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CHAPLER V
ULTHRASONIC DOSIMETRY

W. D. O'Brien, Jr.
SECTION {

1. INTRODUCTION

The objective of this chapter is to describe the general concepts
of dosimetry with specific emphasis on ulLrasoﬁié dosimetry and relate
its applicability to ultrasound in medicine and biology.

Since the emphasis of this volume is on the biological and medical
applications of ultrascund, the role of ultrasonic dosimetry will be pre-
sented with the view towards radiation protection. This is natural since
the purpose of ultrasonic dosimetry is Lb xelate magnitudes of specific
ultrasound variables to the likelihood or extent of occurrence of identi-
fiable biolagical action in the living system, usually located at the same
region. This approach is in no way meant to imply that the use of ultra-
sound in the clinical practice of medicine represents a hazard. But it
is commonly known that at sufficient levels ultrasound can produce irrevers-
ible biological damage and, as such, the potential does exist to produce
damage so it is imperative to develop a comnon nomenclature to express
meaningful radiation protection information.

With the increasing use of ultrasound comes the obligation to properly
assess the risk associated with such human exposure. While no statistically
based survey has been conducted to document the extent to which ultirasound
is being used, a number of indicators do, however, strongly support the view
that its use is increasing and that a large fraction of the human population

will eventually be exposed.

A market analysis in 1969 predicted that the dollar value of the
ultrasonic market would increase 300 pexcent dpring the period between
1968 and 1973.l This represents an annual increase of 75 percent. More

recently, based upon discussions with clinical manufacturers, the U. §.



344

Food and brug Adwministration's Bureau of Radiological Health predicted
that in 1976 the industry will grow at an annual rate of 50 percent and
that annual dellar sales will be around $40 million.2

In 1971, the Bureau of Radiological Health surveyed 301 out of 6306
short-term general hospitals in the United States and found that 12 per-
cent of the hospitals used diagnostic ultrdsound.3 In an editorial in the

. . 4 :
Journal of Climical Ultrasound, the editor doubted the 12 percent figure

since he believed Doppler ultrasound to be used by over 50 percent of the
obstetricians in the United States. In 1576 the same government agency
reported that a hospital survey showed 35 percent used ultxasound.5 While
questions may be ralsed as to the validity of the 1971 and 1976 survey
estimates, they do show, however, an approximate annual increase in use

of 24 percent.

An international mail survey was conducted under the sponsorship of
the IEEE Group on Engineering in Medicine and Biology's Subcommittee on
Ultrasound Safety and Standards and with the help of the American Institute
of Ultrasound in Medicine, the Biomedical Englneering Society, the Bureau
of Radiological Health, the United States Public Health Service and the
United Kingdom Medical Research Council.6 In part, the survey was to
detexmine the extent to which ultrasound is vsed. On the average, between
1963 and 1971, there was an annual increase in use of clinical ultrasound
of approximately 10 percent.

It was estimated that, in the United Kingdom, the number of ultra-
sonic diagnostic examinations is doubling every three years.e This
represents an annual 26 percent increase.

The United States National Science Foundation, through its Office of
Experimental Research and Development Incentives, conducted an international
State-of-the-art survey of diaguostic ultrasound in Marcn, 1973. One of
the conclusions of the survey team wss that between 1971 and 1973, the
number of ultrasonic diagnostic ;nstruments s0ld in the United States in-

creased by 300 percent, which is an annual increase of 731 percent. Another
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conclusion of the MSF survey team was an estimate that the sales of
clinical uwltrasonic devices will match those of x-ray devices by 1963.9
Use and trends of use information for therapeutic ultrasound is as
difficult to obtain as with diagnostic ultrasound, even though it has been
recognized as a potential hazard since the initial applications in the

193015, 20/10,12

It is suggested that there 1s presently little change

in the extent of use but information is guite limited. Three surveys

have been conducted, all within the last few years, which may provide soume

guidance, but it is difficult to extract precise information since the

surveys were limited in design.l3'l4'15 The 1970 Pinellas County, Florida

suxvey13 indicated approximately 45,000 ultrasonic treatments per wonth

to 6000 patients in a county population of 500,000. Assuming this is

typical of the United States, and there is no supportive information for

this assumption, in a population of 200 million, this would represent on

an annual basis approximately 216 million treatments to 2.4 million patients.
Additionally, although there have been only a few reports of the

output parameters, an approximation can be rendered as to the general range

of ultrasonic power and intensity outputs from commercial diagnostic

instrumentation. The measurements of pulse devices show that the spatial
average ultrasonic power ranges from 60 }IW to 21 mW, the spatial average,
temporal peak intensity ranges from 1 to 95 H/cm2 and the spatial peak,
temporal peak intensity from 2 to 177 w/cmz. The nominal ultrasonic
frequency range is from 1 to 10 MHz with a variation of 400 to 2000 Hz

16,17,18,19

in the pulse xepetition freguency. One of the pulse devices

is a pulsed Doppler and exhibits a pulse repetition frequency of 48 kHz

219
and a spatial averaye, temporal average intensity of 296 mW/cm®. For

continuous wave, Doppler devices, the spatial average ultrasonic power
ranges from 1 to 37 mW and the spatial average Intensity ranges from 1

9 s 21
to 308 mw/cmz. 16,18,19,20
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SECTION XX

2. DOS IMETRIC CONCEPTS

bDosimetry is concerned with the quantitative determination of energy
interaction with matter, or, in other words, defining the guantitative
relationship between some physical agent and the biological effect it pro-
duces. In one sense dosimetry is the determination of a dose, or similar
type of physical parameter, which characterizes the physical agent as to its
potential or actual interaction with the biological material of interest.

In the case of ultrasonic dosimetry, the object is to relate magni-
tudes of specific parameters - such as intensity, acoustic pressure,
particle displacement, etc., or perhaps some parameter yet to be developed -
to the likelihood of occurrence of a biological alteration. To accomplish
this, it is necessary (1) to quantify the output parameter or Parameters
of the source, (2) to determine the effect of the material on the propa-

gating energy, viz., reflections, refraction, scattering, absorption, etc.,

and (3) to relate the first two items to quantitative parameter determina-

tion at the site of interest, 7o this end, Section 4 of this Chapter

describes techniques by which the source output can be quantified and

Chapters VI, VIII and XXII describe ultrasonic propagation properties of

tissue such as absorption, velocity and impedance alony with Chapter Vi1 on

scattering properties of tissue. Chapters 1X, II, X and XIV provide the
kinds of biophysical interaction data from which it is potentially feasible
to begin developing dose-effective responses.

Thus dosimetry has two important objectives. The first is to define

physical quantities which properly reflect an interaction at some site in

biological material which may be expressed in units such as joules/kgm,

. 3
joules/m”, etc. The second is to develop a concept or concepts of the

quantity that is applicable for radiation protection purposes,
At this point it is appropriate to briefly describe two terms which
have resul}

ted in some confusion in ionizing radiation dosimetry with the

hope that such confusion will not arise or, at least, be minimal in
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ultrasonic dosimetry, viz., guantity and unit. Unit represents the amount
and quantity represents the thing for which the unit was devised. For
example, length, time and mass axe quantities for which the meter, second
and kilogram are their units, respectively. This distinction is also valid
for special units such as hertz (cycle per second) for which fregquency is
the quantity.

Typically, duse connotes something that is given or imparted in a
quantitative manner. The history of other forms of radiation has docu-
mented that defining dose, or dose-like concepts, is difficult, especially
when the object is to include all possible physical and biological variables.
Otherwise, and the more common, special quantities are developed for the
specific case or biological action under consideration. In jonizing radia-
tion, for example, dose generally refers to the gquantity absorbed dose
which has been specifically defined as the energy imparted to matter by
jonizing radiation per unit mass of irradiated material at the site of
1nterest.22 But other dose guantities have been defined for specific
purposes such as genetically significant dose which is the gonad dose
from medical exposure, or cumulative dose, dose equivalent, threshold dose,
etc.z3 1n photobiology, dose sometimes refers to the quantity dose of

ultraviolet radiation which has been defined as the energy per unit sur-

24,25

face area applied to an cbject. Other gquantities which have been used
to characterize ultraviolet radiation were chosen to quantify a specific
bioeffect. These included minimal erythema dose, minimal perceptible
exythema, subvesicular dose, minimal coloxr dose, etc.z6 There is currently
much discussion regarding microwave dosimetry. Terms such as specific
absorption rate,27'28 absorbed power density and specific absorption
density29 and energy dose—rate28 have all been either used or suggested as
a basic quantity to describe absorbed electromagnetic energy. Appropriate-
ness of units has also not been agreed upon.3

It is useful, for purposes of illustration, to examine in some detail

the history of another form of radiation with a view towards its dosimetry
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development. For this purpose, ionizing radiation is chosen because it
represents a well developed hisLoty.31'32'33'34’j5’36 flowever, this
examination is not meant to indicate that ultrasonic dosimetry should take
this route. The mechanisms of interaction between ultrasonic and ionizing
radiation are quite different., Rather, the rationale for ionizing radiation
dosimetry, as with other radiations, is one of developing an acceptable and
reasonable nomenclature by which researchers in various fields can com-
municate and, if necessary, by which radiation protection guidelines can
be developed. Knowledge of the energy disposition of the tissue site of
interest is one of the critical elements in understanding the interaction
between the radiation form and matter.

One of the earliest dosimetric concepts for ionizing radiation was
the Ekiﬂ Eﬂlﬁ.gﬂii' more commonly known as the 5513 erythema 9933 or
threshold erythema dose. One skin unit dose was the amount of radiation
which just produced reddening, or erythema, of the skin. The reddening
followed the exposure within a perfod of about one week. The detector,
human skin, was very imprecise but the skin unit dose was, nevertheless,
used as a basis for the first radiation protection guideline in the mid-
1920's. The tolerance dose was suggested to be a small fraction, around
one percent, of a skin unit dose, averaged over a one month period.

Not until sensitive and reproducible ionizing radiation measurement
devices wexe developed was there a physical measurement of ionlzing radi-
ation. The concept and value of the unit roentgen was established in 1928
and defined in terms of the ionization, or interaction, of x-ray radiation
in aix.37 It was a special unit of exposure but no specific quantity was
defined at that time for which the roentgen was its unit.

In an effort to relate the tolerance dose to a physical parameter,
radiotherapists were polled as to the number of roentgens required to pro-
duce one skin unit ?ose. Thus, based upon a rough value of 600 R for one
skin unit dose, the tolerance dose worked out to be 6 R on a monthly basis,

or 0.2 R/day. 1n the early to mid-1930's national and international organi-

zations endorsed a tolerance dose of 0.2 R/day bLut neither gave a des-
cription of theix concept of a tolerance dose. Later this value was re-

duced to 0.1 R/day and remained at this level for 12 years. The term

tolerance dose created many problems because it was impossible to predict
just what level was tolerable over a long period of time. With the
xealization in the mid-1930's that ionizing radiation effects may not be
threshold type reactions, the term maximum Eermxssibie dose was substituted
for tolerance dose

As a result of biophysical and biological effect studies with various
types (qualities) of ionizing radiation, it was recognized that broader
dosimetric concepts were required to define and describe quantitatively
ioniziny radiation fields. This was especidlly important when applying
dosimetry to radiation protection in that the roentgen was inadequate be-~
cause of its limitation to x- and Y-rays and because it was no£ a measure
of absorbed energy. 1In the early 1930's, it was shown that the biological
effect of iovnizing radiation depended not only upon the exposure intensity
and time but also upon the quality of radiation since differences botween
X-rays and Y-rays were observed in growth reduction and moxtality studies.38

This was termed the relative biological effectiveness (RBE) concept and be-

came even more important in the 1940's with the production and discovery of
other ionizing radiation particles. In terms of the absorbed dose unit rad,
which will be discussed shortly, this meant that the same number of rads of
neutrons, for example, would produce a greater biological effect as compared
to x- or y-rays.

In the late 1930's a unit, termed the energy unit, was suggested as
a dose of y-rays delivercd to tissue in terms of absorbed eneryy per gram

: 39
of tissue. Also, around this time, another unit, the ram-roentgen, was
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40
suygested as the amount of energy absorbed Ly one gram of air when irradiated

by one roentgen. 1In the late 1940's another unit was suggested to describe
energy absorption, viz., the rep for roentgen—equiValent-physical.41

Originally, one rep was defined as that dose of ionizing radiation which
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produced an energy absorption of 84 mqs/cm3 in tissue. It was based upon
the roentgen in that this was meant to be the energy absorbed by tissue

when expoused to one roentgen. That meant that the definition depended

upon a calculation of energy absorption and upon other tissue parameters
which were subject, in some cases, to wide uncertainty. These difficulties
were reflected in redefining one rep from the original value to other values
in order to reflect actual tissue absorption properties and to remove de-
pendence of tissue density.

The rep concept led to what is currently the quantity absorbed dose
with the unit rad for radiation absorbed dose. The advantage of the unit
rad over the rep is that the one rad has been arbitrarily defined as 100
ergs/gm and thus is independent of material properties.42 '

At the same time the rep was being suggested as a unit to describe dose,
the unit rem, for roentgen-equivalent-man, was also being suggested for
radiation protection purposes. The rem was defined as the product of
energy absorption (in reps) and the relative biological effectiveness
(dimensionless) of the energy under consideration. If there were energies
of different KBE, the rem was then the sum of each xespective pxoduct.41

In the mid-1950's, the rem concept was adopted, using the rad instead
of the xep. The Quantity RBE dose in rems was equal to the product of
absorbed dose In rads and the RBE and, in the case of multiple RBE's, the
sum of each product.43

A few years later, RBE was changed to quality factor, QF, and assigned
fixed values which were closely representative of actual RBE's for specific
conditions and energles. This was done because HBE itself was dependent
upon a large pumber of variables and for radiation protection purposes, the

quality factor values chosen were representative of RBE's. Thus, the quantity

d

equivalent was adopted, its upit the rem, and was equal to the product

of absorbed dose, quality factor and other dose modifying factors to ac-
4
count for spatial and temporal dose distribution. 4

In the history of ionizing radiation dosimetry is reflected the rationale

for which nativnal and international commissions have labored to develop
concepts and define units and quantities, Initially, the threshold dose
was defined as a wonthly fraction of the skin unit dose and later, following
proper instrumentation development, in terms of an exposure in roentgens.
The term threshold dose was later called maximum permissible dose because
of the realization that risk from jonizing radiation may not be represented
by a threshold. Because of the desire to express the effect of ionizing
radiation in terms of the interaction with or abstrption by tissue at the
site of interest, the absorbed dose concept was defined. Eventually the dose
equivalent quantity evolved to embody both physical and biological parameters.
By comparison, the field of ultrasonic dosimetry has not developed to
the extent of ionizing radiation dosimetry. The most widely used dosimetric
parameter in ultrasonic biceffect and biophysical studies is intensity in
the mixed unit of w/cm2. The principal reason for the use of intensity is,
perhaps, convenience since it is an easily measured barameter as will be
discussed in Section IV. As a dosimetric quantity, intensity represents many
©of the same problems as does the lonizing radiation quantity “exposure® in
that it is not a measure of dose, or the like. Yet the majority of biceffect
and biophysical reports use intensity as the measured physical parameter of
the ultrasonic field. This extensive literature documents the actions of
ul trasound but, in most cases, lacks the hecessary characterization of the

field at the site of interest. An-ideal situation would be to know the

instantaneous particle velocity, the instantancous acoustic pressure and
the phase between these two field Parameters at the site or sites of

jnterest.qs

. 46
Through Loth calculations and experimentation ?+47,48,49 attempts

have been made to determine in utero ultrasonic intensity in both the

gravid and nongravid human uterus. A model of the tissue layers between

the skin surface and fetal sac have yielded a total attenvation of 23 ap

46
at a frequency of 2.5 MHz ., One of the earliest in vivo experiments‘7

showed an average loss hetween the skin and uterus to be around 2.5 dB at



352

2.25 Milz but more recent studies have shown thig to be higher, in the range

46,48 9
o or from 6 to 14 dB.4

from 9 to 20 dB
There have been ultrasonic dosimetric quantities which are notewor thy

of comment in that they represent, in concept, the basic approach to dosimetry,

The cataract-producing unit, CPU, was a quantity defined as the length of

exposure necessary to produce a grossly observable cataract and expressed in
units of seconds.so The dosimetric concept damage ability index with the
unit second~l is a quantity intended to describe the effect of ultrasound
on spinal cord hemorrhage.s1

Quite recently it has been suggeste652 that a universal dosimetric
response to uxtrasonic exposure may exist for different tissues but the
response has only been demonstrated, in a limited manner, in mamwalian brain
tissue. The response is in terms of the "energy absorbed per unit volume"
(J/mma) tor histologically observable lesions at superthreshold 1eve1553 as
a function of the "delivered intensity.” It is shown that at two different
ultrasonic frequencies, 3 and 4 MHz, identical constant volume curves result
even though there are two different “threshold levels.“53

A step or two removed from knowledge of the in situ ultrasonic field
parameters, but yet an essential part of field characterization, is a
thorough characterfization of the ultrasonic field at the site where the
specimen is placed but without the specimen in place. This provides a
basis from which in situ field parameters can be calculated and a basis
whereby duplication of the experimental arrangement is made possible. As
will bLe discussed, there are techniques available to Measure many of the
ultrasonic field Parameters when the medium of interest is wacroscopic,
homogeneous, isotropic and low-loss, such as water. But this does not
held for iﬂrxizg measurements and, as a result, both instrumentation and
dosimetric concepts need to be developed.

To properly develop ultrasonic dosimetric concepts, a much greater
understanding of the processes by which ultrasonic energy interacts with

biologicel material is required,  This point can be illustrated by a number

&
&
[%]

of examples. Whencver ultrasonic energy is absorbed by any biclogical
material, heat results. 1In fact, biological tissues absoxb ultrasound at
a relatively high rate (see Chapter VI). If-temperature rise, or for that
matter the rate of temperature rise, is the response under study, then the
amount and rate of ultrasunic energy being absorbed per unit volume or maus
will be important. To determine this, the spatial and temporal intensity,
the expousure time and the material absorption properties will be required
to calculate the absorbed energy. Additionally, geometric beam considerations
affect the temperature response since the initial rate of rise of temperature
has been shown to be quite similar for both plane and focused ultrasonic
beams but diffusion properties of the tissue markedly affect the temporal
temperature development.54'55 The importance of thermal diffusion has also
been shown to explain the apparent frequency independence of histological
lesions in mammalian central nervous system tissue under focused ultrasonic
conditions,56 If intensity is to be the ultrasonic gquantity at the site of
interest, then the specific heat will have to be considered in order to
calculate the temperature response.57'5B Thus, to know the intensity in situ
and, in most cases where the irradiation would be in the near field, would
require detailed information of the acoustic pressure and particle velocity.
If cavitation, as another example, 1s the mechanism of action, then
the acoustic pressure may be the primary physical parametex which should
be specified, or, at least, the parameter from which a dose-~related term
is derived. An approach to develop a dosimetric concept for considering
cavitation as the causative mechunism could begin by defining the parumeters
responsible for the onset of bubble activity in tissue (while this is an
exlremely difficult and, perhaps, not yet an achievable goal, the approach
is what is being emphasized). These parameters would include, but are not
necessarily limited to, the ultrasonic field quantities, such as acoustic
pressure frequency and amplitude, the envirommental conditions such as
arbient pressure and the tissue properties such as nuclei sites, deyree

and state of gas, etc. Following the formation of the bubble({s}, the rate



354

of growth could be considervd. 1f the ultrasonic forces were insufficient

59,60 the

to cause the bubble to gxow to the “dynamic threshold radius,"
bubble would remain stable and radially oscillate. This has been termed
stable cdvi&dtion.ol Under this condition, a relatively small amount of
energy is extracted from the ultrasonic wave but relatively high and
localized energies are established in the bubble vicinity as it functions
as a secondary source. Examples of the types of resultant forces from

62,63,64,65 and in

such oscillatory bubbles can be found in the literature
this Volume. Should the bubble grow greater than the dynamic threshold
radius, transient or collapse type cavitation would result, causing

extremely high energy densities within its immediate vicinity with the
certainty of adversely affecting biological material. The temporal ex-
posure conditions would be an essentlal parameter to consider in view of

the fact that an exposure time appears to be necessary to elicit a biological

53,68,69
effect.66'67 " re-

This, along with other biological observations
sulting from cavitation-type phenomenon have all been reported in terms of
ultrasonic intensity.

Other phenomena which need to be at least considered in any ultrasonic
dosimetric approach, especially when aimed at radiation protection, in-
cludes the question of whother or not ultrasonic biological actions are
cumulative, the role of synergism, frequency dependence of an effect, critical
organ or tissue concept and, perhaps, others. BAlthough ultrasonic energy
does not have an analogy to ionizing radiation's "quality of radiation,” the
relative biological effectiveness represents an important radiology concept
and thus should be kept in mind.

There appears to be, at least, a reasonable doubt whether or not
cumulative effects occur from exposure to ultrasound. Swmmation of sub-
paralytic doses of ultrasound, with sufficient time for temperature equilibrium
to be re-established between pulses, produced paralysis in frog hind limbs.70

It has also been demonstrated that, under pulsed ultrasonic exposure con-

ditions, by varying only the duty cycle with a constant pulse width, spinal

cord hemorrhage occurred only when the total sum of on-time of pulses
reaches the same value.sl

Synergism bhetween ultrasound and other agents should properly be con-
sidered for any ultrasonic dosimetric concept.. There have been both pcsitive7l
and negative72 synergistic findings with ionizing radiation and positive

findings with both hypoxia51 and one chemotherapy drug.73

Structural lesions in mammalian adult brain were initially thought te
be frequency independent over the range from 1 to-9>MHzSJ’56'69 but after
further examination of the data, a slight but oscillatory frequency de-
pendence was s_hown.74 The mechanism responsible for this dependence has
been identified as a capsular layer surrounding the bxain.75 It is
interesting to observe that most organs possess some type of capsular layer
and thus its dependence upon ultrasonic enérgy transmission should be con-
sidered.76 By compensating for the capsular layer effect, the intensity
threshold responsible for lesion production appears to be frequency in-
dependent.

Other types of frequency dependent examples, all based upon intensity
as .ne ultrasonic parameter, include greater damage to liver at lower fre-
quencies over the range 0.5 to 6 Muz,51’77 greater change in the electro-
phoretic mobility of irradiated cells at lower frequencies over the range
0.5 to 3,2 HHz78 and greater susceptibility to the production of cataracts

at higher frequencies over the range 5 to 15 an.79

SECTION IIX
3. MEASUREMENT CONSIDERATIONS

3.1 The Non-ldealized Field

The typical ultrasonic use of diagnostic ultrasound in the elinical
practice of medicine suggests that the source is circular in shape and

exhibits a uniform velocity distribution of simple harmonic

80,81,82,83,84,85 86,687,88

motion, Most standard texts describe the re-

sultant ultrasonic field frum the plane piston source, Generally, it is
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divided into two regions, the neax or Fresnel region and the far or Frauntofer
region. This is an idcalized model, one which is highly convenient for
instructional purposes but one which may not in Ffact describe the field of
real transducer sources.,

It is, at least, prudent to make a few observations regarding the
ultrasonic field from a flat, circular piston source operating with a uni-
form velocity distribution. It is known that as the mechanical back loading
of a ceramic crystal and quartz plate is increased, and back loading is
widely used for diagnostic transducers, the surface displacement becomes

more uniform and, hence more piston-like.S?r%0:91

The dividing point be-
tween the near and far field is commonly taken at the last axial maximum
which occurs at a distance of az/l from the transducer surface {a is the

transducer radius and A is the acoustic wavelength).az'aB

Other distances
have alsc been used to designate this dividing point such as 232/1 when
the axial intensity just begins to behave as r'2 {r is the distance from
the transducer surface)87 or 0.75 a2/A where the beam width is the
narzowest.92

Even with the idealized piston source, the near field is extremely
complex. Numerical procedures have been employed to construct detailed
perspective images of the near field and demonstrate quite a complicated
field parameter dlstribution.g2 Rlso, it has been demonstrated that a re-
adhemw@mtﬁanﬁiMmﬂWenﬂsmuLthwhmxwﬁu&”
Thus, even with the idealized piston source, plane wave assumptions are
not valid in the near field.

Non-uniform velocity distribution on the transducer surface markedly
affects the propagated field distribution pattern.94'95’96 For example,
a Gaussian velocity distribution on the transducer surface results in an
axial intensity distribution free of oscillations and a directivity pattexn
Gaussian in shape and thus free of side 1obes,94 Clamped and simply sup-
ported boundary conditions of a circular transducer result in axial in-

tensity distributions more typical of the Gaussian case but with small
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oscillations, the clamped cuse exhibiting oscillations of a lesser ampli-
tude than the simply supported case.96 Also, the clamped and simply sup-
ported disks hiave a greater divergence than that of the piston source.96

At the spatial puak, temporal peak intensity levels at which some of the
vltrasonic diagnostic instrumentation operates, the effect of finite ampli-
tude effects upon the measurement process must be considered. Finite amp-
litude effects simply mean that a fraction of the propayated ultrasonic energy
is transferred to its higher harmonics as a function of distance.97'98'99
For example, at an ultrasonic frequency of 2,5 MHz and with an initial in-
tensity of 3 w/cm2 at the source, as the energy propagates away from the
source in water 4 percent of the enexrgy has been transferred into the
second harmonic, 5 MHz, at 10 cm and 12 percent at 20 cm. Also about 4
percent has been transferred into the third harmonic, 7.5 MHz, at 20 cm.
With an initial intensity of approximately 12.H/cm2, 12 percent of the
energy is transferred into the second harmonic at 10 cm from the source.97

On the other hand, in Chapter IX of this Volume, at extremely high
intensities, it is argued that finite wave effects are negligible under
certain experimental conditions.

3.2 Absolute and Relative Measurement Process

There does not appear to be a standard definition as to what is an

absolute measurement process for ultrasonic field parameter determinatien.

So a working definition which will be employed here is one in which the
measurement process does not need to be calibrated in a known field in
order to yield guantitative information about the ultrasonic field parameter

which is being measured. Therefore, a relative measurement process must

be one which requires calibration in a known field. It should be noted
that the total measurement process is either absolute or relative, not
the measurement jitself.

The piezoelectric technique developed at the National Bureau of

100,101

Standards and described in the next section under Piezoelectric

Techniques qualifies as a National Bureau of Standards reference standard



for total ultrasonic power. The National Bureau of Standards is also de-—

s : . P . 102
veloping a calorimetric method for detexrmining total ultrasonic power but
no description is currently available. This may also be available as an

NBS reference mtandard.

3.3 Accuracy and Precision

The process of taking and analyzing measurements requires both human
skills and judgment along with instrumentation which is subject to un-
certainties. As such the reporting of analyzed measurements are commonly
represented by numerical qualifiers which are intended to convey a degree
of confidence. One of the more typical statements is "the accuracy of...
is ____bercent.”™ It has been suggestedlo3 that such a quasi-absolute
statement represents poor practice and should be avoided. An understanding
of this statement is embraced in the terms errox, true value, systematic
erxor, precision and accuracy.

Error is the difference between the value obtained and the true value.
In order to quantify the error of a measurement, it is necessary to first
quantify the true value. In concept, true value seems to be one of those

terms which is imp{icitly understood but in practice it may never be
exactly determined. For example, in measuring, say, ultrasonic intensity,
the system will yield a number. But to what is it compared for the
determination of the error. If the United States National Bureau of
Standards (or sume other standards organization) had an ultrasonic intensity
standard, the measured value would be compared to it, and this would be
explicitly stated in reporting the measurement, but there would be no
guarantee that the NBS standard truly represented the true value.

Whereas error can be defined in terms of a measurement, precision
and accuracy are defined in terms of a measurement process, that is a
method of measurement which can be described in statistical terms or, as
Eisenhartloq states, has "attained a state of statistical control." Precision
has been defined as “... the typical closeness together of successive in-

dependent measurcments of a single magnitude generated by repeated ap-
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Plications of the process under specified conditions."lo3 High precision
is indicative of a measurcment process which exhibits small experimental
or random erxors.lo5 Bceuracy, on the other hand, has been defined as
"... the closeness to the true value characteristic of such measurements,"103
and a highly accurate measurement process is indicative of a small systematic
errox, or bias.l s In other words, precision is concerned with how close
together the measurements are to each other, irrespéctive of how close
the measurements are to the true value, and accuracy is concerned with how
close the measurements are to the true value.

Now it is, perhaps, clearer why specifying the accuracy of soﬁething
in terms of some bercentage represents poor practice. How, in fact, do
You specify the accuracy unless you know the true value. It is, of course,

possible to indicate all possible sources of systematic errors, and make

an informed judgment as to the degree of bias. Systematic errors are
those which introduce a constant bias and are affected by such items as
an error in instrumentation calibration, a flaw in the fundamental theory
being imposed, improper use of an instrument, observer error resulting
from habit, etc. If the measurement process is calibrated against a
reference standard, such as maintained by the National Bureau of Standards,
then it is recommended that the systematic error be considered negligible
and that an explicit statement to this effect be indicated when reporting
the zesults.lo3

Precision, or more properly, imprecision, can be numerically qualified
through statistical tests, that is the precision of a measurement process
can be known and measured. This is accomplished by computing and reporting
quantities such as the standard deviation.

A much more comprehensive discussion of those concepts can be found in

the 1literature, !03/104,105

Specific recommendations are provided by
. 103 : N s
Eisenhart for reporting experimental uncertainties for each of the four

possible situations of whether or not systematic error or imprecision are

negligible.



SECTION 1V

a, MEASUREMENT TECHNIQUES
1.1 Capacitance Probe

When an ultrasonic wave is normally incident upon a boundary and the
characteristic acoustic impedance mismatch is sufficient to assume total
reflection such as with a solid-air interface, the boundary displacement
is twice that of the wave's particle displacement. This is the principle
behind the capacitance probe whereln one surface of a capacitor is free
and the other fixed such that when an ultrasonic wave is incident at the
free surface boundary, the capacitor thickness is modulated. One of the
first applications of the capacitan;e probe was the absolute determination
of the fundamental and second harmonlcs in distorted ultrasonic waves to study
106,107,108

third order elastic constants. This principle has more recently

been applied to the absolute determination of the instantaneous particle dis-
placement of plane17'109’]10'111 and focused112 ultrasonic pulses in liguids.
The capacitance probe is very desirable for measuring the ultrasonic output
from clinjcal pulse-echo diagnostic equipment in that it represents one of
two techniques (the other is the electrodynamic probe) which is absolute,
operates over a wide frequency range and yields the response of pulses., The
wajor disadvantage is that frequency compensation is required to convert the
instantaneous particle displacement to intensity. The maximwa width of the
pulse is a function of the distance the pulse traverses in a buffer rod which
provides the free capacitér surface. The buffer rod also introduces an im-
Pedance mismatch with the liquid, and thus must be acoustically characterized
to determine the fraction of signal transmitted into it.

Fllipczynskillo used a gap thickness of 49 jm, an aluminum buffer rod
and a polarization voltage across the gap of 208 volts and obtained a free
surface displacement of 6.4 g for a temporal peak intensity in the liquid
of 76 mw/cmz.

4.2 Chemical

The ultrasonic vibration poteatial results by virtue of the interaction
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between the ultrasound aund ions in solution. As a compressional or vibrational

wave 1s propagated in an ionic fluid, the differing mobilities between the

i N 113
cations and anions cause a local electrical deviation from neutrality. Debye
developed the first theory which predicted and described the phenomenon.

Laterll4 a more exact form of the Debye effect equation was developed.

Some sixteen years after Debye first predicted the effect, the suggestion

was put forth that it may prove useful and practical as a means for de-

115 '
termining absolute ultrasonic intensity. Around that same time the

116 N
Debye effect was first experimentally observed. Later, vibration po-

117 s co. o 118
tentials were reported in pure water and in pure organic liquids

but these findings, which contradicted theory, were attributed to the probe

19
design.1

While the mechanism responsible fot.the velocity potential has not been
precisely defined (so that this technique can be used as a primary method),
there appears to be no disagreement that the potential is directly pro-
portional to the amplitude particle velocity.ll?'118'119'120’121'122'12?
Specifically, in a moderately dilute solution where the diffusion forces

N ot Z-
are neyligible, the ultrasonic vibratjion potential Qo of the C A

122
electrolytic is given by
W+ W_
¢, = 0.155 a_ Z, L

where ¢° is the vibration potential in microvolts, a, is the amplitude
particle velocity in cm/sec and W, Z, and t are, respectively, the
apparent molar mass, the number of unit charges and the transport number
for cations (+) and anions {-}. 1In a 0.1 M solution of NaCl, for example,
at an ultrasonic frequency of 220 kHz, an amplitude particle velocity of

1 cm/sec yields a potential of 1 uv.lzz Assuming idealized plane wave
propagation, this corresponds to an ultrasonic intensity around 86 mw/cmz.

4.3 Electret Trangducer

An electret is a material, or dielectric body, which possesses separate
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electric poles of opposite sign of a permanent or semi-permanent nature. At
the macroscopic level, it can be considered the electrostatic anpalogue to a
pPermanent maynet. 24 Electret transducers, and specifically the foil-electret
transducer, have been employed over the extensive frequency range from 10_3

to 2 x 108 “2.125,126,127

The applicability of foil-electret transducers to megahertz ultrasound
in liquids has been demonstrated,128'129 wherein an N x N array of electret
wicrophones sampled the ultrasonic field. Two different two-dimensional
arrays of 16 x 16 were designed, one which consisted of a foil electret and
a 16 x 16 element backplate and the other which consisted of the foil electret
and backplate each with 16 stripes in an overlapping matrix fashion. 1In
the former design 162, or 256, switches are required and in the latter 2 x 16,
ox 32, switches are required to sample each electret receiver. When the
ultrasonic signal is incident upon the array, each element yields a voltage
pPrxoportional to the instantaneous acoustic pressure. The useabla frequency
range of these arrays is from 0.3 to 2 MHz. The extension to arrays of
200 x 200 are suggested as feasible.

4.4 Electrodxnamic Probe

The electrodynamic probe is similar in concept to the air loud-speaker
wherein the incident sound wave on the diaphram moves the coil positioned in
a permanent wmagnetic field and thus generates a voltage. For this probe wires
are wound around an insulator, and the surface which the ultrasound is inci-
dent upon is positioned in A permanent magnetic field with the wires normal
to the flux lines. The ultrasound vibrates the windings yielding a voltage
directly proportional to the ipstantanecus particle velocity.

FillpczynskilJo was the first, and perhaps still the only one, to
apply this absolute method to the measurement of ultrasonic pulses from
clinical diagnostic equipment. fThe electrodynamic probe has been developed

for the measurement of both plane17’110'130 and focused112 ultrasonic pulses.

For plane waves, as an example, Fxlipczynskillo used an effective length of

2 pm aluminum wire of 8.0 ¢m in a magnetic field of 4200 Gauss and ylelded
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a particle velocity of 3 cm/sec which is equivalent to a pulse intensity of

58 mw/cmz.

4.5 oOptical Techniques
The principle advantage of the acousto-optic interaction techniques
for the measurement of acoustic pressure is the avoidance of placing any
measuring device in the sound field. It is assumed@ that the interaction be-
tween light and sound perturbs the sound field negliglbiy. Brillcuin131'132
first predicted that elastic waves in liquids and solids diffracted light.
The phenomenon was experimentally verified by Debye and Sears133 and by Lucas
and Biquaxd.134 BE:IJS conducted rather extensive experimentation which,
ih part, led to a fundamental theory for describing the distribution of light
in the different diffracted o:ders.136'137'138;139'140'141 Thus Brillouin
scattering, Debye-Sears effect, Raman-Nath diffraction or scattering and
Bragg diffraction have all been terms used to describe the general phenomenon.
Further discussion of the early work can be found in references 142,143,144,
The diffraction problem, as it relates more directly to the interaction
phenomenon between laser light and megahertz ultrasound has been reduced

147
to a set of coupled difference-differential equations. Subsequently,

Klein and Cook148 numerically examined the two limiting cases termed the
Raman-Nath and Bragy regions and also the intermediate region with the view
towards establishing criteria for quantitative measurements of acoustic
pressure amplitude. The three regions, in fact, are basically determined
by the parameter Q which is governed completely by the geometry of the
experiment. Mathematically,

*

k

0=
bk

-

where k. and k are the respective wave numbers for sound and light, uo is
the undisturbed optical index of refraction for the mater;al in which the
sound is propagating and L is the distance over which the light interacts

with the sound, the interaction length.
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In the Ramon-Nath region, where Q << 1, the ultrasound beam is typically
narrow and the frequency is low. Under this condition, when the light bean
enters normal to the sound beam, the parallel acoustic wavefronts function
equivalently to an optical grating by virtue of the sound field modulating
the material's index of refraction. The resulting Fraunhofer diffraction
pattern is symmetrical and egually spaced about the primary (zeroth order)

light beam. The normalized nth order 1light intensity, ln' is described by

I = Jz (v}
n n

where Jn is the nth-order cylindrical Bessel function and v is the Raman—

Nath parameter, which can be determined unlquely by measuring three adjacent

149,150,151

diffraction orders. The acoustic pressure amplitude can be de-

termined from
=y
P KL B

op's

152
where (gHQ is the adiabatic piezo-optic coefficient. Raman and Ventakaraman
P s

and Riley and Klein153 have determined values for the adiabatic piezo-optic
coefficient for different materials, including water.

This procedure has been suggested in order to obtain the acoustic
pressure amplitude.151’154'155'156 However, in order for this technique
to be absolute, the interaction length must be known. Breazeale and

Hie«.h:mannls‘1 used a schliexen teqhnlque.ls.,’lse'ls9 ooklso’161

C has shown,
however, that transducer orientation is critical in a non-uniform field.

A prirciple assumption is plane wave propagation. In the Fresnel region

of the ultrasonic beam, the interaction length may be assumed to be equivalent
to the active surface of the transducer. But, theoxetical analyses between
the Raman-Nath parameter and the strength of the effective optical phase

62
grating have been reported for circular1 and squarelsz'16]’164

transducers
and indicate problems associated with determining the Raman-Nath parameter

by assuming a transducer configuration.
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Haran and colleagueslS] have described an experimental procedure by
which the total acoustic power can be obtained without the need to make
assumptions about the interaction length.

The intermediate and Bragg diffraction regionsl48 have not been utilized
for acoustic field measurement owing to the fact that the prédominant clinical
ultrasonic instrumentation operates at frequencies and possesses beam
diameters which result in low values of Q.

An imaging broadening method for the determinaLiQA of acoustic pressure
amplitude was suggested by Hueter and PohlmaanS based upon work by Lucas.166
Also, a decrease in the zeroth order 1light intensit& method was developed by
Loeber and nledemann.167 foth of these techniques, along with the above
Raman-Nath region technique were used a number of years ago but little has
been done with these two procedures since tha; time.154'155

The above acousto-optic methods are applicable in determining the
acoustic pressure amplitude and continuous wave conditions. Newman159
describes a schlieren technique by which an image of individual acoustic

wavefronts can be obtained. Cook and Berlinghierelsu'lﬁl'166'169

have
described a method by which a cross-sectional map of the acoustic pressure
amplitude and phase can be obtained from a progressive sound wave. The
procedure involves measuring the optical phase retardation of a light beam
which traverses the sound beam laterally as the sound sourxce, in effect,
is rotated about its axis. They have shownl69 that the data requirements
are not too excessive to yield an appropriate cross-sectional map. Cook170'171
further describes a method by which the optical retardation, both amplitude
and relative phase, can be determined and thus yleld absolutely the Raman-
Hath parameter. This latter procedure is applicable for both continucus
wave and pulsed ultrasonic waves and is capable of yielding average
and peak acoustic pressure.

An acousto-optic technique which requires a “probe" in the field and
yields the absolute spatial particle displacement amplitude is bLased upon

the Michelson interferometer whereby a thin, flexible membrane (metalized
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plastic film) is placed in the sound field and exhilits a particle dis-

12,17
placement of the sound wnve,llzrl 3

The interferometric arrangement is
designed to detect the amplitude displacement of the membrane as a function

of position on the membrane, hence yielding the spatial distribution of the
particle displacement amplitude of ultrasonic pulses. The reported sensitivity

3
of this technique is approximately 0.1 A which is comparable to an intensity

of 1 uw/cmz at 1.5 MHz in water.

4.6 Piezoelectric 'Pechnigues

Piezoelectric techniques are generally applied to measure the instantan—
eous acoustic pressuxe. They are, perhaps, the oldest techniques employed

to measure underwater sound, following the discovery of the piezoelectric

174,175 A most interesting and readable history of its

76 77
discovery and development has been prepaxed by Cadyl and Hunt.1 In

effect in 1880.

this section, the term piezoelectric techniques refers to all the associated
phenomena which embody the transduction of the instantaneous acoustic
pressure to an electrical signal in the megahertz frequency range. This

includes not only piezoelectricity but also magnetostriction, ferrcelectricity,

7 7
etc. Thexe are a number of excellent bookses’1 6,177,178,173

81,18 < :
graphslao’l 1,182 which aptly describe these phenomena and their association

and mono-

with transduction.

One class of piezoelectric materials not included are the polymer films
which have yet to be successfully applied to megahertz ultrasound. Yet
they appear to have a potential application and thus are mentioned for
183,144,185,186
completeness.

187

Brendel glves a brief summary of the basic requirements for hydro-
phones used to measure clinical ultrasonic instrumentation. These include
being (1) temporally stable, (2) small relative to the wavelength, (3)
adequately sensitive, and {4) broad-banded. While no one hydrophone
satisfies all these criteria,lea reasonable attempts have been made to
construct hydrophones suitable for diagnostic ultrasound measure—

ments.187'189'190'191'192'193 Most were designed so that calibration

could be accomplished with reciprocity. Only three have guantified the

hydrophune response with sensitivities of 0.004 - 0,007 #/bar (0.04 - 0.07

189 -2,192

% 107 W/pa), 0.2 wv/vem ™2 (1.2 x 1072 HWV/Pa at 1 Wem ) and

-109 db re 1 V/Pa (3.6 uv/l’a)193 over the approximate bandwidth of 1-10 MHz
with approximate transducer surface areas, respectively, of 0.0003, 0.17
and 38 mmz.

The application of piezoelectric techniques are.well suited for mapping
the acoustic pressure distribution. In one repoxtlg4 a PZT-5B ceramic cyl-
index, 1.6 mm by 1.6 mm by 0.25 rmm, positioned and attached coaxially on the
end of a 1.6 mm diameter stainless steel tube, was used in an automated
measuring system to obtain field plots of the acoustic pressure. The hydro-
phone exhibited an approximate sensitivity of 2.8 uv/pa at 1 Mllz.195
Another piezoelectric probe, constructed with the same type of ceramic cylinder
in basically the same fashion exhibited a sensitivity of approximately 10
uV/Pa.190

Two other experimental procedures are described to map out the ultrasonic
field distribution with piezoelectric probes but little detail is provided

regarding the probe calibration.196'197

However, both da yield detajled and
highly descriptive perspective maps of the ultrasonic field distribution.

The Underwater Sound Reference Division {USRD) of the Naval Research
Laboratory USRD type EB8 transducer is a calibrated ultrasonic transducer
over the frequency range from 150 kHz to 2 Mﬂz.lge It is used as a projector,
hydxophone and reciprocal transducer and is available on a rental basis.199
It has a 2 cm diameter piezoelectric disk with a coupling media of castor
oil between the disk and rubber window. It is designed to operate over the
temperature range from S to 15% which may represent some problems. The
beam pattern closely follows the theoretical shape in the megahertz frequency
range.

The National Bureau of Standards has developed a standard method to
100

1]
determine ultrasonic powezl ! and is now offering a calibration service.

Thewtechnique employs a quartz transducer, operating at its fundamental
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frequency as a plane piston source. The total ultrasonic power is
determined by the product of the applied voltage squated and the resonant
xadiation conductance, viz., P = VzGr- The resonant radiation conduction
1s determined by measuring the input admittance of the transducer at
resonance both in water (loaded resonant condition) and in air (unloaded
resonant condition) and at twice the resonant frequency in air {clamped

condition}, thus yielding, respectively, G, G' and G" from which

{G* ~G) (G - G")
x (G* - G")
Because of. the difficulty in determining G and G* directly, an experimental
procedure has been established, using sophisticated NBS equipment, such that
Gx can be determined within an uncerxtainty of about + 22, Typical value of
the resonant radiation conductance for an air-backed, 2 MHz, 6.35 mm radius
active surface quartz transducer radiating into water is 4.92 microsiemens.
Taking into account additional uncertainties, including about a + 1% in the
applied voltage, the total radiated power can be known to within + 5\v101
4.7 Radiation Force

Radlation force techniques are very desirable methods for determining
ultrasonic power and spatially averaged intensity under both continuous wave
and pulse conditions in that they are absolute, capable of sensitivities
into the microwatt range, relatively simple in design, and generally do not
require frequency compensation. When an object is placed in an ultrasonic
beam, a force is exerted on the object by virtue of the time-independent

pressure, called radlation pressure. This force is a direct result of the

transpurt of energy by the ultrasonic wave and is equal to the time rate
of change of momentum per unit area and, thus, is directly related to
ultrasonic intensity and power.

Chapter 1 provides mathematical and

theoretical details of the phenomenon.
There have been two basic types of objects, or targets, used to

measure radiation force, one which intercepts the entire beam and one which
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intercepts only part of the beam, thus yielding, respectively, the total
ultrasonic power and spatially averaged intensity. In the case where the
target intercepts the entire beam, is normal to the beam and is a perfect
absorber {that is, all the energy incident upon the target is dissipated
into it), a one milliwatt ultrasonic beam exerts a force equivalent to a
weight of 67 micrograms upon the target, should the target be in a mediuwm
such as water with a speed of socund of 1500 m/s. Rogneyzo utilized a
perfect absorber target at normal incidence in conjunction with a sensitive
electrobalance to measure total power. The sensitivity of the balance was
0.1 micrograms, which is equivalent to 1.5 microwatts, but the system’s
reported minimum capability was 30 microwatts with a 5 microwatt standard
deviation. Kossoffzoo earliex used a modif?ed analytic balance with a
sensitivity of 10 micrograms {0.15 milliwvatts) and a totally absorbing
target at normal incidence to the beam and achieved a minimum detectability
of BO microwatts. l(oss::)ffzo1 cautioned that an absorbing target is subject
to Archimedes upthrust force because target temperature could increase due
to enexgy absorption. At normal incldence, it should also be noted that if
the target is not a “perfect” absoxber, a standing wave develops between
target and source which would affect the results.

To minimize thermal prublems, a perfect reflecting target can be
used. The target surface is typically positioned at an angle of 45°
with respect to the beam which redirects the energy perpendiculax to the
beam and into an absorbing and/or scattering material. Under these con-
ditions in water, the force exerted by a one milliwatt ultrasonic beam
is equivalent to a weight of 134 cos2 0 micrograms where 0 is the angle of
incidence between the beam direction and the normal of the target surface,
which is 67 microgram at 15°. Kossoffzoo used the same balance for a
totally reflecting target as with absorbing target reported above and
achieved a minimum detectability of 40 microwatts. Hi11190 described the
construction of a balance system which was a modification of Kossoff‘szoo

design. This design exhibited a precision {variance} of + 300 microwatts
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with a sensitivity of 300 microwatts. R less sensitive Lalance system

was also described for application at therapeutic power levels. Wells

and cowoxkerszoz described two radiation force balances and compared them
at the one watt level to a calorimeter. Agreement was reported to be within
6 percent. The torsion balance principle has been utilized to measure

radiation force incident upon a reflecting target.203’204'205

The minimum
detectability reported has been 30 microwatts. Zeidonis206 also reported
on the use of an analytic balance to measure ultrasonic power and obtained
a sensitivity of 10 microwatts.

Another experimental set-up to measure ultrasonic power with a totally
reflecting target has not yet shown itself sensitive enough to measure
diagnostic levels. The bouyant float teéhnique, first described by Cberst
and chhmann,207 is used to measure the radiation force of a downwardly
directed ultrasonic beam by measuring the displacement of a float bouyant
between two liquids, say water and a denser material such as carbon tetra-
chloride. The float target is an inverted conically shaped surface which
permits the float to be self centering when the ultrasonic power is incident
upon the target. The sensitivity of the technique depends predominately
upon the diameter of the float stem which traverses both liquids and density
difference between the two liquids. This technique has mainly been used to
measure ultrasonic powers in the high milliwatt to tens of watts xangels'lgd’zoe
although Reidzo9 has suggested that this technique may serve as a fleld
standard and indicated that a sensitivity of 1 milliwatt per millimeter of
float displacement may be achievable.

The horizontal deflection of a target has been used to measure both
power and intensity. Wells and colleagueszto suspended a totally reflecting
target a2t an angle of 45° with respect to the direction of the sound beam
and measured its deflection. In this arrangemegt, a power of one milliwatt
caused a horizontal deflection of 200 micrometers. The minimum detect-
abllity of this arrangement was 10 microwatts. Using the deflection of a

spherical target mounted on a bifilar suspension to measure radiation force
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N 211

was suggested as early as 1949 by Fox and Griffing. The contemporary
techniques generally consist of a steel ball connected to a filament (either
with glue or by threading the filament through the finely drilled hole in
the ball) and suspended vertically into a liquid such as water. The
horizontal displacement of the suspended ball is determined for small angular
deflections and yields the radiation force

dmbg
T

F
r

where L is the bouyant mass of the sphere, g is the gravitational constant

194,212,213 The relationship between the

and 1 is the suspension lenyth,
radiation force and the ultrasonic intensity is given by
Frc
I:.T
Ta ¥
where ¢ is the speed of sound in the fluid, a is the ball radius and Y is

e s w214,215,216
the "acoustic radiation force function

which depends upon the
elastic properties of the ball, the density of the fluijd, ball size, and
acoustic frequency. The susperded ball technique has not been applied to
measuring clinical instrumentaticn because it typically is not sensitive
enough. Fox example, if a stainless steel 440C ball, radins of 0,794 mm,
has a suspension length of 11 cm, a 1 mm deflection is equivalent to 111
mw/cmz. 194 A comparison of this technique with that of two other measure-

ment technigues, optical and thexrmal, in 1958 showed agreement to within +

i0 percent.217 Also, a recent evaluation of the suspended ball technique

‘using elastic spheres showed that by comparing the acoustic radiation force

function to experimental data, the ultrasonic intensity can be determined
: 218
with an accuracy of about + 3 percent.

Zieniuk and Chivers219 in a reasonably complete review have compared
the radiation force and thermal techniques for the measurement of ultra-
sonic power and intensity.

Experimentally, both acoustic streaming and radiation force effects

220,221

221
occur simultaneocusly. As a result, Sckollu argues that since the
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two phenomena cannot be differentiated, the radiation force techniques have
a built-in bias or systematic error. There is no effective procedure to
separate out the acoustic streaming except with the insertion of a membrane
which, ideally, would serve as a barrier to the flow and permit the sound
wave to be transmitted undisturbed. Rooney,20 for example, used a 25 um
thick stretched membrane to shield the target from acoustic streaming.

The phenumenon of acoustic streaming, on the other hand, can be
utilized to weasure the absolute ultrasonic energy density.zzo'222 Here
an experimental arrangement permits the measurements of acoustic streaming
flow rate and with known vessel dimensions and acoustical properties of

fluid the energy density can be evaluated.

4.8 Reciprocity

On their own HacLean223 and Cook224 applied the principle of reciproc:lt)(z2
to the development of a method for absolute calibration of electroacoustic
transducers. The complete range of reciprocity techniques are extensively
covered by Hunt,1 7 Ackerman and Holak226 and Bobber198 as they predominately
apply to transducer calibration at frequencies typically lower than those
employed in medicine; however, the principles are the same. To apply con-
ventional xeciprocity to a single absolute calibration, three transducers
are required and three sets of voltage measurements must be made. The three
transducers are a projector (source, loudspeaker, etc.), a hydrophone
(receiver, microphone, egc.) and a linear, passive, reversible electro-
acoustic transducer. The latter transducer is reciprocal, viz., the ratio
of its receiving sensitivity to its transmitting response must be equal to
a constant, the reciprocity parameter. This parameter is a function of the
transmission medium, the acoustic frequency, and boundary conditions.
Bubber227 derived a unifying concept for all reciprocity parameters in terms
of a general reciproclty parameter. The only requirement was that the
mediwm satisfy the acoustical theorem. The reciprocity parameter for con-

s . 87
ventional (spherical-wave) reciprocity is

a0
pc

J =

S

vwhere d is the distance between transducers, A is the acoustic wavelength
and pc is the characteristic acoustic impedance of the medium,

The two-transducer reciprocity techniques, a special case of con-
ventional reciprocity, require that both the hydrophone and reciprocal
transducer have the same sensitivity which, without a third transducer,
cannot be verified. Carstensenzze devised a self reciprocity technique
in which both the hydrophone and reciprocal transducer exhibited the same
sensitivity. This was accomplished by reflecting t)@ transmitted signal
off a perfect reflector and back into the same transducer. It is possible
to obtain an absolute calibration on a single transducer without the need

and Reid230

for additional transducers. Koppelmann and t:oll.leagues229
applied the self-reciprocity technique to calibrate transducers. In the
former, a two transducer Procedure was used‘wgexein One was calibrated via
the self-reciprocity technique and then the unknown transducer was cali-~
brated in the known sound field. Reidzso developed the theory for and
described the use of the self-reciprocity technique for calibrating medical

pulse-echo transducers. He developed theoretical expressions for both
near and far field conditions under both continucus wave and pulsed regimes.
4.9 Thermal Techniques

Both transient and steady state thermal techniques have been enployed
as primary methods for the measurement of ultrasonic intensity and power.
It has been pointed out221 that thermal techniques have been employed since
early in the century. Two reasonably comprehensive articles dealing with
early work have heen reported by Richards.231'232

Palmer233 was among the first to demonstrate the feasibility of a
themmocouple instrument tu measure the minute intensity variations in’an
ultrascnic field. For this device, the thermocouple junction was coated
with various absorbing materials. It was necessary to calibrate this de-
vice,

7,58

5
Fry and Fry, on the other hand, demonstrated how the thermo-

couple probe was an absolute method for the determining ultrasonic in-

373
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tensity. The transient thermoelectric technique consists of a thermo-
couple junction embedded in a liquid of known ultrasonic absorp-

57.%8,213,234,235, 236 The absorbing liquid is contained in a holder

tion.
with polyethylene, as an acoustic window, providing minimal reflection.

A transient ultrasonic pulse, usually of one second in duration, is incident
upon the junction. The time rate of temperature change, dT/dt, is related
to the ultrasonic intensity by the expression

L3
1 20 (dt)o

where p, C, J and 0 are, respectively, the density, the heat capacity per
unit volume, the mechanical equivalent of heat and the amplitude ultrasonic
absorption coefficlient, of the absorbing liquid in which the junction is
embedded. A comparison with optical and radiation foxce techniques in 1958
showed agreement to within approximately + 10 percent.217 This transient
thermoelectric technigue also provides the opportunity to determine the
absorption coefficient in tissue (see Chapter I1X in this Volume}.

Zienuik237 employed the principal used by Palmerz33 whereby the
difference in voltage was determined between sets of thermocouples in and
out (shielded) of the sound field.

Thermistors have also been employed to measure the fine details of

238

an ultrasonic field. In this technique, the thermistor probe senses the

intensity of a continuous wave ultrasonic field but must be calibrated.

The principal attraction of calorimetric techniques lies in the fact
that when ultrasonic energy is completely absorbed, a precise determination
of the temperature change assures a precise determination of ultrasonic
power. This, of course, xequires that the thermal losses to the environ-
ment be at a minimum or, at least, determinable and under control. Also,
calorimetric techniques are preferred for determining ultrasonic power in
those cases where nonlinear effects, including cavitation, exists since
these methods are ideally suited to transfer energy into heat, regardless

2 9
of its spectral distribution. 22?3

Three types of calorimetric techniques have been revieue6240 and in-
clude a steady flow system, a transient system and a substitution system,
all of which require the conversion of ultrasonic energy into thermal
energy via a suitable high absorbing material. Thus each yields an ab-
solute measure of ultirasonic power. In the steady flow system the change
in temperature hetween the input and output of a flowing absorbing liquid
is determined. 1In the transient system, the tim; change of temperature
of the absorbing medium is determined and, in principle, this is similar
to the transient thermoelectric probe with the exception that the total
power is the determinable parameter. The substitute system duplicates the
thermal history in the absorbing medium between the absorbed ul trasound
and an embedded electrical heater and thﬁs equates the electrical power
to the ultrasonic power.

Sok011u241 described a miniaturized calorimeter designed with the
purpose of measuring total ultrasonic power from a focused source. The
system's sensitivity restricted its application to levels above one watt.
1ts accuracy was highly dependent upon the accuracy of the elecctrical power
measurement comparison. van den Ende242 also described a similar calorimeter
but it was not necessarily designed for a focused signal. Comparison with
a radiation force technigue over the power range from about 0.3 to 1.2
watts showed agreement to within * 10 percent. Comparison of a spherical
calorimeter within the same power range to a radiation force technique

agreed to within + 6 percent.zo2

Zienuik243’244

developed the theory for and argues that the non-
adiabatic, non-isothermal calorimeter does not represent two drawbacks of
quasi-adiabatic calorimeters, viz., corrections of heat exchange are
extremely difficult and high thermal inertia.
. 245 .
Mikhailov developed a calorimeter which made use of the thermal
expansion of the sound absorbing liquid. The device is calibrated by

applying a known electrical power through the heating coil, embedded in

the absorbing liquid. The thermal expansion of the absorber is determined
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by measuring the rise of the liquid in a small capillary tube.

A calorimetric technique has been employed to yield ultrasonic intensity

Ly proﬁlding a finite size aperture, diameter of 5 wavelengths, for the
ultrasonic energy to enter and hence to be absorbed.246 This device has
been used to measure the peak ultrasonic intensity {over limited spatial
extent) .

Szilard247 reported on an instrument which could be used to measure
the ultrasonic energy delivered to patients during therapeutic treatment.
A plate, which is affixed to the therapeutic transducer surface during
treatment, has a series of thermistors embedded to monitor the temperature

change and, hopefully, the ultrasonic energy delivered to the patient.
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