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FINITE AMPLITUDE DISTORTION-BASED
INHOMOGENEOUS PULSE ECHO
ULTRASONIC IMAGING

This application is a continuation of co-pending patent
application Ser. No. 08/746,360, filed Nov. 8, 1996.

BACKGROUND OF THE INVENTION

This invention generally relates to ultrasonic pulse echo
imaging, and more specifically, to ultrasonic pulse echo
imaging based on the distortion of ultrasonic signals trans-
mitted into samples.

Ultrasonic pulse echo imaging is widely used in many
medical applications. While this technique has received
wide acceptance, it would be desirable to improve the
resolution of the images formed from this technique. For
example, ultrasonic pulse echo imaging in inhomogeneous
media suffers from significant lateral and contrast resolution
losses due to the defocusing effects of the inhomogeneities
of the media. The losses in lateral and contrast resolution are
associated with increases in the width of the main beams and
increases in side lobe levels, respectively.

These two forms of resolution loss represent a significant
hurdle to improving the clinical utility of biomedical ultra-
sonic imaging. A number of research efforts are currently
underway to investigate the defocusing effects of tissue and
to consider corrective measures. These efforts, however,
generally assume linear propagation and base the image-
formation process on the reception of the transmitted pulse.

SUMMARY OF THE INVENTION

An object of this invention is to improve ultrasonic
imaging and methods.

Another object of the present invention is to improve the
resolution of images formed from ultrasonic echo signals.

A further object of this invention is to utilize the enhanced
inhomogeneous focusing properties of the finite amplitude
distortion generated higher harmonics of an ultrasonic imag-
ing beam in order to obtain improved contrast resolution and
lateral resolution images.

These and other objectives are obtained with a method
and system for imaging a sample. The method includes the
steps of generating an ultrasonic signal, directing the signal
into a sample, which signal is distorted and contains a first
order and higher order component signals at first and higher
frequencies respectively. The received distorted signal is
processed, and an image is formed, and then displayed, from
one of the higher order component signals of the received
distorted signal.

With the preferred embodiment of the invention disclosed
herein in detail, the ultrasonic image is based on one of the
received finite amplitude distortion component (or
nonlinearly-generated higher harmonics) associated with the
transmitted signal. In the simplest case, in which the trans-
ducer emits negligible energy in the second harmonic
bandwidth, such an image can be formed by adding an initial
high pass filtering of the received signal. In general, such an
image can be formed by using a two pulse transmit, receive,
normalize, and then high pass filtering scheme. Such a two
pulse scheme can be used to remove the source or linear
content in the second and higher harmonic bandwidths.

Further benefits and advantages of the invention will
become apparent from a consideration of the following
detailed description given with reference to the accompa-
nying drawings, which specify and show preferred embodi-
ments of the invention.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an ultrasonic imaging system embodying
the present invention.

FIGS. 24, 2b and 2c¢ show various parameters associated
with the linear propagation results for a focused 2 MHz
Gaussian Transducer operating in a liver medium.

FIG. 3 shows discrete harmonic velocities used to com-
pute various values associated with a 2 MHz propagation in
a liver medium.

FIGS. 4a and 4b display nonlinear propagation results for
a focused 2 MHz Gaussian transducer.

FIG. 5a shows the log-scaled, normalized one-way focal
plane profiles of the 2 MHz fundamental, the 4 MHz second
harmonic, and the 4 MHz fundamental, and FIG.

5b shows the corresponding two way profiles for these
beam patterns.

FIG. 6a shows the on-axis source plane and the subse-
quent focal plane for a 2 MHz Gaussian source.

FIG. 6b illustrates the corresponding spectrums of the
source and focal planes shown in FIG. 6a.

FIG. 6¢ shows the focal nonlinear distortion pulse
obtained by constructing the waveform using only the focal
spectral information shown in FIG. 6b from 3 to 8 MHz.

FIG. 7 shows the focal plane profile from a 2 MHz
continuous wave propagation and a 2 MHz centered pulse
propagation.

FIG. 8 is a table giving the on-axis source plane intensity
versus the received second and third harmonic levels and
focal field parameters.

FIG. 9 is a Table providing focal and received second
harmonic levels versus focal length.

FIGS. 10a and 105 show the log-scaled first, second and
third harmonic axial amplitudes for the focused 2 MHz
Gaussian transducer and the corresponding log-scaled focal
plane radial beam profiles.

FIG. 11 illustrates scaled axial amplitudes for a 4 MHz
second harmonic and 4 MHz fundamental harmonic beams
in a liver medium.

FIGS. 124a-12f depict pairs of one-way focal plane har-
monic amplitude diameters and the corresponding average
radii for an unjittered, or homogeneous, path and an abdomi-
nal wall-jittered propagation path.

FIGS. 13a-13d show two-way average radii results for
the abdominal wall-jittered propagation path represented in
FIGS. 12a-12f.

FIGS. 144 and 14b display normalized two-way averaged
radial results from five abdominal wall-jittered propagations
for the 2 MHz fundamentals, the 4 MHz second harmonics
and the 4 MHz fundamentals, and the corresponding radially
integrated magnitudes.

FIGS. 154 and 15b show normalized two-way averaged
radial results from five abdominal wall-jitteled propagations
for the 4 MHz fundamentals, the 8 MHz second harmonics
and the 8 MHz fundamentals, and the corresponding radially
integrated normalized magnitudes.

FIGS. 16a and 16b show normalized two-way averaged
radial results from five breast jittered propagations for the 2
MHz fundamentals, the 4 MHz second harmonics and the 4
MHz fundamentals, and the corresponding radially inte-
grated magnitudes.

FIG. 17 is a table giving the =20 dB full-widths for the
average two-way profiles shown in FIGS. 144, 154 and 16a
and the full-widths at the 0.9 level for the integrated profiles
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of FIGS. 14b, 15b and 16b. Also shown are the correspond-
ing results from the 8 MHZ breast jittered propagations.

FIGS. 18a—18d show an imperfect source pulse, linearly-
scaled and log-scaled focal spectrums of that pulse, and the
corresponding nonlinear distortion pulse obtained by con-
structing with the spectral information in FIG. 18c.

FIG. 19a shows the log-scaled focal spectrum of FIG. 19¢
overlaid with the focal spectrum from the same source using
a half amplitude version of the source pulse, as depicted in
FIG. 19c.

FIG. 19b shows the resulting difference spectrum com-
puted for the two spectrum shown in FIG. 19a.

FIG. 19¢ shows the corresponding nonlinear distortion
pulse obtained by constructing with the spectral information
in FIG. 19b and starting at 2.75 MHz.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

FIG. 1 illustrates ultrasonic imaging system 10. A pulse
generator 12 and a function generator 14 produce a sinu-
soidal pulse ultrasonic signal of, for example, 2.0 MHz at a
pulse repeat frequency of, for instance, 1 kHz. This signal is
sent to amplifier 20, which amplifies the signal and transmits
the amplified signal to transducer-receiver unit 22, and this
unit then transmits the signal into sample 24.

In this sample 24, the input signal is both distorted and
reflected. The distortion creates a distorted signal having a
multitude of component signals, each of which has a respec-
tive frequency or frequency bandwidth. The distorted signal
is reflected by sample 24, and this reflected signal is received
by transducer-receiver unit 22, amplified by pre-amplifier
30, and then further amplified by amplifier 32. The received
and amplified signal is then sent through a high-pass filter 34
to enhance the relative strength of the desired higher har-
monic component of the received signal. The resulting
signal is digitized in analog-to-digital converter 36, and then
processed by processor 40 to produce an image.

This image may be displayed on a video monitor 42,
stored on a video cassette recorder (VCR) 44, output on a
printer device 46, or stored in any of a variety of hard copy
storage devices 50, such as medical film recorders, digital
tape machines, optical disks, magnetic tapes and disks or the
like. Suitable means may be used to move the focal point of
the transmitted signal around sample 24. For instance,
transducer-receiver unit 22 may be a phased array unit
having electrical circuitry to move the focal point of the
transmitted signal. Alternatively, a motor 52 may be
employed to move transducer-receiver unit 22 and thereby
move the focal point of the transmitted signal around sample
24.

System 10 can also be operated in a two pulse scheme or
mode. In this mode of operation, system 10 generates and
transmits into sample 24 two different pulses. Preferably, the
transmitted signals are identical except that one of them is
scaled up in pressure. The pulses are transmitted one after
another with, for example, approximately %4000 second inter-
val between them. The reflected, distorted signals from both
pulses are received by transducer unit 22, and these signals
are then digitized in analog-to-digital converter 36. The
digital data values obtained from the first pulse are stored,
scaled and then subtracted from the digital data values
obtained from the second pulse, producing a difference or
resultant signal. Subsequent processing of this difference
signal in system 10 is the same as in the above-described one
pulse case. One suitable procedure for scaling the digital
data values obtained from the first pulse is discussed below.
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Several computational models exist which can accurately
describe the finite amplitude propagation of a continuous
beam. Such models can be extended to compute the case of
a propagating pulse as well. These models account for the
effects of diffraction, nonlinearity and absorption. One of
these models, referred to as the NLP model is described in
“New approaches to nonlinear diffractive field propagation”
J. Acoust. Soc. Am. 90, 488—499 (1991) by P. T. Christopher
and K. J. Parker, the disclosure of which is herein incorpo-
rated by reference, and this model was used to compute the
following linear and nonlinear examples. This model has
been updated to account for the effects of dispersion. The
associated harmonic velocities were computed using an
algorithm disclosed in “Modeling acoustic field propagation
for medical devices,” Ph.D. thesis, U. of Rochester (1993)
by T. Christopher, the disclosure of which is herein incor-
porated by reference.

The propagations discussed below are for a Gaussian
apodized, axially symmetric focused source. This form of
device offers excellent image quality and produces a field
comparable to that of the two dimensional array-based
transducers now being developed.

Many biomedical imaging devices are not axially
symmetric, though. The finite amplitude beams produced by
such devices are well described by the computations for the
axially symmetric transducers discussed here in detail,
though. In measuring the nonlinear harmonic generation
from an unfocused rectangular source, Kamakura, Tani,
Kumamoto and Ueda noted in “Harmonic generation in
finite amplitude sound beams from a rectangular aperture
source,” J. Acoust. Soc. Am. 97,3510-3517 (1995), that “the
[nonlinear] harmonic pressure levels in the far field [were]
almost the same as from a circular aperture source with
equal face area and equal initial pressure, independent of the
source levels.” Though this result was obtained for only one
device (with a ratio of source side lengths or aspect ratio of
11 to 6), the higher harmonic pressure Levels associated
with a non-axially symmetric device are approximately
equal to those of the corresponding axially symmetric
source. More importantly, the lack of axial symmetry does
not affect the relative sidelobe advantages exhibited by the
nonlinearly-generated harmonics in a homogeneous propa-
gation. These homogeneous path sidelobe level advantages
are the basis for the imaging-relevant advantages of the
higher harmonics in an inhomogeneous propagation.

FIGS. 24, 2b and 2c¢ show various parameters associated
with the linear propagation results for a focused 2 MHZ
Gaussian transducer operating in a liver medium. In
particular, the source plane amplitude profile, the on-axis
amplitude, and the radial focal plane (at Z=6 c¢m) beam
profile are shown in FIGS. 2a, 2b and 2c respectively. The
results shown in FIGS. 24, 2b and 2¢ were obtained by
computing the linear, liver path propagation of the field of a
focused 2 MHZ Gaussian source using the NLP beam
propagation model. The NLP model propagates a planar,
normal velocity description of the acoustic field. No inho-
mogeneities or phase aberrations were accounted for in this
propagation or any of the subsequent propagations consid-
ered immediately below. The relevant liver propagation
parameters used were c=1570 m/s, p=1.05 g/cm®, =0.03
Np/em and b=1.3 (where and b are the coefficients
describing absorption in a power law form).

The Gaussian shading of the magnitude of the source
plane normal velocity field was such that the half-amplitude
radial distance was 0.84 cm. The on-axis, source plane RMS
acoustic intensity (pclu|*/2, where u is the acoustic particle
velocity) for the field was 2 W/cm?. The radial extent of the
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source was 1.5 cm. The source plane field was focused using
a spherically-focusing factor (¢/°?, where 0(r)=(2xf/c)
V124F?). The geometric focal length F was 6 cm and the
sound speed (c) used to compute 6(r) was that of water (1500
m/s).

FIGS. 2a and 2b depict the normal velocity magnitudes of
the Gaussian transducer’s source plane and on-axis fields
respectively. FIG. 2¢ displays the focal plane (z=6 cm) radial
profile of the 2 MHZ field. The drop in the magnitude of the
field from the mainlobe to the first sidelobe in FIG. 2c is 36
dB. In the absence of strong medium phase aberration this
allows the device to produce high contrast images.

The same 2 MHZ Gaussian source was then propagated
nonlinearly through the same liver path. The nonlinear
parameter f used to represent liver was 4.7. The NLP model
used 4 harmonics (2, 4, 6 and 8 MHZ) to compute the
pre-focal region (z=0 to z=3 cm) propagation and up to 10
harmonics to represent the subsequent focal and post-focal
region propagation. The harmonic velocities were computed
using the algorithm described in “Modeling acoustic field
propagation for medical devices,” T. Christopher, Ph.D.
Thesis, University of Rochester (1993). The fundamental or
2 MHZ component had a propagation speed of 0.157
cm/microsecond (given above as ¢). The discrete harmonic
velocities used by NLP to compute the 2 MHZ propagation
are shown in FIG. 3.

FIG. 4a displays the axial magnitudes of the fundamental,
second harmonic, and third harmonic fields, at 1024, 1025
and 102c¢ respectively, as computed for the nonlinear propa-
gation. The fundamental or 2 MHZ axial curve is only
slightly different from the corresponding linear curve shown
in FIG. 3b. At z=6 cm the nonlinear 2 MHZ curve is about
1% lower than the 2 MHZ linear curve. This difference was
due to growth of the higher harmonics in the nonlinear
propagation. In FIG. 4b the corresponding focal (z=6 cm)
pressure waveforms from the linear and nonlinear compu-
tations are displayed at 104a and 104b respectively. The
pressure waveforms were obtained by converting NLP’s
normal velocity output to pressure using the impedance
relation (all subsequent pressure waveforms were obtained
in this way).

The 2 MHZ or fundamental beam pattern 1045 associated
with the nonlinear propagation is almost identical with the 2
MHZ beam pattern 1044 of the linear propagation. Only in
a linearly scaled overlay plot of the two beam patterns are
there visible differences. These differences are very small
and are limited to the near axis portions of the beam patterns.
Only at much higher source intensities are the effects of
nonlinearity significant to the details of the fundamental’s
field. These results are consistent with the empirical obser-
vation that linear modeling of biomedical ultrasonic device
fields accurately describes their (linear-based homogeneous
path) imaging performance.

FIG. 5a depicts the 2 MHZ fundamental and 4 MHZ
second harmonic focal plane beam amplitude profiles at
106a and 106b. Also shown in FIG. 5a at 106c is the
corresponding 4 MHZ fundamental profile. The 4 MHZ
fundamental result was obtained by computing the linear
propagation of the same Gaussian transducer operating at a
source frequency of 4 MHZ. All three beam profiles in FIG.
5a have been normalized to have on-axis field magnitudes of
1. The finite amplitude distortion-generated second har-
monic focal profile 1065 has a slightly broader mainlobe
than the corresponding (4 MHZ) fundamental profile 106¢.
The radial half-amplitude distance of the second harmonic
profile is 36% greater than that of the 4 MHZ fundamental
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profile (0.0983 c¢m versus 0.0723 cm). The second harmonic
profile also has much lower sidelobes than the 4 MHZ
fundamental profile.

For imaging purposes, the two-way focal plane beam
pattern of the Gaussian transducer is of interest. The two-
way focal beam pattern accounts for both the characteristics
of the transmitted pulse in the focal plane and the corre-
sponding sensitivity of the transducer to pulses reflected
back from this plane. For linear propagations, the two-way
beam pattern for a given depth can be obtained by squaring
the corresponding transmit or one-way beam pattern. In FIG.
5b the normalized two-way linear beam patterns for the
Gaussian transducer operating at 2 and 4 MHZ are depicted
at 110a and 110b. These curves were obtained by squaring
the corresponding one-way or transmit beam patterns shown
in FIG. 5a.

Also shown in FIG. 5b at 110c, is the two-way focal plane
beam pattern associated with the 4 MHZ second harmonic
field. Since the amplitudes of the reflected pulses are much
smaller than the transmitted pulses, the propagation of the
reflected field back to the transducer is essentially linear.
Thus, the two-way focal plane beam pattern shown at 1105
for the second harmonic was obtained by multiplying the
corresponding one-way pattern 1065 shown in FIG. 5a by
the 4 MHZ fundamental one-way pattern 1065 also shown
in FIG. 5a.

The second harmonic’s two-way beam pattern has a
half-amplitude mainlobe width (or —6 dB beamwidth) that is
12% greater than that of the corresponding beam pattern
106¢. The 20 dB beamwidth of the second harmonic is 13%
greater than that of the 4 MHZ fundamental. The sidelobe
advantage displayed in the focal plane profiles of FIG. 5a is
maintained in the two-way results shown in FIG. 5b.

These homogeneous results show that the second har-
monic field of a focused, apodized transducer offers advan-
tages in contrast resolution over the corresponding linear
transducer field.

A pulse propagation was next considered for the 2 MHZ
Gaussian source. The on-axis, source plane pressure pulse
used is displayed in FIG. 6a as the desired curve 1124. This
pulse was computed by applying a Gaussian window to a 2
MHZ cosine. The peak pressure of the pulse was the same
as for the 2 W/cm? continuous case considered above. The
radial amplitude shading or apodization and the spherical
focusing of the source field were also the same as in the
previous continuous wave case. The initial source plane
pulse consisted of 128 samples across 8 microseconds.

The magnitude of the Fourier transform of the 8 micro-
second long source pulse is shown at 114a in FIG. 6b. A
straightforward implementation of the nonlinear imaging
system and method requires negligible overlap between the
sources’s spectral bandwidth and that of the nonlinear
second harmonic (more generally, this would also insure
negligible overlap between any of the successive harmonic
spectral bands). The source spectrum 114b shown in FIG. 6b
meets this requirement. Nonlinear images based on source
pulses with broader spectrums or with significantly more
energy in the second harmonic bandwidth than the one
depicted at 112H and 114b in FIGS. 6a and 6b could be
obtained by using an alternative nonlinear imaging scheme
described below.

The source plane was then defined using the 64 harmonic
Fourier transform of the source pulses. This multiharmonic
source radius was then input into a pulse-propagating ver-
sion of the NLP model (a model similar to the lithotripter
model presented in “Modeling the Dornier HM3 Lithot-



US 6,206,833 B1

7

ripter.” T. Christopher, J. Acoust. Soc. Am. 3088-3095
(1994). The focal output of the resulting nonlinear pulse
propagation is also shown in FIGS. 6a and 6b as solid
curves. The focal pulse waveform has slightly smaller peak
positive and negative pressures than the corresponding con-
tinuous waveform shown in FIG. 4b. Consistent with the
smaller amplitudes, the focal pulse is also less distorted than
the continuous waveform. The ratio of the second harmon-
ic’s focal amplitude to that of the fundamental’s for this
pulse propagation was 70% of the same ratio for the corre-
sponding continuous source considered above.

In FIG. 6c, the waveform associated with only the spectral
bands of the second, third, and the first half of the fourth
harmonic (3 through 8 MHZ) is shown. This waveform was
computed as a high pass filtered reconstruction of the
spectral information depicted in FIG. 6b. A rectangular
window with a transition at 3 MHZ was used in filtering the
transform data. The straightforward nonlinear imaging
approach disclosed herein may use a distortion pulse like
that shown in FIG. 6c in order to image the scattering
medium.

Not shown for the pulse propagation considered are the
axial and radial harmonic descriptions. These descriptions
were found to be identical in form to those computed for the
nonlinear propagation of the continuous 2 MHZ field. All
other Gaussian-windowed cosine pulses were found to pro-
duce identical axial and radial harmonic patterns. The tem-
poral peak amplitude profile of the high pass filtered-focal
plane data also very closely followed the form of the 4 MHZ
second harmonic’s amplitude profile. The temporal peak
amplitude profile for the pulse propagation considered
herein is shown at 116a in FIG. 7. This profile was computed
using the focal plane frequency data in the range of 3 to 8
MHZ (like the waveform in FIG. 6¢). Also shown at 116b
and 116¢ in FIG. 7 are the corresponding 4 MHZ second
harmonic profile and a second harmonic bandpass filtered (3
to 5 MHZ)—temporal peak amplitude profile for the same
pulse propagation. The similarity of the two peak amplitude
profiles suggests that there is very little energy above 5 MHZ
for this pulse propagation. The nonlinear harmonic beam
and peak amplitude patterns produced by any reasonable
source pulse can be computed using an appropriate continu-
ous approximation of the source.

In order for the nonlinearly-generated higher harmonics to
be available for imaging in an inhomogeneous media, the
received higher harmonics amplitudes cannot be too low
relative to the received linear (or transmitted) signal and the
transducer’s dynamic range. Also, to be available for imag-
ing use, preferably the associated in vivo field amplitudes
have a mechanical index less than 1.9.

For the previously considered nonlinear 2 MHZ, liver-
path propagation, the amplitudes at the focus (z=6 cm) of the
fundamental and second harmonic were 0.943 MPa and
0.166 MPa, respectively. The second harmonic amplitude
was thus 15.09 dB below the amplitude of the 2 MHZ
transmitted wave. As a wave reflected at the focal point
travels the 6 cm back to the transducer/receiver, frequency
dependent attenuation reduces the second harmonic by an
additional 5.62 dB relative to the 2 MHZ component. The
received 4 MHZ component would thus be 20.71 dB below
the transmitted 2 MHZ component. The corresponding fig-
ures for the 6 MHZ third harmonic are 27 dB down at the
focus and 39.23 dB down for received signals. This
calculation, it should be noted, does not include the effect of
the possible additional relative weakening of the second
harmonic received signal due to coherent reflectors at the
focus in combination with the smaller mainlobe of the
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second harmonic. This effect is not significant to many
bio-ultrasound imaging applications, though.

Table 1 of FIG. 8 displays the second and third harmonic
received levels at on-axis, source plane intensity values of
0.5, 1,2, 4 and 8 W/cm?. For a given source plane intensity,
pulsed devices would have slightly larger received level
differentials than those shown in Table 1. For the pulsed
propagation considered above, this additional gap would be
0.86 dB for the second harmonic (based on second harmonic
bandpass reconstruction and a comparison of the received
peak positive pressure levels).

Current biomedical ultrasonic imaging transducers have
dynamic ranges of about 100 dB. Even with decreased
sensitivity above the transmit frequencies, these devices are
capable of creating second harmonic images. This capability
has been demonstrated by the creation of second harmonic
contrast agent-response images. Alternatively, a separate
receiver device with appropriate frequency response in the
desired nonlinear distortion bandwidth can be used.

The effect of focal length on the received second har-
monic levels for this Gaussian transducer operating at 2
W/cm? id shown in Table 2 of FIG. 9. From a focal length
of 4 cm up to a focal length of 12 cm the received second
harmonic levels dropped off by 7.32 db. Also shown in Table
2 are the corresponding focal second harmonic levels. These
levels remained very constant and thus revealed the
decreases in received levels as almost entirely due to
increased return trip distances.

The peak positive and negative pressures of the in vivo
nonlinear waveform shown in FIG. 4b were 1.12 and -0.84
MPa, respectively. The -0.84 peak rarefaction pressure
corresponds to a mechanical index (MI) of 0.59. The highest
preferred level for the mechanical index is 1.9. Shown in
Table 1 are values of the computed minimum focal pressure
and associated mechanical index for this and four other
values of source plane intensity. The minimum pressures and
thus mechanical indices given in Table 1 have been cor-
rected for the effects of nonlinearity. A linear-only compu-
tation would result in larger negative pressures and MI
values, in particular at the highest two source intensity
levels.

The numbers shown in Table 1 show that for in vivo
propagations similar to the one considered here, finite ampli-
tude distortion-based images are readily obtainable within
the current mechanical index safety limit. Even at the lowest
source intensity case considered (0.5 W/ecm?), a largely
second harmonic-based image can be obtained by simply
filtering out the transmitted frequency or frequencies. Addi-
tionally the second and third harmonic received levels offer
some real-time feedback on the magnitude of the focal field
amplitudes themselves. Finally, the results displayed in
Table 2 suggest that second harmonic imaging may be
available at a wide range of focal depths.

The formation of the higher harmonic constituent beams
in a propagation finite amplitude beam is a continuous
process. In the case of the 2 MHZ Gaussian-shaded, focused
beam considered above, the 4 MHZ second harmonic, the 6
MHZ third harmonic, and additional higher harmonics are
continuously and cumulatively produced by the bean as it
propagates away from the source. Of interest here is the
production and focusing of these nonlinear higher harmonic
beams between the source and focal plane.

The origin of the higher harmonic beams is the ongoing
nonlinear distortion of the propagating waves comprising
the (total harmonic) focused beam. The physical effects of
diffraction and absorption concurrently act on the higher






