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Chapter 9
The distribution of ultrasound waves and the intensity of the energy carried by

these waves is known collectively as the ULTRASONIC FIELD, but is most
frequently referred to as the ULTRASOUND BEAM. In other words, consider what an
ultrasound beam IS: it is a collection of regions of compression and rarefaction
moving longitudinally in a straight line through a medium. It carries energy and has
size, shape, and direction, and interacts with its medium in predictable ways. It may
be reflected, refracted, absorbed, or transmitted, depending upon the characteristics
(impedance, homo- or heterogeneity, temperature, etc) of the medium. It begins this
transit at the face of the transducer crystal and, as it travels straight ahead, it begins
to diverge.

The distribution of these beam parameters depends on a variety of factors and
includes: diameter of the crystal; the frequency bandwidth; attenuation; and the
velocity of the propagating medium. In focused transducers, the focusing
characteristics are also a consideration that will be discussed later in this chapter.
Sound beam characteristics also depend on the diffraction pattern of the ultrasound
transducer. DIFFRACTION is simply, the divergence of energy waves from their
point source and can be observed with light, laser, or sound waves.

Ultrasound waves are generated by a piezoelectric crystal and, as they move out
from the face of the transducer, radiate over a wider area.

The above figure demonstrates the varying rate of divergence of ultrasound
beams generated using different diameters of crystals. Small-diameter crystals
produce a more highly divergent beam, one that spreads out quickly while larger
diameter crystals produce a more directional, less divergent beam.

Beam Geometry
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HUYGENS PRINCIPLE is one way to describe the generation of a sound beam.
Basically, it states that each small portion of the face of a wavefront may be
considered as a separate source. Therefore, each small point on the face of the
transducer can be considered as a separate source for many small wavelets. The

whole beam itself is the net
result of combining all the
sound wavelets emanating
from all point sources.
These point sources are
sometimes referred to as
Huygens sources, and the
individual diverging waves
are referred to as Huygen’s 
wavelets. The theory that a
wavefront is the combination

of all of these small wavelets is called HUYGENS PRINCIPLE.
Mathematically, the amplitude of the waves at any point in a beam can be

determined by adding together the contributions from each point source on the
transducer surface.

A sound beam is a three-dimensional structure
having both lateral and axial limits. The center of the
beam is considered to be a narrow line extending from
the center of the transducer and is known as the
CENTRAL BEAM or BEAM AXIS. Because
transducers act like a diffracting aperture, the beam
forms a primary lobe and low-energy side lobes that
radiate energy away from the primary lobe axis. The
energy present in side lobes is usually too low to return
echoes to the transducer. In some circumstances,
however, these side lobes may be prominent and be
the cause of image artifacts. (More on this in the section on artifacts.)

The geometric shape of the sound beam emitted from an ultrasound transducer
used in clinical practice today can vary widely in shape and size, and depends on
many complex parameters considered by the manufacturing engineers. A beginning
point for discussing generic transducer beams, however, is to consider the beam
produced by a single, circular, unfocused piezoelectric crystal. Although these types
of beams are rarely used in imaging applications anymore, they offer a simplified
model for analyzing and understanding basic physical and geometric characteristics
common to all ultrasound beams.

Beam Geometry
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The beam geometry of an unfocused ultrasound beam is demonstrated in the
following schematic:

The portion of the beam close to the face of the transducer has a width
approximately the same as the width of the crystal itself. As the beam moves away
from the transducer face, the width of the field changes little. This is called the NEAR
FIELD (or FRESNEL ZONE). As the beam travels still farther, a boundary point is
reached where different phenomena take over and the field begins to diverge
steadily. This steadily broadening portion of the beam is called the FAR FIELD (or
FRAUNHOFER ZONE). The location of the transition boundary between the near
field and the far field is a function of the transducer frequency and the diameter of the
crystal. Generally, as the diameter of the crystal increases (if frequency remains the
same) the far field increases or the transition boundary is moved farther from the
transducer face. Conversely, if the diameter decreases, the transition boundary
moves closer to the face.

DIAMETER FAR FIELD
DIAMETER FAR FIELD

The figure to the right demonstrates the sound
beams being emitted from two 2.25 MHz
transducers, one with a larger diameter than the
other. It's obvious that the near field is longer in the
wider faced transducer (the one on the right). This
is true because the beam does not begin to diverge
until deeper into the medium.
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Beam geometry is also determined by the frequency of the ultrasound. Higher-
frequency transducers emit a beam with a longer near field than lower-frequency
transducers, assuming that crystal diameter remains equal. In the schematic below,
both transducers have the same diameter crystal; however each is operating at a
different resonant frequency. The higher-frequency transducer emits an ultrasound
beam with a longer near field and a more collimated, or narrowed, far field.

FREQUENCY NEAR FIELD
FREQUENCY NEAR FIELD

For unfocused transducers, the diameter of the NEAR ZONE LENGTH can be
calculated using the following formula:

FORMULA:

Where: NZL= near zone length
D = diameter of crystal
 = ultrasound wavelength

EXAMPLE: Calculate the near zone length of a 2.5 MHz 13mm crystal diameter
transducer.
1. Calculate wavelength of a 2.5 MHz beam.

= V/F
= 1540m/s 2.5 MHz
= .62mm

2. Calculate near zone length (NZL):
NZL = D2 4

= 132 (4 x .62)
= 169 2.48
= 68 mm or 6.8 cm

NZL =
D2

4
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Common Near Zone Lengths

Frequency (MHz) Diameter (mm) NZL (cm)

2.25 19.00 13.00
3.5 13.00 10.00
5.0 6.00 3.00
5.0 13.00 14.00
7.5 6.00 4.00

10.0 6.00 6.00

One of the fundamental principles of ultrasound imaging is the narrower the beam,
the better the resolution. (The rationale behind this concept will be discussed
shortly.) Of course, the goal in clinical practice is to provide the highest-quality
images possible given the sophistication of the sonographic imaging system, the
size, shape and structural condition of the patient, and our own skills. Therefore, use
of the narrowest beam available with the highest frequency possible is desirable. But
there are tradeoffs. High frequencies provide better resolution but they tend to be
attenuated more rapidly. Lower frequencies penetrate deeper into structures, but
yield lower resolution images.

There are also tradeoffs when considering beam thickness. As discussed above,
beam thickness varies along the central axis of an ultrasound beam and is a product
of crystal thickness and frequency. This assumes the use of a simple, single, non-
focused crystal. However, there are a variety of mechanical and electronic methods
available to selectively narrow the ultrasound beam. These methods are called
FOCUSING. A focus can be defined as the central point of, or, the clear and sharply
defined condition of, an image. Beam focusing refers to the narrowing of the sound
beam along its central axis. A good example is comparing a sharp pencil to dull one.
A sharp pencil can yield thin, crisp, fine lines (good resolution) whereas an extremely
dull pencil produces thick, smudged lines (poor resolution). Focusing allows us to
“sharpen” the ultrasound beam and increase the resolving capabilities of our 
instrument.

Focused Beams
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MECHANICAL FOCUSING
In the days of the static B-scanner, the process of focusing the sound beam was

fairly simple. There were three ways to achieve this: first, the crystal itself could be
made or ground into a curved shape. This was referred to as INTERNAL
FOCUSING. Second, a curved lens could be attached to the face of the transducer.
This was called EXTERNAL FOCUSING. And finally, a curved mirror could be
placed in front of the crystal to provide an alternative method of external focusing.
These mechanical methods of focusing served to point Huygens wavelets toward the
desired focal point of the beam. Again, these methods were only seen in static B-
scan transducers, although some types of early real time probes utilized mechanical
focusing techniques.

ELECTRONIC FOCUSING is a more sophisticated technique used to increase
resolving capabilities of contemporary real-time ultrasound scanners. There are
many methods of achieving this type of focusing, but essentially they are all based on
ingenious uses of timing circuits and clocks, and alternative sequences of firing
multiple crystal elements found in phased-array real-time transducer assemblies.
More specific techniques are discussed in Chapter 6: Imaging System Components

The FOCAL LENGTH is the distance from the transducer face to the center of the
focal zone. Again, in single crystal transducers, this distance is fixed by the manu-
facturer. In clinical practice, to alter the focal zone, the sonographer had to physically
change the transducer.

Schlieren photograph of an actual
non-focused ultrasound beam.

(Note side lobes)

Schlieren photograph of an ultrasound
beam mechanically focused using a

lens.
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Resolution

Webster defines resolution as "the act or process of resolving or separating into
residual or elementary parts." In medical imaging systems, such as ultrasound, CT,
MRI, or standard radiography, resolution is the ability to distinguish between two
separate structures and to display them as such on the image. All sonographic
images are the compilation of thousands of individual reflections, or echoes, which
are received, processed and displayed on a video screen. In discussing sonographic
imaging resolution, then, we must further include the ability to distinguish between
individual point reflectors on an image. On an imaging screen, the information
contained in each small picture element (pixel) represents a reflection off part of the
incident sound beam that is traveling through human soft tissue. Consistent with
ultrasound physics, then, the echo information in each of these pixels represents the
presence of an interface between tissues of different acoustic impedances.

The ability to distinguish between two point reflectors in a sonographic image may
be along the long axis of the beam (AXIAL RESOLUTION) or perpendicular or lateral
to the long axis (LATERAL RESOLUTION). Both are discussed in detail below.

Axial resolution is one of the major parameters affecting diagnostic image quality
in medical sonography. It can be defined as the ability to distinguish closely related
reflecting structures that lie along the central axis of the ultrasound beam. In almost
every sonographic imaging system available on the market today, axial resolution is
less than 1 mm. This means that interfaces (or borders of anatomical structures) that
measure less than 1mm apart can be displayed as individual reflectors on the screen.
In other words, these structures can be resolved.

Several factors contribute to the axial resolving capabilities of an ultrasonic
imaging system. These include the nature of the instrument's pulsing and receiving
circuits; signal processing; and transducer characteristics. The transducer
parameters that influence axial resolution are: damping (which controls spatial
pulse length); and frequency (which determines wavelength). Using the sharp vs.
the dull pencil analogy, high-frequency beams have very short, sharp wavelengths
and a short SPL; lower-frequency beams of the same duration have longer, dull
wavelengths and longer SPL. Axial resolution is also known by a few other names
which are easily remembered by the acronym LARD resolution:

LARD RESOLUTION: Longitudinal
Axial
Radial, Range
Depth

Axial Resolution
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Spatial pulse length represents the actual physical space occupied by a burst of
ultrasound. It is defined mathematically as the product of the wavelength and the
number of wave cycles in a given pulse. (SPL = c) Pulses that contain more cycles
or have waves that are longer will have a greater spatial pulse length. Therefore, the
fewer cycles in each pulse the shorter the SPL. Short pulses, like sharp pencils, are
small enough to “get in-between” closely spaced reflectors, producing distinct echoes
from each surface. In designing ultrasound imaging systems, a desirable goal is to
limit the SPL to the smallest length possible. In addition to limiting the number of
cycles in each pulse, damping the transducer will help achieve this goal by
eliminating spurious and unwanted ringing.

Another approach to defining pulse characteristics that contribute to axial
resolution is to measure the pulse in terms of time. PULSE DURATION is an
alternative way of describing the relationship between the physical dimensions of the
sound beam and the resultant axial resolution. Instead of measuring the physical
length of a pulse, pulse duration measures the amount of time required for a single
pulse to occur from beginning to end. It is the product of the number of cycles (Nc)
and the period of each wave (T). Pulses containing more cycles will take longer to
occur, as will pulses containing longer individual cycles. Since time and distance are
related in ultrasound imaging, greater pulse duration produces greater pulse length,
resulting in decreased axial resolution. (Recall the formula: PD = Nc * T p.50)

FREQUENCY
Both spatial pulse length and pulse duration are indirect products of transducer

resonant frequency. To the extent that frequency determines wavelength, it also
determines axial resolution.

The above image represents axial resolution as a product of SPL, or pulse
duration. In the example on the left, two separate and distinct reflections occur
because the pulse has completely passed the first interface (I1) before encountering
the second interface (I2). On an image, those reflectors will be resolved. In the
example on the right, there is no discriminating between the two interfaces, because

I1

I2

Spatial Pulse Length (SPL)

Echo

Echo
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multiple echo energies are returned throughout the duration of the pulse. In this
instance, the reflectors are not resolved. Using a higher frequency transducer will
solve this problem.

FORMULA: Axial resolution = SPL / 2

EXAMPLE: Calculate the axial resolution of a 3.5 MHz transducer with a
ringdown of 4 cycles.

1. Calculate wavelength of a 3.5 MHz transducer.
= V/F

= 1,540 m/s 3,500,000 Hz or c/s
= 0.00044m x 1,000 mm/s
= .44mm

2. Calculate SPL.
SPL = c

= .44 mm x 4 cycles
= 1.76 mm

3. Calculate axial resolution using the above formula.
AR = SPL / 2

= 1.76 / 2
= .88 mm

In this example, a distance greater than .88 mm must separate two reflectors if
they are to be displayed as separate structures on the image.

Lateral resolution is the ability to distinguish between reflectors situated at right
angles (perpendicular) to the central beam. In some ways, lateral resolution is even
more important than axial resolution in determining the quality of an ultrasound
image. Beamwidth is the parameter that is the major determinant of lateral resol-
ution. As beamwidth increases, lateral resolution and image detail deteriorate. The
transducer parameters that affect beam width are: ceramic geometry; frequency;
focusing; and distance of the structures from the transducer. Lateral resolution
is also known by other names that can easily be remembered by the acronym LATA
resolution.

LATA RESOLUTION: Lateral
Angular
Transverse
Azimuthal

Lateral Resolution
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BEAMWIDTH
Lateral resolution is approximately equal to the effective beamwidth, and

consequently it depends not only on transducer element size but also on the focusing
ability of the transducer. For real-time array transducers that can be electronically
focused this is less important. The lateral resolution of a focused transducer array
becomes more dependent on the engineering design of the probe. In such cases,
lateral resolution is defined only at the focus of the transducer. Lateral resolution will
be degraded outside of the focal plane.

FREQUENCY
Frequency also affects beamwidth in single-element, unfocused transducers.

High-frequency beams are less divergent. While frequency does play a minor role in
lateral resolution, it is primarily associated with axial resolution. The higher the
frequency, the better the lateral resolution for a greater range in tissue, although the
impact is not as great as it is on axial resolution.

COMPUTING LATERAL RESOLUTION
Lateral resolution is equal to beamwidth. If the separation between objects in the

same plane is greater than the beamwidth, they will be resolved. Because the
beamwidth varies with distance from the transducer, so will the lateral resolution.
The best lateral resolution occurs at the focal point of the beam because of the
thinness of the slice.

Usually axial resolution is better than lateral resolution, although the two may be
comparable in the focal plane. Actual clinical resolution is never quite as good as
theoretical resolution because of design constraints on the transducer and
electronics. In practice, 1 mm axial resolution and 2 mm lateral resolution is
considered good.

FOCUSING
Focusing a beam is a means of regulating its width. This allows a transducer to

be optimized for a particular application. Using the mechanical or electronic methods
of focusing discussed earlier, the beam is narrowed to permit increased resolution.

Objects perpendicular
to beam resolved

Objects perpendicular
to beam NOT resolved
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Exercises

1. What effect will heating a transducer crystal to the Curie point have on its function?

2. A common type of synthetic piezoelectric material used in ultrasound transducers
is________.

3. The transducer component that serves to limit the spatial pulse length by stopping
the
ringing of the crystal is the ________.

4. Explain multiple matching layers and their function.

5. The transducer component that removes residual electrical charges from the
crystal is the ________.

6. Explain the difference between isotropic and anisotropic crystals as it relates to
the piezoelectric effect.

1. Calculate the near zone length of a 5 MHz, 8 mm transducer.

2. Calculate the resonant frequency of a 2 mm, PZT-3 crystal.
Propagation speed in PZT-3 = 3 mm/sec.

3. Calculate the resonant frequency of a .5 mm, PZT-5 crystal.
Propagation speed in PZT- 5 = 5 mm/sec.

4. Calculate the Q-factor for a 2.5 MHz transducer with a bandwidth of 1.25 MHz.

5. Find the axial resolution of a 7.5 MHz transducer that produces individual pulses
containing 2 cycles each.

9. Beam Geometry

8. Transducers
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