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Visualisation of living tissues or cells at a microscopic resolution provides a foundation
for many new medical and biological applications. Propagation of waves in ultrasonic mi-
croscopy is a complex problem due to �nite amplitude distortions. Therefore, to describe it
quantitatively, a numerical model developed by the �rst author was applied. The scanning
acoustic microscope operating at 34 MHz was used with strongly focused ultrasonic pulses
of 4 periods. For measurements of signals, a 100 MHz PVDF probe was constructed. Its
frequency characteristic was found experimentally. The numerical calculation procedure
for nonlinear propagation was based on previous papers of the authors. Computations
have shown that in the case under consideration, only the spectrum with an input lens
pressure amplitude of 1 MPa was in agreement with the experimental one. Based on
transducer power measurements, a slightly smaller pressure value was obtained thus con-
�rming, to a good approximation, the correctness of the applied methods. A signi�cant
parameter is the ratio of the amplitudes of the second to the �rst calculated harmonics,
which shows the extent of the nonlinearity. In our case it was equal to 0.5. After averaging
over the surface of the �nite electrode size used in measurements, this ratio was reduced
to 0.2. Pressure distributions in the lens cavity and the following region in water were
computed for the �rst 4 harmonics making it possible to determine many features of the
nonlinear propagation e�ects in the microscope. Using the thermal conductivity equation
and the rate of heat generation per unit volume, determined for nonlinear propagation
in water, a focal temperature increase of 3.3◦ C was obtained. It was computed for a
repetition frequency of 100 kHz. The computed temperature increases can be signi�cant
and also harmful, especially when imaging small super�cial structures and testing living
cell cultures. However, they can be easily decreased by reducing the repetition frequency
of the microscope. The developed numerical procedure can be applied for much higher
frequencies when living cells in culture are being investigated.

1. Introduction

An extensive overview of medical and biological applications at the microscopic res-
olution was given by Foster et al. [2000]. For example, a wide use of high frequency
technique was demonstrated in ophthalmology for visualisation of the anterior chamber
of eye, as well as in dermatology [Nowicki et al., 1996], where it is possible to di�er-
entiate the skin tumors. Recently even monitoring of morphea and lichen sclerosus et
atrophicus (LSA) [Szyma«ska et al. 2000] has been reported.
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The quantitative use of ultrasonic microscopy in living cells in culture was shown by
Litniewski and Breiter-Hahn [1990] at a frequency of 1 GHz where values of the
acoustic impedances and attenuation coe�cients in the cell periphery, and near to its
central part were determined. Nowadays biomicroscopy has become a promising �eld of
growing interest and great potential importance. In all such applications the possible
temperature increase should be avoided to eliminate its destructive in�uence in the cells.
Ultrasonic microscopes have found a wide application also in material investigations
[Briggs, 1992].

Propagation of acoustic waves in ultrasonic microscopy is a complex problem due to
�nite amplitude distortions. Nonlinear e�ects produced by strongly focused beams with
half- angle apertures exceeding 16◦ cannot be described by simpli�ed theories based on
the paraxial approximation [Tjotta et al. 1991]. Also di�raction e�ects and the high
absorption of the liquids involved should be considered. Therefore a numerical model
developed by the �rst author was applied [Filipczy«ski et al. 1999, see pp. 290�292].

In the present paper we show by means of numerical and experimental methods the
e�ects of high nonlinearity being an important, and in many cases - a decisive factor
in ultrasonic microscopy. Also demonstrated are some potential dangers for biological
applications caused by temperature increases.

2. Experimental determination of higher harmonics

The scanning acoustic microscope (SAM) operating at 34 MHz [Litniewski, 2001]
was used as a source of strongly focused ultrasonic waves (Fig. 1). Acoustic pulses

Fig. 1. Scanning acoustic microscope with the measurement system.
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of 4 periods (duration time of 0.12 �s) were focused in water by a glass spherical lens
with a radius of 2.54 mm and the aperture half-angle of 50◦. The pulse length was cho-
sen in this way to obtain a well de�ned fundamental frequency. The lens cavity was
situated near to the transition zone of the near and far �elds of a circular LiNBO3 trans-
ducer, 4.4 mm in diameter, assuring a smooth, resembling a Gaussian, distribution of the
acoustic pressure on the lens surface (Fig. 2).

Fig. 2. Pulse pressure distribution computed in the glass medium along the coordinate r perpendicular
to the direction z of the symmetry axis for which r = 0. The distance from the transducer surface was

equal to 30 mm and the pressure at the transducer surface was assumed to be 1.

For measurement of the signals transmitted by the SAM, a special 100 MHz PVDF
probe, P100, was constructed with an active electrode diameter of 1 mm. The frequency
characteristic of the probe was found by recording �rst the probe response to an input
pulse fi(t) in the form of a short electric pulse shown in Fig. 3. It was generated by
the Panametrics Pulsar /Receiver (model 5900 PR) with a rise time of 4 ns/100 V. The
amplitude spectrum of this pulse S(fi) is presented also in Fig. 3. This and subsequent
spectra were calculated by means of the Mathcad 2001 procedure.

The acoustic pulse f0(t) emitted by the probe P100 was back-re�ected by a sapphire
�at re�ector situated in water 2 mm distant from the probe. Then it was detected by
the same probe P100, ampli�ed by the wide-band Panametric ampli�er, time averaged
for noise reduction, and digitized and stored in the digital oscilloscope (HP 54810A,
1 GHz). The re�ected pulse fr(t) received in this way is shown in Fig. 4, as well as its
amplitude spectrum S(fr) compensated for absorption in water. The spectrum of this
pulse was changed twice by the transfer function H(ω) of the probe P100 [Dieulesaint
and Royer, 1974].

The �rst time it was changed when transforming the spectrum of the input pulse
S(fi) into the spectrum of the output acoustic pulse S(fo), and the second time, when
receiving the back re�ected acoustic pulse and transforming it into the electric pulse fr(t)
with spectrum S(fr).
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Fig. 3. Input pulse fi(t) applied to the 100 MHz probe (top) and its normalized amplitude spectrum
S(fi) in linear scale (bottom).

Thus the obtained amplitude spectra � S(fi) of the input function and S(fr) of the
re�ected pulse � were connected by the relation

S(fr) = S(fi) ·H(ω)2. (1)

Hence �nally, the transfer function H(ω), or in other words, the frequency character-
istic function of the probe P100, was obtained as presented in Fig. 5. It demonstrates an
almost constant sensitivity in the frequency range (−3 dB) from 50 MHz up to 135 MHz.
In the case under consideration, a reasonable supposition was made assuming the same
value of the transfer function H(ω) for both the transmitted and received pulses.

The described probe was placed in the vicinity of the focal region of the lens. After
wide-band ampli�cation, the signals detected by the probe were sampled and stored in the
digital oscilloscope (Fig. 1). The measured spectrum was compensated for the frequency
characteristic of the probe P100 (Fig. 5).

3. Numerical method

For numerical determination of the pressure distributions a procedure based on Fourier
series was applied. A plane boundary pulse was transformed by a concave spherical lens
to a focused ultrasonic beam. The basis and details of this procedure were described
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Fig. 4. Pulse fr(t) obtained by the 100 MHz probe due to back-re�ection in water from a sapphire
re�ector (top), and its amplitude spectrum S(fr) in linear scale compensated for absorption in water

(bottom).

Fig. 5. Frequency characteristic function of the probe showing a constant sensitivity (−3 dB) in the
frequency range from 50 MHz up to 135 MHz (in linear scale).

in a previous paper by Wójcik [1998, 1999]. It was based on the nonlinear propaga-
tion procedure of Christopher and Parker [1991], then it was veri�ed experimentally
[Filipczy«ski et al., 1999] and justi�ed mathematically [Wójcik, 2000]. In the glass
which was directly coupled with the transducer, linear numerical methods were used
based on typical formulae valid for solid media [Krautkrammer, 1990] with longi-
tudinal and transverse wave speeds of 5900 m/s and 3600 m/s, while absorption was
neglected.
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In the lens cavity and in the following region which was �lled with water, a nonlinear
numerical procedure was necessary due to the nonlinear properties of water and to the
very high pressure amplitudes. Also absorption e�ects had to be taken into account.

For temperature increases the following thermal conductivity equation [Nyborg,
1988] was utilised:

∂T

∂t
= κ∇2T +

Q

csρ
, (2)

where T � ambient temperature, t � time, κ � coe�cient of thermal conductivity, cs �
speci�c heat, ρ � density, ∇2 � Laplacean operator, Q � rate of heat generation per unit
volume (power density of heat sources).

The rate Q of the relation (2) can be expressed in cylindrical coordinates where
x = (z, r) due to axial symmetry of the problem. In this case the nonlinear propagation
is taken into account and then [W�jcik et al., 1999]

Q(x) =
p2

p

ρc

N∑
n=1

a(n)|Cn(x)|2 (3)

here pp denotes the peak positive pressure in the pulse, ρc � acoustic impedance of the
medium, N � the number of harmonics, a(n) = αl(fr)lnl � coe�cient of absorption, αl �
absorption parameter, fr � repetition frequency, l � power of the absorption dependence
on frequency, Cn(x) � component of the Fourier spectrum of the pulse under investigation,
x = (z, r) � coordinates of the cylindrical system.

At the lens glass-water boundary a perfect thermal isolation was assumed. Solving
numerically Eq. (2) the axial distribution of the temperature increase and its maximum
value in water for the repetition frequency of 100 kHz was computed. A similar technique
as in the previous paper [Wójcik et al. 1999] was used.

4. Assessment of the supplied power and the generated pressure

The radiating circular LiNBO3 transducer was loaded by glass on one side only. Its
electrical input admittance was measured to be A = (20 + j0.14) mS. The admittance
was determined by means of an admittance bridge. The spherical lens at the end of the
glass cylinder decreased to a great extent the possible back re�ection of the plane wave,
thus reducing standing waves. In this way it was possible to carry out measurements on
the pulses used. Since the voltage of the electrical driving pulse was equal to 30 Vpp, we
obtained the supplied power of 2.25 W.

Knowing the supplied power and the transducer diameter, the average intensity could
be determined and hence also the corresponding average pressure at the transducer sur-
face. Linear numerical computations of the radiated pulse beam in the glass cylinder
have shown that the axial pressure at its end, at a distance of 30 mm, was twice as great
as that at the transducer surface (Fig. 2). Attenuation in glass was negligibly small. Fi-
nally, after penetration of the glass-water boundary, the lens output axial pressure at the
boundary in water reached a value of P2 = 0.79 MPa (see Table 1).
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Table 1. Estimation of the output lens pressure P2 in water

Voltage of the electrical driving pulse Vpp 30
Measured transducer admittance mS 20 + j 0.14
Power supplied to the transducer W 2.25
Transducer area (diameter 4.4 mm) mm2 15.2
Intensity I at the transducer surface MW/m2 0.148
Corresponding pressure MPa 2.01

p =
√

2 · ρGcG · I
Double higher axial pressure at the MPa 4.02

lens input∗∗ 2p

Lens output axial pressure∗ MPa 0.79
P2 = 4pρW cW /(ρGcG + ρW cW )

* For glass ρGcG = 13.7 MRayl, for water ρW cW = 1.5 MRayl
** See Fig. 2

Table 2. Numerical and experimental pressure amplitudes of �rst 5 harmonics
(after normalization)

No of harmonic 1 2 3 4 5
Numerical amplitudes
(after averaging over
the measuring electrode) 1 0.20 0.088 0.053 0.030

Experimental amplitudes 1 0.2 0.088 0.064 0.035

Computations were performed at �rst for various pulse pressures causing nonlinear
propagation. Finally a pressure amplitude of P1 = 1 MPa at the axis of the output of
the spherical lens was found to match the numerical spectrum with the experimental
one as shown in Table 2. The amplitude spectra of the acoustic pulses in the focal region
were calculated and compared with the pulse spectrum obtained experimentally, reaching
agreement only for a pressure value of P1 = 1 MPa, which was a little higher than the
value of P2 = 0.79 MPa (by 2 dB) (see Table 1).

5. Computations and experimental results

The computed spectrum (Fig. 6) shows in the focus a very high number of harmonics
up to 1120 MHz. This result can not be directly used in the real microscope due to
its limited receiving band and unknown signal-to-noise ratio. A much more signi�cant
parameter, showing the range of potential possibilities of harmonic generation, is the
spectral amplitude ratio of the second to the �rst harmonics, p2/1.

This ratio obtained numerically was equal to p2/1 = 0.5 (−6.0 dB) (Fig. 6). However,
to compare the numerical and experimental results, the numerical ones had to be averaged
over the surface of the electrode of the probe, P100, used in measurements of the spectrum.
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Fig. 6. Spectrum computed in the focus.

For this purpose the computed transverse pressure distributions in the beam were used.
Those results were obtained previously [Wójcik et al., 2001, Figs. 3 and 4]. The numerical
spectrum averaged in this way is shown in Table 2 to be in a good agreement with
experiment up to the 5-th harmonic. It is interesting to notice that even at so small
a radiated acoustic power as 2.25 W, we obtained very high nonlinearity in the focus
in water represented by the spectral ratio p2/p1 = 0.5 (Fig. 6). However, after taking
into account the experimental spectrum which was measured with a �nite electrode size,
after averaging over the electrode size, this ratio was smaller and equal to p2/p1 = 0.2
(−14 dB) (Table 2). On the other hand, Germain and Cheeke [1988, Fig. 4] obtained
a power ratio of −20 dB corresponding only to p2/p1 = 0.1 at the very high lens output
power of 100 W.

The di�erence of the above results may be caused by such reasons as the physical size
of the measuring electrodes, and by the di�ering geometry of the acoustic lens producing
di�erent gains etc. In our case the ratio of the computed maximum pressure in the focus,
pf , to the lens output pressure, po (= P1) was equal to pf/po = 49.

6. Discussion and conclusions

The nonlinear numerical procedure applied here for the acoustic microscope made it
possible to determine exactly the �eld distributions of strongly focused beams in the lens
cavity and in the following region. Similar pressure values of P1 = 1 MPa obtained by
spectrum matching between experimental and computed results, and by direct transducer
measurement, giving P2 = 0.79 MPa, seems to con�rm to a good approximation the
correctness of the applied procedure. This positive result was obtained in spite of many
simplifying assumptions which were necessary to carry out the comparison. Finally the
spectrum obtained for the axial pressure amplitude of 1 MPa at the output of the lens
was found to match the experimental one (Table 2).



NONLINEAR EFFECTS AND POSSIBLE TEMPERATURE INCREASES ... 199

As the nonlinearity measure of the microscope, the ratio of the amplitudes of the
second and �rst harmonics should be considered for characterizing the possibility of the
generation of higher harmonics.

Pressure distributions in the lens focal region �lled with water were presented for the
�rst 4 harmonics (Fig. 7). The computed values of the focal pressure spectrum are shown
in Fig. 6 for all the harmonics. The obtained results can be easily expanded for higher
harmonics by means of the method used here. Thus it is possible to determine many
interesting data concerning e�ective focal cross-sections, intensity distributions, pulse
shape deformations, determination of local attenuation, and of the power density of heat
sources, thus providing a description of nonlinear propagation e�ects in the microscope
that were previously lacking.

Fig. 7. Pressure distributions computed for the �rst (from left to right), second, third and fourth
harmonics. All scales in mm, steps of constant pressure contours equal to 0.1 of the maximum pressure.

Also in the case of nonlinear propagation, temperature increases along the lens axis
were determined by means of the numerical procedure. The temperature increase depends
on many factors such as the local intensity, its duration, its repetition frequency, the kind
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of the tissue, its attenuation and on the nonlinear parameter B/A. To obtain a general
view of the temperature e�ect, we assumed the medium to be water and the focal pressure
amplitude as obtained above, namely pf = 49 MPa with a pulse duration of 0.12 �s. The
maximum range of the microscope was equal to 7.5 mm in water. Hence the repetition
frequency can be as high as 100 kHz. For these conditions the maximum computed
temperature increase was ∆T = 3.3◦C. Its axial distribution is presented in Fig. 8.

Fig. 8. Axial distribution of the temperature increase ∆T computed in water.

The computed temperature increases can be in some cases be signi�cant and also
harmful, especially when testing super�cial structures. However, the temperature increase
in the pulse mode is proportional to the repetition frequency so, for example, in the case
under consideration it decreases in water at a repetition frequency of 10 kHz to a value
of only ∆T = 0.33◦C.

The developed numerical procedure can be expanded for much higher frequencies
when living cells in culture are being investigated.
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