to-peak voltage of a complete interferometer fringe measured at the output of

the amplifier V which has the frequency dependent gain V(f).

The outpgut voltage, Ug, is detected by a digital scope, i.e. in the

bandwidth (BW > 50 MHz). To achieve a sufficiently high signafto-
piezoelegtric broad-band transducer is used. It is supplied with s
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NOTE A means the optical wavelength in this figure.

Figure E.1 — Experimental set-up of the interferometric foil technique
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After storage of the reference data, the foil is removed and the hydrophone in question is
fixed at the same place as the laser spot before. A certain amount of water is added to
immerse the hydrophone. Alternatively the transducer may be rotated as is shown in
figure E.1 for simplicity. The hydrophone is connected with the input of the amplifier V. Then
the measurement is repeated under identical excitation conditions.

The end-of-cable loaded sensitivity M, is obtained by:

_ 1 2nTU Uy,
wepV(F=0) A Ug

L (E.3)

VAN

where \

C is the|speed of sound in water;

p is the|density of water;
U, is the|voltage of the hydrophone measurement;

w(= 2rf) |is the circular frequency of the sound field.

Here, thg hydrophone output is electrically loaded Iy pe ce of the amplifier V.

E.3.1.2 | Data correction

The determination of the end-of-cable iti M, , is influenced [by three
systematjc errors which require a datalcorr § goretical models:

E.3.1.2.1] Spot diamete

At frequgncies higher thax e hydrophone as well as the laser beam focused
on the fpil can 0 S - pe point detectors. Hence, the use of focused
transducers lea ~ ffeets. To quantitatively describe this effect|[46], the
transducer is considéred &’ on. The displacement distribution is obtained from
the Frauphofer djffkae the Rayleigh integral solution [47], and all measured
average

E.3.1.2.2

4

At the pq ound focus, the fluid is covered by a coated foil to improve the
optical rg ity. incident sound field is partially reflected inside the foil and the¢ metallic
layer, an i
front at theMocus of a sound beam is nearly plane, a simple resonance model [#6] using
plane-waves can be applied to quantitatively describe the systematic error due to this effect. It
yields a transmission factor T for the displacement which is inserted into equations (E.2) and
(E.3).

E.3.1.2.3 Frequency response of the photodetector

In contrast to the frequency dependence of the amplifier gain V occurring in both
measurements the frequency response of the photodetector influences the end-of-cable
loaded sensitivity M, . The bandwidth of high-speed photodetectors, however, is more than
100 MHz and in the frequency range of interest between 0,5 MHz and 40 MHz the response
should be nearly flat. Nevertheless, a measurement of the transfer function using an optical
mixing oscillator was carried out.
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E.3.1.3 Preliminary calibrations

As a first application, fibre tip sensors used in shock-wave measurement were calibrated by
the aid of the described technique (for details see [46]). The transfer function of the fibre tip
sensor was pointwise determined in the frequency range between 0,5 MHz and 40 MHz. Then
the system was extended and improved to handle all kinds of hydrophones up to a frequency
of 50 MHz. As an example, two membrane hydrophones with an active diameter of 0,5 mm
were calibrated up to 70 MHz [47]. The overall uncertainty of the present calibration system
is £13 % (k= 2) up to 30 MHz and +15 % (k = 2) up to 40 MHz.

E.3.2 Implementation Il

E.3.2.1 Measurement system VAN

The optical interferometric method, developed as a primary standa \O}\Qalibrating
ultrasoni¢ hydrophones over the frequency range 500 kHz to 20 s'l;?ibed in
detail previously [48] and only a brief description is given h s been
validated for frequencies above 500 kHz by international inter¢ompari National
Standards Laboratories [49] and has become well established a AR . A good
understapding has been developed of the sources of ) h typical
overall uhcertainties for frequencies up to 20 MHz bei 5sed at a
95 % confidence level.

The pellicles used for the measure v mbranes
coated with a 25 nm layer of gold. ASs i the acoustic beam in this
experime i ‘ source of
the intera medium
in the cQ colistic wave. This has implications for
the acousto-optic interactign

E.3.2.2 [ The acousti¢

Calibrations wer y 5 MHz.
Two focgl lengt 5sociated
with the| calibratio nal focal
positions bursts of
sufficient position
of intereq coplanar
membrari ected up
to 100 i with the
amplitud¢ where n
is the nu generate
sufficient articularly
spatial-ayeraging, where the higher harmonics are of progressively narrower beam-width (see

E.3.2.4.3).
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