


Figure 115.14 The Guidant/CPI Ventak Mini IV ICD with the Endotak lead system attached (a single-pass lead). The
Mini IV is a single chamber defibrillator. (Courtesy of Guidant/CPI, St. Paul, MN.)

of the amount of energy needed to reliably terminate fibrillation (defibrillate). Due to significant advances in
the size and energy efficiency of ICD systems, it is now possible to implant the ICD pectorally and insert

specially developed electrode leads into the heart intravenously without the need for a thoracotomy. This ensures

greater patient comfort and significantly reduces the risk associated with surgery. There are several different

lead configurations available, depending on the manufacturer, each with its own advantages. All of these systems

place one electrode in the right ventricular apex, while the position of the return electrode varies between

systems. Figure 115.15 shows a typical system layout in the body. The entire surgery can be performed through

a single incision, using only local anesthetics and heavy sedation, and is similar to that of the pacemaker. Lead

positioning is critical to obtaining low DFTs [Lang et al., 1995; Usui et al., 1995]. Once the lead(s) are in place,

the ICD is tested by inducing fibrillation by artificial means and then giving a shock of known energy to halt

the arrhythmia. The DFT can be determined by a number of different methods, such as by decreasing the

energy of each successive shock until the defibrillation attempt is unsuccessful. The DFT must be well below
the maximum output energy of the device before a successful implant is declared; a 10-joule safety margin is

typically used [Moss et al., 1996]. If an adequate safety margin cannot be obtained through optimal electrode

placement, additional electrodes may be required in order to obtain an acceptable DFT. In extreme cases, a

thoracotomy may still be required. It is also necessary to thoroughly test the pacing/sensing characteristics as

with pacemakers.
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Figure 115.15 Placement of an ICD in the body and a single-pass lead system in the heart. The right ventricular (RV) and
the superior vena cava (SVC) electrodes serve as the defibrillation electrodes, and there are pace/sense electrodes at the tip
of the lead in the right ventricle.

Design

An ICD system consists of three main components: the programmer, the leads, and the pulse generator. The
programmer provides a link to the ICD after it has been implanted and is similar to the pacemaker programmer.
The leads deliver the energy from the ICD to the heart for defibrillation, as well as provide for pacing and
sensing capabilities. The ICD pulse generator is an ever-evolving technology capable of delivering sophisticated
cardiac rhythm management to the patient and diagnostics to the physician. As technology advances, ICDs will
become smaller, more reliable, and more versatile.

Leads

The leads provide the means by which to deliver the energy of the defibrillation shock from the pulse generator
to the heart, as well as pacing and sensing capabilities. They are insulated with either medical-grade silicone
rubber or polyurethane, except at the electrodes. A major disadvantage of these leads is that they deliver current
in a largely nonuniform manner as compared to the older patch electrodes, which results in higher energy
requirements for defibrillation. Fortunately, advances in battery, capacitor, circuit, and waveform technology
have compensated for this greater energy requirement while still allowing the ICDs to become smaller. Because
electrode position is important, many different electrode shocking configurations have been attempted. One
of the most popular is to place one electrode in the right ventricle (RV) and the return electrode in the superior
vena cava (SVC). In addition to defibrillation electrodes, there must be pacing and sensing electrodes as well.
Currently, three major configurations exist to accommodate these requirements. The first, known as the single
pass lead, integrates two defibrillation coil electrodes (RV, SVC) and ventricular pace/sense electrodes onto a
single lead. The second configuration consists of one lead, which contains the RV defibrillation electrode and
the ventricular pace/sense electrodes, and a second lead, which contains the return defibrillation electrode. The
third configuration consists of one lead containing both defibrillation electrodes and a separate lead containing
the ventricular sense/pace electrodes. Some systems use the titanium housing of the ICD as an additional return
electrode in the “active can” configuration in an attempt to distribute the current more evenly throughout the
ventricles. Also, the most modern ICD systems utilize atrial pace/sense electrodes in addition to ventricular
electrodes to achieve dual-chamber pacing and sensing capabilities. Another requirement of the defibrillation
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lead is that it have very low impedance due to the large defibrillation currents, but can still withstand repeated
flexing due to millions of heartbeats. This is achieved using a combination of high-strength, low-impedance
metals. The pace/sense electrodes are similar in design to those used by pacemakers. The leads are fixed in place
by either a screw-in mechanism or flexible tines.

Pulse Generator

The pulse generator is the core of the ICD system. It consists of the batteries, capacitors, and accompanying
electronics enclosed in a hermetically sealed titanium can. The can may be used as a return electrode. A header,
typically made of epoxy, is attached to the can and provides the link from the electronics to the leads via silicone-
sealed ceramic feedthroughs. The size of the pulse generator has steadily declined since the introduction of the
ICD and is currently around 40 cc. Significant efforts are underway to further reduce the size of the pulse
generator in order to increase patient comfort. As research in defibrillation progresses, more efficient defibril-
lation strategies will no doubt be developed and allow the size to be decreased further. Currently, the major
barriers to size reduction are the battery and capacitor size required to create waveforms capable of ventricular
defibrillation. In addition, designing the electronics for a system that can measure cardiac signals on the order
of 100 pV and produce high-energy waveforms on the order of 750 V and 40 A, all within the same small space,
presents a significant engineering challenge. A problem associated with this includes high-voltage arcing among
internal components. To prevent this, nitrogen gas is sealed inside the can because of its high breakdown voltage
barrier.

Figure 115.16 shows a block diagram of the key components of a typical ICD pulse generator. The brain of
the ICD is the microprocessor. Most ICD manufacturers use industry-standard microprocessors, such as the
7380, 6502, or 8852, to control the ICD [Warren et al., 1996]. In order to conserve energy, it is desirable to put
the microprocessor into a sleep mode as often as possible and to wake it only when necessary, such as when
an arrhythmia is suspected. To accomplish this, many of the monitoring and pacing functions are implemented
using analog and digital circuits. Modern ICD designs have reduced the size of the circuitry to a small number
of integrated circuits on a hybrid chip [Warren et al., 1996].
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Figure 115.16 Block diagram of typical ICD components.
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Memory is required to store the program and individual patient parameters for the operation of the ICD.
Startup code and some of the main program is often stored in ROM, while the remaining program, parameters,
patient diagnostics (e.g., electrograms), and event markers are stored in RAM. Clinicians and investigators are
increasingly interested in diagnostics obtained from the ICD, which warrants future memory increases.

Additional circuitry includes support for the microprocessor, timers, the telemetry interface, low-voltage
power supplies, the high-voltage system, the pacing control, the defibrillation control, and isolation and external
protection circuits. The telemetry interface is the link to the external programmer and consists of a coil, which
serves as the antenna, support circuitry, and a magnetic reed activator switch. The low-voltage supplies power
the analog and digital circuitry as well as the pacing pulses. The defibrillation control determines when
defibrillation is necessary and controls the process of defibrillation. The high-voltage system is used to generate
the defibrillation shocks and consists of high-current batteries, capacitors, a fly-back transformer, and output
switching circuits. The pacing control includes the circuitry to deliver pacing pulses, to interpret the signals
from the sense amplifiers, and timers that monitor the current heart rate and wake the microprocessor if
necessary. The isolation and protection circuits provide protection against external defibrillation attempts and
external noise.

Amplifier

The purpose of the amplifier sense system is to reliably detect the rate of electrical activity on the heart so that
the ICD can determine if there is a need for intervention. The amplifier must be immune to noise and be able
to quickly respond to a large range of heart rates (30 to 360 b.p.m.) [Warren et al., 1996]. In order to obtain an
accurate heart rate, it is desirable to digitally count R waves, while rejecting all other electrical activity and noise.
Since the R wave is much larger in amplitude than the other waves in the electrogram, a simple method to detect
them would be to use a comparator with a set threshold. Unfortunately, the amplitude of R waves is not constant;
therefore, a simple comparator circuit is not reliable. For example, during tachycardias and fibrillation, the
amplitude of the signals decreases significantly. One technique commonly used to solve this is to use a dynamically
adjusting comparator threshold, in which the threshold level exponentially decreases over time until the next
R wave is detected, at which time, the threshold level is reset [Brumwell et al., 1996]. This ensures that low-
amplitude signals will be detected. Another technique is to use an automatic gain control to slowly increase the
gain between detected R waves, while keeping the threshold constant [Brumwell et al., 1996]. To avoid double
counting caused by undesired T-wave detection, there is, typically, a brief period of time after each detected
R wave during which sensed signals are ignored. Detection schemes are often implemented with carefully
designed analog chips, known as Application Specific Integrated Circuits (ASICs), in order to keep the current
drain on the order of 10 HA [Warren et al., 1996]. An advantage of these chips is that they provide near-perfect
component matching, which is critical in engineering predictable gain control and frequency response.

Battery

The design for an ICD battery has many stringent requirements and presents a unique challenge to the engineer.
While the pacemaker battery is optimized for high energy density, a defibrillator battery must sacrifice some
energy density for high current capability. An average defibrillator battery must be able to supply a steady
background current of 10 to 20 PA for at least 5 years for monitoring and pacing functions, as well as, provide
around 200, 2-A pulses for 10 to 15 seconds each in order to charge the capacitors for multiple defibrillation
shocks [Holmes, 1996]. All of these criteria must be met while minimizing the size of the battery and maximizing
its safety and reliability. In addition, it is necessary to be able to reliably predict the end of life of the battery.
Nearly all modern ICDs use lithium silver vanadium oxide battery technology to accomplish these requirements
[Liang et al., 1982]. Lithium pressed into a nickel current collector serves as the anode, and silver vanadium
oxide serves as the active cathode. The electrolyte is generally a lithium salt dissolved in a mixed organic solvent.
This produces approximately 3.2 V, but two cells are often connected in series to give around 6 V. Some newer
systems are using single battery technology. A large electrode surface area and low internal impedance are
required to achieve the high current pulses [Holmes, 1996]. This is accomplished by folding the anode in an
accordion-like fashion and placing cathode plates in the folds. A disadvantage of this battery is that it exhibits
a phenomenon in its mid-life known as voltage delay, in which the voltage goes low in the first second or two
during a charging pulse. This can cause a prolongation of the capacitor charging time, which can be dangerous
to the patient. It is due to an initial high resistance caused by a chemical buildup on the cathode in the cell
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and can be alleviated by periodic pulsing of the batteries into the capacitors and internally dumping the charge.
This shortens the life of the battery slightly but is not a total waste because the capacitors need this type of
reforming as well. Several methods can be used to predict the end of life of a battery. Common indicators are
the battery’s open-circuit voltage, voltage during charging, and the time it takes to charge the capacitor [Holmes,
1996]. Future advancements in battery technology are critical in reducing defibrillator size and increasing
longevity.

Charging Circuit

In order for a defibrillation shock to occur, it is necessary to convert the 6 V from the battery to an output
voltage of up to 750 V to be stored across a capacitor. This is generally done with a dc/dc converter, or inverter.
Unique design considerations include the large size of the conversion, a demand for high efficiency, and a
minimized transformer and circuit size. The circuit includes the battery and a low-voltage, high-current switch
at the input, a fly-back transformer, and a rectifying diode and storage capacitor at the output. A controlling
oscillator typically operates the switch between 30 and 60 kHz for high efficiency [Warren et al., 1996]. This
creates a simulated ac current, which is converted by the transformer to the higher voltage. The current in the
input stage is, typically, around 2 A. The rectifier diode prevents current from flowing back into the secondary
winding of the transformer. The voltage on the capacitor increases as a function of the square root of the time
that the oscillator is on and typically reaches full capacity in 10 to 15 seconds [Warren et al., 1996]. It is possible
for the transformer to be small because of the high-speed switching. In addition, the diameter of the core and
the wire windings in the fly-back transformer can be small because the converter is only used intermittently
to charge the capacitor, which allows for ease of heat dissipation compared to continuous conversion [Bach
and Monroe, 1996]. There is a trade-off between the size of the converter and the efficiency. The high clock
rates allow the transformer to be small, but also introduce losses in energy due to hysteresis in the coils. A
typical ICD charging circuit achieves about 75% efficiency [Bach and Monroe, 1996]. This plays a major role
in the charging time and, therefore, the delay before shocking therapy can be delivered.

Capacitor

The function of the capacitor is to store the energy generated from the high-voltage charging circuitry and to
deliver that energy on demand to the heart over a few milliseconds. The commercially available aluminum
electrolytic photoflash capacitor is currently used in the ICD. This is because of its high energy density of
1.7 J/cm?® made possible due to special etching techniques that maximize surface area in the aluminum foil.
Because the capacitors are commercially available and are not custom-designed for defibrillators, there are
several shortcomings that ICD manufacturers must deal with. Since the highest energy density aluminum
electrolytic capacitors are designed to operate at around 375 V, two of these capacitors must be used in series
to attain the necessary 750 V used in most designs; therefore, the capacitors play a major role in determining
the size of the defibrillator. Their geometry is not ideal for efficient packaging. The round shape results in
wasted space in the ICD. Perhaps the greatest shortcoming is the requirement that the capacitor be reformed
after periods of no use to ensure there is no leakage current during charging. This involves automatic application
of the rated voltage to the capacitor for a few minutes every few weeks in order to repair damage that has
occurred due to aging. The latest generation capacitors have minimized the need for reforming. As mentioned
before, because the battery requires reforming as well, the energy is not completely wasted. Current research
in capacitors is centered on reducing the size by increasing the energy density and eliminating the need for
reforming.

Waveform and Output Switching

Optimizing the defibrillation waveform has been the subject of much investigation. Because a capacitor is used
to deliver the energy, the waveform is some form of a decaying exponential. Still, there are many parameters
that can be varied when creating a waveform, such as the pulse width, amplitude, decay, and the polarity and
number of phases. In the past, monophasic, truncated, exponential waveforms were common. More recently,
biphasic waveforms, in which the direction of current is reversed at some point during the waveform by
switching the electrode polarity, have become more popular. This is due to the work of Schuder and others,
who have shown that biphasic waveforms defibrillate with less energy than monophasic waveforms [Schuder
et al., 1984; Feeser et al., 1990].
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Output switching circuitry is needed in order to time and create these waveforms. Since the load impedance
of the defibrillation system ranges from 20 to 70 €, it is possible to have peak currents of 40 A in the output
circuit. There is, therefore, a need for high-power electronic switches to carry the current, such as Silicon
Controlled Rectifiers (SCRs), Metal Oxide Semiconductor Field Effect Transistors (MOSFETSs), and Insulated
Gate Bipolar Transistors (IGBTs). In addition, these switches must be mounted so that there are very low
junctional resistances to minimize power loss. MOSFETs and IGBTs are often used in bridge circuits to facilitate
switching of biphasic waveforms. SCRs were used mostly in generating monophasic waveforms, but are still
used in some biphasic waveform circuits. Because these types of switches require around 15V for the control,
it is necessary to use a low-power dc/dc converter to boost the 6 V from the battery. Timing of the switching
is either controlled by timing circuitry, or by voltage monitoring circuitry that causes a polarity reversal to
occur when the voltage falls to a certain threshold.

Future

In the future, ICDs will continue to evolve into increasingly sophisticated cardiac rhythm management devices.
The ICD is no longer simply a safeguard against ventricular fibrillation; it is, moreover, being called to better
manage bradycardias and tachycardias, and may eventually be used to predict and prevent arrhythmias from
ever occurring. Management of atrial arrhythmias is also an important emerging frontier. To facilitate these
and other demands, a number of advancements are currently being explored [Morris et al., 1999]. New lead
systems will be smaller, more reliable, and better designed to manage atrial arrhythmias. Additional sensors
may be incorporated, such as pressure transducers to measure hemodynamic stability. More complex rhythm
discrimination algorithms will be developed to ensure that appropriate therapy is given at the appropriate time.
Advances in electronics, battery, and capacitor technology will allow the ICD to continue to shrink in size.
Diagnostic capabilities will be expanded due to increases in memory, and efforts will be made to dramatically
decrease the complexity of programming the ICD. Finally, basic research will produce important advances in
arrhythmia management, the significance of which cannot yet be imagined.

Defining Terms

Arrhythmia: A general term referring to a disorder in the electrical system of the heart.

Atria: The upper two chambers in the heart that act as primer pumps for the ventricles.

AV synchrony: The timing that must be maintained between the atria and the ventricles in order to pump
blood efficiently.

Bradyarrhythmia: A class of arrhythmia that results in an abnormally slow heart rate.

Cardioversion: Termination of a tachyarrythmia, other than ventricular fibrillation, by a low-energy electrical
shock.

Defibrillation: Termination of fibrillation by an electrical shock.

Fibrillation: A type of tachyarrhythmia characterized by a disorganized rhythm that can occur in either the
atria or the ventricles and completely compromises their ability to pump blood.

Sinus node: Specialized cells in the top of the right atrium, which act as the heart’s natural pacemaker.

Tachyarrhythmia: A class of arrhythmia that results in an abnormally fast heart rate.

Ventricles: The lower two chambers of the heart, which are responsible for pumping the blood to the body.
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116.1 Tomography
M. D. Fox

The term tomography derives from the Greek fomos (cutting) and grapho (to write). Originally the term was
applied to sectional radiography achieved by a synchronous motion of the x-ray source and detector in order
to blur undesired data while creating a sharp image of the selected plane. The term fomography was used to
distinguish between such slices and the more conventional plain film radiograph, which represents a two-

dimensional shadowgraphic superposition of all x-ray absorbing structures within a volumetric body.

Computerized tomography, also known as computerized axial tomography, was introduced by EMI, Ltd.
in 1973 and transformed medical imaging by obviating the superposition of intervening structures present in
conventional radiographic images. Initially, the clinical application was for imaging the head, but soon the
technique found wide application in body imaging.

As medical imaging has evolved into a multimodality field, the meaning of tomography has broadened to
include any images of thin cross-sectional slices, regardless of the modality utilized to produce them. Thus,
tomographic images can be generated by magnetic resonance imaging (MRI), ultrasound (US), computerized
tomography (CT), or such nuclear medicine techniques as positron emission tomography (PET) or single
photon emission computerized tomography (SPECT). For the purposes of this discussion we will cover all of
the foregoing modalities with the exception of ultrasound, which will be treated separately.

Since the power of such computerized techniques was recognized, the practice of radiology has been revo-
lutionized by making possible much more precise diagnosis of a wide range of conditions. In this necessarily
brief discussion we will describe the basic physical principles of the major tomographic modalities as well as
their key clinical applications.

Computerized Tomography

The basic concept of computerized tomography can be described by consideration of Fig. 116.1. An x-ray source
is passed through an aperture to produce a fan-shaped beam that passes through the body of interest with
absorption along approximately parallel lines. The natural logarithm of the detected intensity will be the integral
of the linear attenuation coefficient of the object along the ray directed from the source to the detector element.
If the source and the detector array are synchronously rotated about a point within the object, a number of
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NUCLEAR INDUCTION
APPARATUS & DISPLAY

APPARATUS AND METHOD FOR
DEeTECTING CANCER IN TISSUE

Raymond V. Damadian
Patented February 5, 1974
#3,789,832

Excerpts from Raymond Damadian’s patent application:

...It has now been found that, by measuring the degree of organization of these selected molecules in cells
being studied and comparing this with the degree of organization in a known cancerous cell, cancer cells can
be detected. Furthermore, it has now been found that the less the organization the greater the malignancy,
therefore a scale can be made to provide a standard for basing a decision on the degree of malignancy...

...Eurther apparatus is provided for scanning throughout the entire body during which time the relaxation
times are measured for selected nuclei and compared with standards. In this way a determination can be
made of the existence of cancer together with the location and degree of malignancy of the cancerous cells
present....

This patent describes a device that uses very powerful magnetic fields to resonate the nuclei in cells
in a body. Collapsing the field and measuring the relaxation times gave a comparison to healthy cells.
Later advances in digital signal processing have resulted in magnetic resonance imaging (MRI) equipment
with color-coded image viewing of living tissue and its chemical composition. (Copyright © 1995, DewRay
Products, Inc. Used with permission.)

lines of data can be collected, each representing the projected density of the object as a function of lateral
position and angle.

A number of mathematical techniques can and have been used to recover the two-dimensional distribution
of the linear attenuation coefficient from this array of measurements. These include iterative solution of a set
of simultaneous linear equations, Fourier transform approaches, and techniques utilizing back-projection
followed by deconvolution [Macovski, 1983]. Conceptually, the Fourier transform approach is perhaps the most
straightforward, so we will describe it in some detail.
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FIGURE 116.1 Comparison of three photon-based tomographic imaging modalities.

Using the coordinate system of Fig. 116.1(A) and assuming parallel rays, the intensity picked up by the
detector array can be expressed as

I(y) = I, exp[-fa(x,y)dx]

where a(x,y) represents the linear attenuation coefficient to x-ray photons within the body as a function of x,y
position, and I; is the source intensity. Rearranging, we see that

o

a,(y) = ja(x, y)dx = In[I,(y)/1,]

—oo

where a,(y) is the projected attenuation function. Taking a one-dimensional Fourier transform of this projected

density function we see that

F[ap(y)] = Ap(fy) = '[ J.a(x’y)dxe—jzm’yydy

—o0 —oo

where A,(f,) is the Fourier transform of a single line of detected data. But this can also be written
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—oo

Thus, the one-dimensional Fourier transform of the projection of the linear attenuation function, a,(y), is equal
to the two-dimensional Fourier transform of the original attenuation function evaluated along a line in the
frequency domain (in this case the f,= 0 line).

It can readily be demonstrated that if we rotate a function a(x,y) through an angle ¢ in the x,y plane, its
transform will be similarly rotated through an angle ¢ [Castleman, 1979]. Thus as we rotate the source and
detector around the object, each projected density function detected a,(p,9;) can be Fourier transformed to
provide one radial line of the two-dimensional Fourier transform of the desired reconstructed image, A(p,0,),
where p is a radial spatial frequency. The set of all A(p,d;) for small angular displacements ¢, form a set of
spokes in the transform domain which can be interpolated to estimate A(f,, ) the two-dimensional Fourier
transform of the image in rectangular coordinates. The image can then be recovered by inverse transformation
of A(f,.f,), which can readily be carried out digitally using fast Fourier transform algorithms, i.e,

a(xy) = F'[A(fof,)]

While the Fourier transform approach is mathematically straightforward, many commercial scanners utilize
the equivalent but more easily implemented back-projection/deconvolution approach, where each ray is traced
back along its propagation axis. When all rays have been back-projected and the result summed, one obtains
an approximate (blurred) image of that plane. This image can then be sharpened (deblurred) through the use
of an appropriate filter, which is usually implemented by convolving with an appropriate two-dimensional
deblurring function. Refer to Macovski [1983] for the details of this process.

Clinically, the impact of computerized tomography was dramatic due to the vastly increased density resolu-
tion, coupled with the elimination of the superposition of overlying structures, allowing enhanced differenti-
ation of tissues with similar x-ray transmittance, such as blood, muscle, and organ parenchyma. CT scans of
the head are useful for evaluation of head injury and detection of tumor, stroke, or infection. In the body, CT
is also excellent in detecting and characterizing focal lesions, such as tumors and abscesses, and for the evaluation
of the skeletal system. [Axel et al., 1983]. In recent years the advent of magnetic resonance systems has provided
even greater soft tissue contrast, and thus the role of CT has been constrained by this at times competing
modality.

Positron Emission Tomography

Unlike computerized tomography, which relies on photons produced by an external source, in the modalities
of positron emission tomography (PET) and single photon emission computed tomography (SPECT), the
source of radiation is a radioisotope that is distributed within the body, and thus these modalities are sometimes
referred to as forms of emission computed tomography (ECT). While conventional CT can produce images
based upon anatomy of organs, emission CT techniques can quantitate the distribution of tracer materials that
can potentially elucidate physiologic function.

The positron or positive electron is a positively charged particle that can be emitted from the nucleus of a
radionuclide. The positron travels at most a few millimeters before being annihilated by interaction with a
negative electron from the surrounding tissue. The product of this event is the emission of 511-keV gamma
ray photons which travel in almost exactly opposite directions. The detectors themselves can be either discrete
detectors or a modified Anger camera like those used in conventional nuclear imaging. A coincidence detector
is employed to limit recorded outputs to cases in which events are detected simultaneously in both detector
arrays, thus reducing the pickup of noise or scattering.

A possible detection scheme is illustrated in Fig. 116.1(B). The detector arrays shown can be made energy
selective to eliminate lower energy scattered gamma rays. While the distribution of radioactivity can be recon-
structed using the reconstruction from projection techniques described in the section on CT [Hurculak, 1987],
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the x,y source position of an event can be determined directly from the detection geometry as follows [Macovski,
1983]:

x = x; dpl(dg + dp) + xx d;/(dp + d))
y=y d/(dg + dp) + yp d/(dg + dp)

Typically a single plane is studied, and no collimators are required. A drawback of PET has been that because
of the short half-lives of positron-producing radioisotopes, the use of this modality has required the presence
of an expensive cyclotron facility located near the hospital.

One important radionuclide commonly used in PET is oxygen 15 with a half-life of 2.07 minutes, which can
be bonded to water for measurement of cerebral blood flow or to O,/CO, to assess cerebral oxygen utilization.
Another is carbon 11 with a half-life of 20.4 minutes, which can be bonded to glucose to trace glucose utilization.
F-18 fluorodeoxyglucose (FDG) has been used to demonstrate the degree of malignancy of primary brain
tumors, to distinguish necrosis from tumor, and to predict outcome [Coleman, 1991]. Perhaps the most unusual
feature of this modality is the ability to quantitate the regional metabolism of the human heart [Schelbert, 1990].

Single Photon Emission Computed Tomography

In contrast to PET, SPECT can be utilized with any radioisotope that emits gamma rays, including such common
radioisotopes as Tc-99m, 1-125, and I-131 which have been utilized in conventional nuclear imaging for the
last 30-35 years and which due to their relatively long half-lives are available at reasonable cost at nearly every
modern hospital. Due to the need for direction sensitivity of the detector, a collimator must be used to eliminate
gamma rays from other than the prescribed direction, thus resulting in a 1-2 order of magnitude decrease in
quantum efficiency as compared with PET scanning [Knoll, 1983].

The basic concept of SPECT is illustrated in Fig. 116.1(C). A gamma ray photon from a radionuclide with
energy above 100 keV will typically escape from the body without further interaction, and thus the body can
be regarded as a transparent object with luminosity proportional to the concentration of the radionuclide at
each point. The reconstruction mathematics are similar to those derived for absorption CT, with the exception
that the variable reconstructed is a source distribution rather than an attenuation coefficient. Some errors can
be introduced in the reconstruction because of the inevitable interaction of gamma rays with overlying tissue,
even at energies above 100 keV, although this can be compensated for to some extent. Detection of scattered
radiation can be reduced through the use of an energy acceptance window in the detector.

Technetium 99m can be used to tag red blood cells for blood pool measurements, human serum albumin
for blood pool and protein distribution, or monoclonal antibodies for potential detection of individual tumors
or blood cells. Emission computed tomography techniques such as PET and SPECT follow the recent trend
toward imaging techniques that image physiologic processes as opposed to anatomic imaging of organ systems.
The relatively low cost of SPECT systems has led to a recent resurgence of interest in this modality.

Magnetic Resonance Imaging z

The basic magnetic resonance concept has been used as a tool in

chemistry and physics since its discovery by Bloch in 1946, but its use ™M
expanded tremendously in the 1980s with the development of means

to represent magnetic resonance signals in the form of tomographic

images. Magnetic resonance imaging is based on the magnetic prop-

erties of atomic nuclei with odd numbers of protons or neutrons,

which exhibit magnetic properties because of their spin. The predom-

inant source of magnetic resonance signals in the human body is

hydrogen nuclei or protons. In the presence of an external magnetic X

field, these hydrogen nuclei align along the axis of the field and can  FIGURE116.2 Geometry of precessing
precess or wobble around that field direction at a definite frequency  proton in a static magnetic field oriented
known as the Larmour frequency. This can be expressed: in the z direction.
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FIGURE 116.3 Concept of magnetic resonance imaging. The static magnetic field H, has a gradient such that excitation
at frequency f; excites only the plane P. Gradient G, in the y direction is applied for time ?,, causing a phase shift along the
y direction. Gradient G, in the x direction is applied for time f,, causing a frequency shift along the x direction. Repetition
of this process for different ¢,; allows the receive coil to pick up a signal which is the two-dimensional Fourier transform of

the magnetic resonance effect within the slice.

fo=7vH

where f; is the Larmour frequency, y is the gyromagnetic ratio which is a property of the atomic element, and
H is the magnitude of the external magnetic field. For example, given a gyromagnetic ratio of 42.7 MHz/tesla
for hydrogen and a field strength of 1 tesla (10 kilogauss), the Larmour frequency would be 42.7 MHz, which
falls into the radio frequency range.

The magnetic resonance effect occurs when nuclei in a static magnetic field H are excited by a rotating
magnetic field H, in the x,y plane, resulting in a total vector field M given by

M= Hz+ H|(x cos ®, t +y sin )

Upon cessation of excitation, the magnetic field decays back to its original alignment with the static field H,
emitting electromagnetic radiation at the Larmour frequency, which can be detected by the same coil that
produced the excitation [Macovski, 1983].

Imaging

As shown in Fig. 116.3, one method for imaging utilizes a transmit/receive coil to emit a magnetic field at
frequency f, which is the Larmour frequency of plane P. Subsequently, magnetic gradients are applied in the y
and x directions. The detected signal during the data collection window can be expressed as

S, t,;) = J J.s(x, y) exp[-iy(Gxt, + G, yt,)] dx dy

—o0 —oo

where s(x,y) represents the magnetic resonance signal at position (x,y) (G,,G,) are the x and y gradients, ¢, is
time within the data collection window, #,is the y direction gradient application times, and yis the gyromagnetic
ratio. The two-dimensional spatial integration is obtained by appropriate geometry of the detection coil.
Collecting a number of such signals for a range of ¢, we can obtain the two-dimensional function S(z,1,).
Comparing this to the two-dimensional Fourier transform relation

F(u,v) = J ff(x,y) exp[-i2m(ux + vy )l dx dy

—00 —oo
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we see that the detected signal S(#,t,) is the two-dimensional Fourier transform of the magnetic resonance
signal s(x,y) with u = YG,£/2%, v = YG,1,/2n. The magnetic resonance signal s(x,y) depends on the precise
sequence of pulses of magnetic energy used to perturb the nuclei. For a typical sequence known as spin-echo
consisting of a 90-degree pulse followed by a 180-degree pulse spaced at time T with the data collection at ¢, =
27, and t, being the repetition time between 90-degree pulses, the detected magnetic resonance signal can be
expressed

s(x,y) = p(1 — e/ T)) (e T,)

where p is the proton density, and T (the spin-lattice decay time) and T, (the spin-spin decay time) are constants
of the material related to the bonding of water in cells [Wolf and Popp, 1984]. Typically T, ranges from 0.2 to
1.2 seconds, while T, ranges from 0.05 to 0.15 seconds.

By modification of the repetition and orientation of excitation pulses, an image can be made T}, T,, or proton
density dominated. A proton density image shows static blood and fat as white and bone as black, while a T|
weighted image shows fat as white, blood as gray, and cerebrospinal fluid as black. T, weighted images tend to
highlight pathology since pathologic tissue tends to have longer T, than normal.

In general, magnetic resonance imaging has greater intrinsic ability to distinguish between soft tissues than
computerized tomography. It also has some ability to visualize moving blood. As the preceding discussion
indicates, magnetic resonance is a richer and more complex modality than CT. Typically MRI has been more
expensive than CT. Both MRI and CT have been used primarily for anatomic imaging, but MRI has the potential
through spectroscopy (visualization of other nuclei than hydrogen) to become a factor in physiologic imaging.
Thus, it can be anticipated that magnetic resonance imaging will continue to increase and become an even
more important modality in the next decade.

Defining Terms

Computerized axial tomography (CATscan, CT): A form of medical imaging based upon the linear attenu-
ation coefficient of x-rays in which a tomographic image is reconstructed from computer-based analysis
of a multiplicity of x-ray projections taken at different angles around the body.

Magnetic resonance imaging (MRI, NMR): Aform of medical imaging with tomographic display which
represents the density and bonding of protons (primarily in water) in the tissues of the body, based upon
the ability of certain atomic nuclei in a magnetic field to absorb and reemit electromagnetic radiation
at specific frequencies.

Positron emission tomography (PET scan): A form of tomographic medical imaging based upon the density
of positron-emitting radionuclides in an object.

Single photon emission computed tomography (SPECT): A form of tomographic medical imaging based
upon the density of gamma ray-emitting radionuclides in the body.

Tomography: A method of image presentation in which the data is displayed in the form of individual slices
that represent planar sections of the object.

Related Topic

35.1 Maxwell Equations
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Further Information

The journal IEEE Transactions on Medical Imaging describes advances in imaging techniques and image pro-
cessing. Investigative Radiology, published by the Association of University Radiologists, emphasizes research
carried out by hospital-based physicists and engineers. Radiology, published by the North American Society of
Radiologists, contains articles which emphasize clinical applications of imaging technology. Diagnostic Imaging,
publishing by Miller Freeman, Inc., is a good source of review articles and information on the imaging
marketplace.

116.2 Ultrasound
Leon A. Frizzell

Ultrasound, acoustic waves at frequencies higher than those audible by humans, has developed over the past
35 years into an indispensable clinical diagnostic tool. Currently, ultrasound is used to image most parts of the
body. More than half of all pregnant women in the United States are examined with ultrasound. This widespread
utilization has resulted from ultrasound’s proven clinical utility for imaging soft tissues compared to more
expensive imaging techniques. The development of ultrasound, particularly for fetal examinations, has also
been fostered by its safety record; no case of an adverse biological effect induced by diagnostic ultrasound has
ever been reported in humans [AIUM, 1988].

Diagnostic ultrasound systems are used primarily for soft tissue imaging, motion detection, and flow mea-
surement. Except for some Doppler instruments, these systems operate in a pulse-echo mode. A brief summary
of some of the fundamentals of acoustic wave propagation and the principles of ultrasound imaging follows.

Fundamentals of Acoustics

Unlike electromagnetic waves, acoustic waves require a medium for propagation. The acoustic wave phenom-
enon causes displacement of particles (consisting of many molecules), which results in pressure and density
changes within the medium. For a traveling sinusoidal wave, the variation in acoustic pressure (the difference
between the total and ambient pressure), excess density, particle displacement, particle velocity, and particle
acceleration can all be represented by the form

p = Pe ™ cos(wt — kx) (116.1)

for a wave propagating in the positive x direction, where p is the pressure (or one of the other parameters listed
above), P is its amplitude, ® is the angular frequency, and ® = 2nf where f is the frequency in hertz, k is the
propagation constant and k = ®/c where c is the propagation speed, o is the attenuation coefficient, and ¢ is
the time. The wave can experience significant attenuation, as represented by the exponential decay of amplitude
with distance, during propagation in tissues. The attenuation coefficient varies greatly among tissues [Goss
et al., 1978, 1980; Haney and O’Brien, 1986] but is low for most body fluids, much higher for solid tissues, and
very high for bone and lung (see Table 116.1). The skin depth is the distance that the wave can propagate before
being attenuated to e! of its original amplitude and is thus simply the inverse of the attenuation coefficient.
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TABLE 116.1 Approximate Ultrasonic Attenuation Coefficient, Speed, and
Characteristic Impedance for Water and Selected Tissues at 3.5 MHz

Attenuation Coefficient ~ Speed  Characteristic Impedance

Tissue (m™) (m/s) (10° Pa s/m)
Water 0.2 1520 1.50
Amniotic fluid 0.7 1510 1.51
Blood 7 1550 1.60
Liver 35 1580 1.74
Muscle 50 1560 1.72
Bone 800 3360 5.70
Lung 1000 340 0.25

Ultrasound is typically used to image soft body tissues such as liver, but the sound beam often travels through
fluids, for example, through amniotic fluid when imaging the fetus. Generally, bone and lung are not imaged
with ultrasound. The attenuation processes include absorption, which is the conversion of acoustic energy to
heat, and scattering, which will be addressed later. The attenuation increases roughly linearly with frequency
in the 2- to 10-MHz range typically used for medical imaging. This range represents a compromise between
increased penetration at lower frequencies (because of decreased attenuation) and improved resolution asso-
ciated with higher frequencies as discussed below. Thus, the lower frequencies are used when greater penetration
is required, such as for fetal imaging in the obese patient, and higher frequencies for lesser penetration, such
as the examination of peripheral vascular flow.

When an acoustic wave impinges on an interface between two media of different specific acoustic impedance,
a portion of the incident energy is reflected. For normal incidence on an infinite plane interface, the pressure
reflection coefficient is given by [Kinsler et al., 1982]

R=22"% (116.2)
z, + z,

where z, and z, are the specific acoustic impedance of the incident and transmitting media, respectively. For a
plane wave the specific acoustic impedance is equal to the characteristic impedance which is the product of the
density and acoustic speed in the medium (see Table 116.1). The speed is dependent upon the density and the
elastic properties of the medium. Thus, at an interface between media exhibiting different densities or elastic
properties, i.e., compressibility, some acoustic energy will be reflected. Although the reflection coefficient at an
interface between muscle and bone is large (approximately 0.54) the reflection coefficient between two soft
tissues such as liver and muscle is quite small (approximately 0.006). Reflection at oblique incidence obeys
Snell’s law in the same way it applies to electromagnetic waves.

In addition to the specular reflection that occurs at an interface between two media of different specific
acoustic impedance as described above (where any curvature along the interface is negligible over distances
comparable to a wavelength), energy may also be scattered in all directions by inhomogeneities in the medium.
An acoustic image is formed by using this scattered energy as well as specular reflections. The fraction of the
incident energy reflected or scattered is very small for soft tissues.

Although it is convenient to consider plane waves of infinite lateral extent, as was done above, real sources
generate finite beams of ultrasound. These sources may be unfocused, but for the typical diagnostic system
they are focused. Figure 116.4 shows the acoustic field from a typical focused source. The source consists of a
piezoelectric transducer which converts electrical to acoustic energy and vice versa. Most transducers for medical
applications are made from ceramic materials such as a lead zirconate titanate (PZT) mixture. For a circular
aperture these may be circular disks with a plano-concave lens mounted in front to produce spherical focusing.
Alternatively, the transducer itself may be a spherical segment that produces a focused field without a lens.
Some probes utilize electronic focusing methods. Such a phased array probe consists of many individual
elements which can be excited with signals having a controlled delay with respect to one another such that the
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FIGURE 116.4 Cross section of a typical focused circular ultrasound source of aperture diameter D and focal length E
showing the focused beam of lateral beam width at the focus D;.

signals constructively interfere at the desired focal region. At a receiver the signals are combined with delays
associated with various elements to provide reinforcement of the signals from a receiving focal region.

The 3 db lateral beam width D, is directly dependent upon the wavelength A and focal length F and inversely
related to the aperture diameter (diameter of the transducer) D [Kino, 1987]:

FA

D, =1.02— (116.3)
D

L

Because fA = ¢, the higher the frequency the smaller is A and D;. The smaller D,, the better the lateral resolution
near the focus, but the beam spread is greater with distance from the focus. Thus, the strength of the focusing
varies among transducers so that the user may choose very good resolution over a short region or somewhat
poorer resolution that is maintained over a greater depth. With phased array transducers, the focal region can
be varied dynamically to optimize lateral resolution at all distances.

Principles of Pulse-Echo Ultrasound

Ultrasound imaging usually employs frequencies in the 2- to 10-MHz range, though some of the new intra-
vascular probes use higher frequencies. Images are formed by using a transducer within a probe to generate a
short pulse (typically on the order of 1 us in duration) of ultrasound which is propagated through the tissue.
A portion of the energy in this pulse is reflected back toward the transducer from specular reflectors and from
scatterers in the tissue. These acoustic echoes, with amplitudes much lower than the transmitted pulse, are
converted by the transducer to electrical signals which are converted to a (rectified) video signal, amplified by
a time gain controlled amplifier, and displayed. The A-mode display is rarely used but simply involves display
of the received echoes as amplitude versus time of arrival. The time of arrival is related by the wave speed to
the tissue depth from which the echo returns, i.e., d = c#/2. Figure 116.5 provides a very simple representation
of this process where the A-mode display associated with specular reflection from three different interfaces is
illustrated. For clinical imaging the interfaces would not necessarily be perpendicular to the axis of the sound
beam, and there would be a continuum of echoes, a continuous received signal, due to energy backscattered
from within the tissues. Since the ultrasound pulse is attenuated as it propagates, all ultrasonic imaging systems
use a logarithmic variation of amplifier gain with time to compensate the exponential attenuation of the tissue.
Thus, echoes from structures reflecting or backscattering the same fraction of the incident signal will have the
same amplitude after passing through the time gain controlled amplifier.

A B-mode display is typically used for ultrasound imaging. It involves display of the echoes at various
brightness or gray levels corresponding to their amplitude. A two-dimensional B-mode display involves
movement of the transducer (manually or automatically), movement of a mirror to change the direction of
the field (automatically), or movement of the ultrasound beam directly (electrically) such that it scans a plane
through the body. Figure 116.6 provides a simplified representation (again, echoes are shown as arising from
interfaces only) of the formation of a B-mode image. The direction of the beam is monitored so that the received
signals along each path are placed in their correct location on the display. Typically, the orientation information
and echoes are processed by a digital scan converter for appropriate display of the two-dimensional image on

© 2000 by CRC PressLLC



et
ot
3

Probe
@
i
Amplitude
Time (Distance into tissue) =
®)

FIGURE 116.5 (a) The transmitted pulse (heavy wave) and echoes from reflecting structures; (b) the resulting A-mode
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FIGURE 116.6 (a) The transmitted pulse paths for a rotating transducer probe; (b) the resulting two-dimensional B-mode

display of echoes from the interfaces only.

a cathode ray tube in the standard format used for television picture display. Most B-mode systems in use today
create an image in 0.1 s or less, so that the image is displayed in real-time for viewing of moving structures,
such as structures in the heart or the fetus moving within the womb. This is not possible with the typical

magnetic resonance or computed tomography system.
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Many systems now use digital processing to enhance portions of the image. For example, it is possible to
emphasize the large amplitude, small amplitude, or midrange signals. It is also possible to perform a more
sophisticated analysis to enhance edges.

Many specialty probes have been designed for intracavitary examination. Examples include examination of
the fetus with a vaginal probe, the prostate with a rectal probe, and blood vessel walls with intravascular probes.
The intracavitary probe offers the advantage of decreasing the distance from the transducer to the tissue of
interest and thus decreasing attenuation such that higher frequencies can be used for greater resolution. The
lateral resolution of a focused probe is improved with frequency as discussed in the preceding subsection, but
the axial (along the ultrasound beam) resolution also improves with frequency. The shorter the transmitted
pulse, the better the axial resolution. Shorter pulses are generated by sources with a larger bandwidth, which
corresponds to a higher center frequency when the sources have bandwidths which are approximately the same
fraction of the center frequency.

The use of ultrasound for motion detection and measurement has increased tremendously in recent years.
Most of these systems use the Doppler principle, but some use time domain detection. In Doppler detection,
if the ultrasound is reflected from a target moving at some speed v, toward (away from) the source at an angle
6 with respect to the beam axis, the frequency of the transmitted signal f is shifted up (down) by an amount
f1» the Doppler shift, according to the following relation:

_ 2fv, cos©

c

fo (116.4)

In principle a measurement of f;,, when f, ¢, and 6 are known, will yield the speed of the target v,. However, it
is often difficult to determine 8 because the angle the transducer axis makes with a blood vessel, for example,
is often unknown. Even when that angle is known, the flow is not necessarily along the direction of the vessel
at every location and for all times. Time domain detection of motion, by measuring the movement of specific
echoes from one pulse to another, is a recently developed alternative to Doppler detection that is not currently
widely used.

For many years duplex systems, which provide both a two-dimensional image and a Doppler signal, showing
the change of target speed with time, from a particular selected target area, have been in wide use. More recently,
color flow imaging has been employed, which provides a two-dimensional color (typically red or blue) image
of flow toward and away from the transducer superimposed on the gray scale image of stationary tissue
structures. For these systems the speed, whether from Doppler or time domain detection schemes, is indicated
by color saturation, hue, or luminance. These systems have proven very valuable for detecting the existence of
flow in a region, detecting obstructions to flow and the turbulence associated with this, detecting reduced flow,
and so on. Some other systems add to the color flow image a display of speed versus time for a region that is
defined by a user-movable box.

Future Developments

It seems clear that the continuing development of intracavitary transducers, particularly for intravascular
imaging, and the use of ultrasound intraoperatively will lead to more high-frequency commercially available
probes that will produce better resolution images for these applications. The development of useful three-
dimensional ultrasonic imaging is progressing rapidly and should immediately improve the measurement of
tissue volumes [Gilja et al., 1995].

Defining Terms

A-mode display: Returned ultrasound echoes displayed as amplitude versus depth into the body.
B-mode display: Returned ultrasound echoes displayed as brightness or gray scale levels corresponding to
the amplitude versus depth into the body.
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Color flow imaging or color Doppler: Two-dimensional image showing color-coded flow toward and away
from the transducer displayed with the two-dimensional gray scale image of stationary targets.

Duplex ultrasound: Simultaneous display of speed versus time for a chosen region and the two-dimensional
B-mode image.

Pulse-echo ultrasound: Using a probe containing a transducer to generate a short ultrasound pulse and
receive echoes of that pulse, associated with specular reflection from interfaces between tissues or scat-
tering from inhomogeneities within the tissue, to form a display of the tissue backscatter properties.

Two-dimensional B-mode display: Echoes from a transducer, or beam, scanned in one plane displayed as
brightness (or gray scale) versus location for the returned echo to produce a two-dimensional image.

Related Topic

48.1 Introduction
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Further Information

The American Institute of Ultrasound in Medicine publishes monthly the Journal of Ultrasound in Medicine,
which contains largely clinically oriented articles, and many clinically oriented ultrasound texts are available
covering almost any medical discipline. However, there are only a few books that provide more than a cursory
treatment of the basic physics and instrumentation of ultrasound imaging.

One text that has been regularly updated since the first volume appeared in 1980 is Diagnostic Sonography:
Principles and Instruments, 4th edition, by EW. Kremkau (W.B. Saunders, Philadelphia, 1993). Though this text
is designed primarily to train sonographers who do not have a technical background, it provides the funda-
mentals of ultrasound imaging in a format that is very easy to read and understand.

Other texts that provide a more technical background (though some are a bit dated) include:

Biomedical Ultrasonics, by P. N. T. Wells (Academic Press, New York, 1977).

New Techniques and Instrumentation in Ultrasonography, edited by PN.T. Wells and M.C. Ziskin (Churchill
Livingstone, New York, 1980).

Medical Physics of CT and Ultrasound, edited by G.D. Fullerton and J.A. Zagzebski (American Institute of
Physics, New York, 1980).

Physical Principles of Medical Ultrasonics, edited by C. R. Hill (John Wiley, New York, 1986).

Ultrasonic Bioinstrumentation, by D.A. Christensen (John Wiley, New York, 1988).

The Physics of Medical Imaging, edited by S. Webb (IOP Publishing, New York, 1988).

Principles of Medical Imaging, by B. Tsui, M. Smith, and K.K. Shung (Academic Press, New York, 1992).
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116.3 Semiconductor Detectors For Radiation Measurements

Larry A. Franks, Larry S. Darken, and Ralph B. James

Since their introduction in the early 1960s, semiconductor radiation detectors have become the devices of choice
for numerous X-ray, gamma-ray, and charged particle measurements. They are essential in applications where

maximum energy resolution (i.e., the ability to record the energy of the incident photon or particle) is required.
In this characteristic, their performance greatly exceeds that of gaseous sensors (proportional counters, for

example) or scintillator/photocell-based spectrometers. Their superior energy resolution stems, in the main,

from the greater number of information carriers generated in semiconductors per unit of absorbed energy than

in, for example, scintillator/photocell combinations, which are widely used as low-resolution spectrometers. In

scintillator-based spectrometers, approximately 100 eV of absorbed energy is required to generate a single

information carrier. In a typical semiconductor, only 3 to 5 eV are required to create one electron-hole pair —

the information carrier in semiconductor detectors. The statistical variation of the number of carriers produced

per ionizing event is thus substantially greater in the case of the scintillator and is reflected in reduced energy

resolution. Similar arguments apply to gaseous detectors, where the relatively small number of information

carriers is due to the combination of the low density of the absorbing gas and the significant energy required

to produce ion-pairs (=30 eV per ion-pair, [1]), the information carrier in the gas detector.

It is convenient to divide semiconductor detectors into two groups: those requiring cooling (normally to
77K) and those capable of room temperature (or near room temperature) operation. The former group is
dominated by high-purity germanium (HPGe) and lithium drifted silicon (Si:Li) — a group characterized by
particularly high energy resolution. The latter group includes detectors based on cadmium telluride, cadmium
zinc telluride, and mercuric iodide, as well as a number of silicon-based devices. This group finds application
in portable X-ray and gamma-ray spectrometers and counters and imaging systems where the freedom from
the weight and maintenance of a cryogenic cooler is particularly valued. This chapter section is divided into
sections on cryogenic detectors and room-temperature devices. Details of the physics of semiconductor detectors
as well as their performance characteristics can be found in several texts [1-7].

Cryogenic Detectors

Detectors in this group are limited principally to high-purity germanium (HPGe) and lithium drifted silicon
(Si:Li). HPGe detectors are available in a number of configurations for operation in the X-ray and gamma-ray
regions. Si:Li detectors are primarily for the X-ray region. Cryogenic detectors provide the ultimate in energy
resolution, as well as good detection efficiency. Common to the group is the requirement that they be operated
in the region of 77K. In most cases, the detector temperature is maintained by liquid nitrogen (LN,) contained
in an attached cryogenic vessel (dewar). Dewars are available in capacities ranging from a few liters to several
tens of liters, depending on the service interval that is acceptable and the degree of portability required.
Alternatively, electromechanical coolers are also available.

Germanium Detectors

High-purity germanium (HPGe) detectors are widely used for gamma-ray spectroscopy due to their combina-
tion of efficient absorption and high energy resolution. Figure 116.7 shows the cross sections for photoelectric
absorption, Compton scattering, and absorption by electron-positron pair production in several materials used
for solid-state nuclear radiation detectors. Attenuation is significantly stronger in germanium than in silicon.
Over much of the gamma spectrum, the dominant interaction is Compton scattering. However, it is principally
the stronger photoelectric absorption in germanium that makes it more suitable than silicon for gamma-ray
spectroscopy. In the typical germanium detector, a gamma-ray can be scattered several times before it is
photoelectrically absorbed. Thus, the energy of the gamma-ray is primarily transmitted directly to a small
number of electrons. These energetic electrons, in turn, interact with electrons in the valence bands to create
mobile pairs of electrons and holes. The average number of electron-hole pairs N produced by a completely
absorbed gamma-ray of energy E becomes independent of the details of the initial reaction path and varies
linearly with E:
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FIGURE 116.7 Attenuation coefficients vs. energy common semiconductor materials. (T. E. Schlesinger and R. B. James,
Semiconductors for Room Temperature Detector Applications.)

N = E/e (116.5)

This relationship is more broadly valid and is the foundation of energy spectroscopy of gamma-rays using
semiconductors, gases, and cryogenic liquids (€ depending on the material). While € is independent of the
gamma-ray energy (and is also virtually the same for energy deposited by charged particles), € in germanium
does increase slightly with decreasing temperature, as does the energy gap. At 77K, € is 2.96 eV and the energy
gap is 0.72 eV.

Practical exploitation of Eq. (116.5) depends on electronically detecting the motion of the ionized charge in
an electric field. The signal-to-noise ratio is improved by reducing current flow in the detector from other
mechanisms. In germanium, this is achieved by producing a rectifying and a blocking contact and by cooling
to about 100K. For a planar detector, a slice of high-purity germanium is diffused with the donor lithium on
one side, forming a strongly n-type layer. The opposite side is implanted with the acceptor boron, forming a
p* layer. When voltage is properly applied, the electric field direction prevents the majority carriers in the
contact regions from being injected across the device. As the voltage is applied, a region depleted of holes will
advance into the slice from the n* contact if the slice is p-type. If the slice is n-type, the a region depleted of
electrons will advance from the p* contact. At the depletion voltage V,, the depletion region reaches the opposite
contact. For germanium:

V, =565 VN, = N,/ /10" dm~0d?/cm’ (116.6)
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Here, N, — Ny, is the net charge density in the depleted or active region of the detector and d is the thickness
of this region. This is a key relationship in high-purity germanium technology as it quantifies the effect of the
residual impurity concentration on device size and depletion voltage. Techniques to grow germanium pure
enough for gamma detectors were pioneered by Hall [8] and the detector group at Lawrence Berkeley Laboratory
[Haller, Hansen, and Goulding [9], based on purification methods of Pfann [10] and crystal-growing techniques
developed by Teal and Little [11] to produce crystals for germanium transistors.

Leakage Current

Germanium detectors need to be cooled to reduce leakage current. There are several potential sources of leakage
current, including diffusion of minority carriers from either doped contact into the depletion region, thermal
generation of carriers at either bulk or surface defects in the depletion region, and electrical breakdown at
points where the electrical field is concentrated due to irregularities in the contact geometry, large-scale
inhomogeneities in the bulk, or surface states. Current will also be generated if the detector is not shielded
from room-temperature infrared radiation. Background nuclear radiation from materials near the detector and
cosmic radiation also generate current.

Germanium detectors are typically liquid-nitrogen cooled and operated between 85K and 100K. In this
temperature range, leakage current is typically less than 40 pA in “good” detectors, and is not a significant
contributor to system noise (400-900 eV). Leakage current increases with temperature and eventually becomes
the predominate noise component. Pehl, Haller, and Cordi [12] reported a leakage current-driven system noise
of 2 KeV at 150K and 7 KeV at 170K for an 8 cm? planar detector. These authors also reported that above about
120K, the leakage current had an activation energy of approximately one-half the bandgap, and attributed this
to generation at mid-gap surface states. Below 120K, the temperature dependence was milder.

A typical detector/cryostat configuration is shown in Fig. 116.8. The detector resides in an evacuated cryostat
and is cooled by means of a copper rod inserted into a liquid nitrogen dewar. The first stage of amplification
is an FET, also cooled, positioned nearby the detector. Mechanical fixturing is designed to stabilize the detector
and the mechanisms for contacting it, to provide a cooling path from the detector to liquid nitrogen, and to
electrically insulate the high-voltage contact.

A variety of detector geometries is shown in Fig. 116.9. These different electrode configurations allow the
detectors’ efficiency and energy resolution to be optimized for different gamma-ray energies and applications. For
example, the detector in Fig. 116.9(c) minimizes noise by the lower capacitance of its electrode configuration at the
expense of the reduced stopping power. Thus, this detector would be more suitable for lower-energy gamma-rays.

Coaxial Detectors
The detector type shown in Fig. 116.8 and in Fig. 116.9(e) has a closed-end coaxial geometry. Nearly all the
largest volume (active volumes of 100 cm? to 800 cm®) HPGe detectors are of this type. This electrode geometry
reduces both capacitance and depletion voltage with respect to a planar detector of the same volume. This latter
benefit relaxes the constraint on material purity. In addition, charge collection distances are shortened, and the
uncontacted surface area, frequently troublesome in processing, is reduced. Also, the HPGe is grown by the
Czochralski technique, and is therefore nearly cylindrical even before machining. It is important, however, to
note that the reduction in depletion voltage is realized only when the device is contacted so that it depletes
from the outer contact to the inner contact. Thus, p-type HPGe to be fabricated into a coaxial detector is
lithium diffused on the outer diameter; and in the case of n-type HPGe, the outer diameter is boron implanted.
The boron-implanted contact (depth approximately 0.2 p) is thinner than the lithium-diffused contact (depth
approximately 750 W), so the n-type coaxial detector can detect lower-energy radiation and is usually built with
a beryllium window in the aluminum end-cap to take full advantage of this feature. The difference in the range
of use is illustrated in Fig. 116.10. The geometric asymmetry of the contacting electrodes in the coaxial detector
makes charge collection more dependent on the carriers (electrons or holes) traversing to the inner contact.
As more gamma-rays are absorbed near the outer contact, the carriers traversing to the inner contact must
travel on average a longer distance. Also, charge traversal near the inner contact is particularly effective in
inducing current in the external circuit [13]. Thus, the p-type coaxial detector with positive bias on the outer
electrode is more sensitive to hole collection, and the n-type coaxial detector with negative bias on the outer
electrode is more sensitive to electron collection. This is a crucial consideration in applications where hole
collection is going to be degraded during use by exposure to fast neutrons or other damaging radiation. The
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FIGURE 116.8 Schematic cross section of a dipstick cryostat. (Darken and Cox, 1993; reprinted with permission of Oxford
Instruments, Inc.)

superior neutron damage resistance of the electrode biasing polarity on n-type coaxial detectors was demon-
strated by Pehl et al. [14].

A typical gamma-ray spectrum of a °Co source taken with a coaxial HPGe detector is shown in Fig. 116.11.
The salient features are the full-energy peaks at 1.17 MeV and 1.33 MeV, and the lower-energy plateaus due to
incomplete energy absorption of Compton scattered gamma-rays. The peak-to-Compton ratio [15] is generally
40 to 100, depending on the size and quality of the detector. The 1.33-MeV peak is shown separately in
Fig. 116.12. The energy resolution measured as the full width at half the peak maximum (FWHM) for typical
coaxial germanium detectors is between 1.6 KeV and 2.1 KeV for 1.33-MeV gamma-rays, again depending on
the size and quality of the detector. The variance in the peak L? (FWHM = 2.35 X L, L being the standard
deviation for a Gaussian distribution) can be divided into three additive components: the electronic noise
component L3, a component reflecting the variance in the number of electron-hole pairs created L, and a
component due to incomplete charge collection L7
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FIGURE 116.9 Schematic cross section and electrostatic field distribution in high-purity germanium detectors. The dark
line represents the p-n junction: (a) true planar, (b) grooved planar, (c) low-capacity planar, (d) truncated coaxial, (e) closed
end coaxial, (f) well geometry.
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FIGURE 116.10 Relative absorption efficiencies for typical - and p-type detectors. (Darken and Cox, 1993; reprinted with
permission of Oxford Instruments, Inc.)

L2:L2 +L2 +L2
A (116.7)
L} =€EF

F is called the Fano factor and has been experimentally determined to be no greater than 0.08 for germanium
[16]. F < 1 implies that electron-hole pair creation events are not uncorrelated. L} is usually dominated by the
trapping of electrons and holes at defect sites. However, shorter electronic shaping times, lower electric fields,
and larger detectors accentuate ballistic deficit (loss of collected charge in the external electronics due to the
finite traversal time of the electrons and holes across the detector). L3 is independent of gamma-ray E and is
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FIGURE 116.12 A °Co spectrum collected with a 22% relative efficiency p-type detector. (Darken and Cox, 1993; reprinted
with permission of Oxford Instruments, Inc.)

the dominant resolution limiting factor at low energies. L depends linearly on E, and for a coaxial detector
usually dominates L,j for E over a few hundred KeV. The energy dependence of L% is not given simply from
first principles for an arbitrary trap distribution, but an E? dependence seems to fit under many circumstances.
Thus, at high enough E, L% is expected to be the largest component. For “good” detectors at 1.33 MeV though,
L% is always smaller than L. However, the magnitude of L} is variable enough between detectors that it distin-
guishes between acceptable, very good, and excellent detectors. L} is usually also the only component of
resolution drawn from a nongaussian distribution and is thus responsible for any low-energy tailing of the peak.

X-ray Detection

Both silicon and germanium detectors are used in low noise systems for the detection of fluorescent X-rays
produced by electron beams (usually in an electron microscope) or X-rays (XRF). For both materials, the
detector is liquid-nitrogen cooled to reduce leakage current, and small volume devices (Fig. 116.9, typically
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FIGURE 116.13 Manganese X-ray spectrum from an >°Fe source collected with an HPGe detector. (Darken and Cox, 1993;
reprinted with permission of Oxford Instruments, Inc.)

10 mm? active area, and 3 mm depth) are used in order to decrease capacitance and therefore further reduce
electronic noise. Lithium-drifted silicon (Si:Li) detectors were used first for these applications. Early germanium
detectors displayed poor peak shape for X-ray energies just above the L absorption edges (attributed to diffusion
against the field to the front contact by some electrons and their resulting loss to the photopeak [17]). However,
as was first demonstrated by Cox etal. [18], this is not a fundamental problem, but can be solved by the
contacting technology. An X-ray spectrum taken with an HPGe detector is shown in Fig. 116.13. Germanium
has the advantages with respect to silicon of a smaller € (2.96 eV/pair vs. 3.96 eV/pair at 77K) for better energy
resolution, and a higher Z (32 vs. 14) for better photoelectric absorption of higher-energy X-rays.

Current Status of HPGe Detector Technology

High-purity germanium detectors are a mature commercial technology. Process development in crystal growing
and diode fabrication have been conducted in private industry where significant advances are proprietary.
However, the results of technological advances in these areas are quite evident in the continual improvement
in the size, performance, and availability of HPGe detectors. Maximum photopeak efficiency for HPGe gamma-
ray detectors is doubling every 6 to 8 years. Concurrently, energy resolutions are moving toward the theoretical
limits of Eq. (116.7) as the concentrations of trapping centers are reduced.

The reliability as well as the performance of germanium gamma-ray detectors has also continued to improve,
although this is harder to quantify. Cryostats have been redesigned to reduce virtual and direct leaks, reduce
microphonics, implement modular design, and improve ruggedness. Detector makers are also making more
serious attempts to offer models with reduced backgrounds by judicious design changes and careful selection
of materials.
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New applications for gamma-ray spectroscopy have emerged. The HPGe detector industry has recently
supplied over 100 detectors each to two different experimental facilities (GAMMASPHERE in the U.S., and
EUROBALL in Europe), where they were arranged spherically in a modular fashion around the target of an
ion accelerator to study the decay of nuclei from excited states of high angular momentum.

For users of single detector systems, developments in the pulse processing electronics necessary for data
acquisition and in the hardware and software for data analysis have resulted in both more compact and more
flexible systems. Plug-in cards for a personal computer are available now that not only contain the functions
of the ADC and multichannel analyzer, but also the high voltage power supply and amplifier as well. Software
developments also allow for control of many pulse processing parameters that were previously set manually.

Si:Li Type Silicon Detectors

As with germanium for gamma-ray spectroscopy, the impurity requirements on silicon for nuclear radiation
detectors are also stringently low and difficult to obtain. Such silicon must be grown by the float zone technique
to eliminate contamination from a crucible. Unlike germanium, little dedicated effort has been expended trying
to improve silicon growth techniques to achieve superior detector characteristics. Most progress in material
quality has come from technology improvements aimed at other applications. The purest silicon commercially
available typically has a net electrically active impurity concentration of a few times 10'! cm= (compared to
10 cm™ for HPGe), which usually limits device thicknesses to less than a millimeter. When thicker silicon
devices are required, as in X-ray spectroscopy, silicon of higher net purity can be obtained by lithium drifting
[19], but such material cannot be subsequently processed above room temperature.

In X-ray spectroscopy for microanalysis, liquid-nitrogen cooled Si:Li detectors are being challenged by
similarly sized HPGe detectors, but Si:Li detectors are still more widely used. Recent developments in specialized
low-noise silicon drift detectors and CCD-based detector (see Room Temperature Semiconductor section)
designs that have yielded promising results at room temperature may find future application in liquid nitrogen-
cooled systems for microanalysis using X-ray spectroscopy.

Room-Temperature Semiconductors

Applications arise that require energy resolution beyond the capability of scintillator systems and where cryo-
genically cooled semiconductors are not suitable. Examples include detector probes for monitoring restricted
areas, monitoring at remote sites where replenishing the coolant is impractical, spectral imaging, and many
portable instrument applications. There is available a class of semiconductor detectors that satisfy many such
needs by providing energy resolution substantially better than the best scintillators (although inferior to
cryogenic semiconductors) while operating at ambient temperature. In addition to spectroscopy, these devices
are also useful for counting applications where high detection efficiency per unit volume is required. In these
applications, the devices are operated in pulse mode wherein the charge associated with single photon absorp-
tion events is recorded. They also can be operated in a current mode in the manner of a solid-state ion chamber.
In their current stage of development, room-temperature detectors are limited in size and best suited for the
energy region below 1 MeV.

There are numerous detector types in the general category of room-temperature detectors: those capable of
ambient temperature operation (true room-temperature devices) and those requiring cooling to the region of
—-30°C. The former group includes wide bandgap materials such as cadmium zinc telluride, mercuric iodide,
cadmium telluride, and a number of silicon structures. The latter group consist primarily of p-intrinsic-n (PIN)
silicon devices. As a group, room-temperature detectors are employed mainly in X-ray and gamma-ray spectros-
copy, although silicon surface barrier and ion-implanted devices are highly valued for charge particle spectroscopy.

True Room-Temperature Detectors

True room-temperature detectors are distinguished from cryogenic semiconductors by the magnitude of the
energy gap that separates the normally vacant conduction band from the highest filled band. If this energy gap
is small, as in the case of germanium (0.67 eV), electrons can be thermally stimulated across the bandgap at
room temperature. The resultant current competes with the gamma-ray generated signal, precluding room-
temperature operation of germanium (and many high-resolution applications of silicon). Thermally induced
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current is reduced to acceptable levels at bandgap energies of about 1.4 eV and above. This phenomenon has
been successfully exploited in the development of room-temperature detector materials, including cadmium
zinc telluride (acronym CZT), cadmium telluride (CdTe), and mercuric iodide (Hgl,).

Theory of Operation

Operating principles of room-temperature detectors are similar to those governing the more familiar cryogenic
semiconductor devices. Gamma-radiation is absorbed in the material and generates electron-hole pairs that
move under the influence of an applied electric field to contacts and external electronics for processing and
production of the familiar pulse height spectrum. The process is shown schematically in Fig. 116.14. Funda-
mental to the charge-transfer process is the carrier mobility (M) and the carrier life time (T). The product UTE
defines a drift length (A), which should be long compared to the inter-contact dimensions. Owing to the
substantially higher average atomic number of the room-temperature detector materials, the probability of
gamma-ray absorption is much higher than in silicon or germanium (see Fig.116.7). As a result, room-
temperature detectors provide greater detection efficiency per unit volume.

The energy required to produce an electron-hole pair (€) is typically a few times the energy bandgap of the
material. In silicon where the bandgap is 1.14 eV, the energy to produce an electron-hole pair (€) is 3.62 eV. In
Hgl,, where the bandgap is 2.13 eV, about 4.2 eV is required to create an electron-hole pair. The absorption of
a 1 MeV photon thus produces about 276,000 e-h pairs in silicon and 240,000 e-h pairs in Hgl, Values of €
for room-temperature materials are in the region of 4.2 to 5.0 eV/e-h pair (see Table 116.2) and consequently
fewer electron-hole pairs are generated per unit of absorbed energy. Complete collection of the charge is desired
although charge trapping, which may not affect the two carrier types equally, prevents this in most cases. The
drift length for holes (A,) in these materials is often less than the inter-contact dimensions and creates a
condition where the collection efficiency depends on the photon interaction depth. This phenomenon is
illustrated in Fig. 116.15 where induced charge from single gamma absorption events originating at various

TABLE 116.2  Physical Parameters of Common Room-Temperature Semiconductor Materials

Material E, eV VA € eV p,Q (pT), cm?/V (pT), cm?/V
Cadmium zinc telluride 1.65 48 5.0 1ot 1 %1073 6 % 10
Cadmium telluride 1.5 50 44 10° 3.5 %107 2.3 x10*
Mercuric iodide 2.13 62 42 1083 1x10* 4 x 107

Note:  E, = bandgap energy; Z = average atomic number; € = energy to create an electron-hole
pair; p = resistivity.

Source: Semiconductors for Room-Temperature Radiation Detector Applications, R. B. James, T. E.
Schlesinger, P. Siffert, and L. A. Franks (Eds.), Materials Research Society, Vol. 32, Pittsburgh, PA, 1993.
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FIGURE 116.15 Charge collection in a planar detector for single-photon interaction. Curves a to d depict the charge from
photon interactions at increasing depths below the cathode.

depths in the material is plotted as a function of time. The initial fast-rising segment is due to the more mobile
electrons; the slower component is due to holes. In this example, hole trapping is assumed and manifests itself
in the curvature of the hole segment. The charge collection efficiency () can be derived from the Hecht relation
[20]. For a photon absorbed at a distance X from the cathode of a planar detector of thickness L operated with
a uniform electric, the relationship becomes

0 —_x\O

A (L X) A O -x0O

n=-¢0-exp* k= fg-exp—[] (116.8)
L'H A HLlo MO

The dependence of the collection efficiency on interaction depth reduces energy resolution and without
mitigation would limit high resolution to thin devices. Fortunately, methods have been developed that permit
high-energy resolution to be achieved in relatively thick samples. As with cooled semiconductor detectors, the
energy resolution of the combined detector-electronics system is normally specified by the full width of a
monoenergetic spectral peak at its half amplitude points (AE). The FWHM is, in turn, related to the variance
in the peak L? (see Eq. 116.7). It is useful to note that the energy resolution is inversely related to the product prt.

Operational Considerations

Important physical parameters for the leading room-temperature detectors are summarized in Table 116.2.
Detectors are available with surface areas of a few square centimeters and thicknesses up to about 1 cm. The
performance of detectors based on the different materials varies considerably, as can the performance for
detectors of the same material. The choice of specific detector material is normally dictated by the application.
The exceptionally high resistivity and high photoelectric cross section in mercuric iodide permit good resolution
and high efficiency in the X-ray region, particularly below 10 KeV. For example, AE of 5% at 5.9 KeV has been
reported [21] with 1 cm? devices, with typical values in the region of 10%. For mercuric iodide applications in
the region of 0.5 MeV, trade-offs between efficient gamma absorption and resolution may be required.
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FIGURE 116.16 Energy spectrum of a '’Cs source obtained with a multi-electrode CZT spectrometer. (Courtesy AMPTEK
Inc. Bedford, MA.)

In gamma-ray applications where energy resolution is the primary concern, thinner devices that minimize
charge trapping are often utilized, although procedures have been developed to mitigate many of the thickness
and area limitations. Two general approaches have been developed to mitigate the effects of incomplete hole
collection. Those approaches are based on electronic pulse processing via ancillary circuitry or novel electrode
structures that achieve monopolar (electron transport only) operation. These methods have been particularly
successful with CZT and CT devices. CZT- and CT-based devices incorporating such technology are available
in commercial products. In CZT, for example, 1.5 X 1.5 X 0.8 cm? detectors (electron only collection) are
available with 3% resolution at 662 KeV. Somewhat better resolution can be obtained with smaller devices. For
example, 1 X 1 X 0.5 cm® detectors, operated in the electron-only mode, provide 2% at 662 KeV. Similarly,
cylindrical detectors 6 mm in diameter and 5 mm high provide about 1% resolution at 662 KeV. An energy
spectrum obtained with a typical CZT spectrometer obtained with a '*’Cs source is shown in Fig. 116.16.

Improvements in material quality can be expected to further improve the performance of thick detectors.
While the area of single crystal detectors is limited currently to a few square centimeters, electronics have been
developed to facilitate the operation of large arrays of single-crystal detectors and thus achieve high detection
efficiency. Multiple CZT detector arrays 20 X 20 cm have been produced using such technology.

Further information concerning the performance of single charge collection and array structures as well as
electronic processing and design details are available in the literature [2, 3, 22, 23].

Silicon Detectors

In contrast to germanium detectors, silicon detectors can be operated at room temperature in applications
where some current noise can be tolerated. Compared to gas and scintillation detectors, silicon detectors have
good energy resolution and are reasonably compact. They are fabricated from slices of a silicon single crystal
and are available in a variety of areas (25 mm? to 3000 mm?), and the active thickness is usually a few hundred
microns. Specialized detectors have been developed for a wide variety of applications.

Charged Particle Detectors

Energetic heavy-charged particles lose kinetic energy continuously along a linear path in an absorbing material.
Energy is transferred primarily to the electrons in the absorbing material, but to a lesser extent to the nuclei
also via Rutherford scattering. Although only energy transferred directly to the electronic system generates
electron-hole pairs, Eq. (116.5) (with € = 3.62/pair for silicon at 300K) is still a good approximation. Energy
loss is characterized by two parameters: specific ionization loss dE/dx, which depends on the incident particle,
its energy, and the absorbing material, and the range R (i.e., the penetration depth of the particle), which
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determines the detector thickness required for complete energy absorption. The continuous nature of energy
loss leads to substantial window effects.

Diffused Junction Detector

Silicon detectors can be generically categorized by the type of rectifying contact employed. The diffused junction
detector is fabricated by diffusing phosphorus from the gas phase into p-type silicon. This is a high-temperature
(900°C to 1200°C) operation that is prone to introducing faster diffusing metals into the bulk that can act
either as generation centers increasing leakage current, or as trapping centers degrading charge collection. The
thickness of the diffused region, from 0.1 to 2.0 Y, also presents a dead layer to incident particles that is reduced
in alternate technologies. Nonetheless, these detectors find use due to their ruggedness and economy.

Surface Barrier Detector

Surface barrier junctions are fabricated by either evaporating gold onto n-type silicon or aluminum onto p-type
silicon. A typical entrance window is equivalent to 80 nm of silicon. The rectification properties depend on the
charge density of surface states of the silicon and of the thin oxide layer over the silicon, as well as on the
evaporated metal. The wafer is epoxied in an insulating ring before metallization. The finished detector is
encapsulated in a can that has a front window for particle entry and a single contact in the back for the combined
function of applying bias and for extracting the signal pulse. Devices can be operated either in the partially
depleted or totally depleted mode. As fabrication is entirely at room temperature, there is no opportunity for
metal contamination by diffusion. Generally, surface barrier detectors have lower leakage current, and less
system noise than a diffused junction detector of comparable area and depth. However, detectors currently
fabricated by ion implantation have still lower leakage current and electronic noise, together with a thinner
and more rugged front contact. On the other hand, implanted detectors are not available in the same range of
active thicknesses as surface barrier detectors. Below 100 L and above 500 W, only surface barrier detectors are
currently available. Surface barrier detectors can be made in small quantities with rather simple equipment.

Ion-Implanted Detector

A simplified representation of ion-implanted detector fabrication is shown in Fig. 116.17. The first successful
implementation of silicon planar processing to silicon detectors was reported by Kemmer [24]. The procedure
starts with the thermal growth of an oxide film on a high-purity, n-type silicon wafer. Windows are then opened
in the oxide by photolithographic techniques. The front contact area is implanted with boron to form the
rectifying contact, and arsenic is implanted into the backside. The wafer is then annealed to activate the implant,
and aluminum is evaporated on both sides to reduce sheet resistivity. Typical entrance windows are 50 nm
silicon equivalent. Electrical connections are made by wire bonding to the aluminum layers. Finished detectors
are canned in a manner similar to surface barrier detectors. More than one detector can be fabricated on the
same wafer using the appropriate masks during photolithography. In fact, quite elaborate detector geometries
can be achieved via photolithography. The detector in Fig. 116.17 is actually a strip type.

The ion implantation planar process technology is well suited for mass production of wafer sizes compatible
with the rest of the silicon industry. Minimum wafer diameters are now 4 in. or 5 in. At this diameter, breakage
during fabrication is an issue for thicknesses less than 150 L. For thicknesses over 500 |, the availability of
enough sufficiently pure material to justify the cost of photolithographic masks is an issue. Ion-implanted
detectors can be baked at 200°C to reduce outgassing. This is a significant improvement over surface barrier
detectors, which irreversibly degrade by device processing above room temperature. This is a useful feature as
most heavy charged particle spectroscopy is done in a vacuum.

Leakage currents are, at room temperature, typically 1 to 10 nA cm™ active area and per 100-p depletion
depth. These values represent an order of magnitude reduction in leakage current with respect to surface barrier
detectors. Two factors are relevant. Passivation of silicon surfaces by thermal oxidation is extremely effective in
reducing leakage current around the rectifying contact. Also, the bulk generation current is reduced by the
gettering of metal impurities during the high-temperature oxidation. Float zone silicon for radiation detectors
usually has a minority carrier lifetime longer than 1 ms, and this can be increased an order of magnitude during
detector fabrication [25]. Thus, not only is leakage current reduced, but potential charge collection problems
are also eliminated.
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FIGURE 116.17
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FIGURE 116.18 Spectrum of a 2! Am alpha-particle source (log scale) measured with an IP detector (25 mm? area, 300 pm
thick) at room temperature. Resolution at 5.486 MeV is 10.6 KeV (FWHM). (Kemmer et al., 1982.)

Energy Resolution

A typical spectrum of an ?!Am alpha-particle source taken with an ion-implanted detector is shown in
Fig. 116.18. While the factors considered in Eq. (116.7) for germanium gamma-ray spectrometers are still valid,
additional considerations also apply. In particular, if the source is moved closer to the detector to improve
collection efficiency, larger differences in the angle of incidence will produce peak broadening due to larger
variation in effective window thickness. Even when the source is sufficiently distanced from the detector, there
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will still be spatial variations in window thickness, as well as some variation in energy lost escaping from the
source and traversing to the detector.

Another source of peak broadening is the variation in the small amount of particle energy lost during
Rutherford scattering. This energy is transmitted directly to the scattering nuclei and does not generate electron-
hole pairs, and a small pulse deficit results. These events are relatively few but large, and therefore contribute
disproportionately to peak variance. The FWHM contribution of this effect on a 6-MeV alpha particle peak
has been estimated to be 3.5 KeV [26].

Silicon Detectors for Spatial Resolution

The uninterrupted progress of the semiconductor silicon industry in achieving both larger wafers and smaller
device features has allowed the development of larger and more complex silicon detectors that can provide
position information in addition to (or instead of) energy information. Spatial detection can be obtained by
fabricating detectors as pixels (two-dimensional) or strips (one-dimensional) on the same wafer. For penetrating
radiation, two strip detectors, one behind the other but with the strip pattern rotated 90°, provide two-
dimensional positioning. Frequently, such detectors are individually designed and fabricated for a particular
application. Strip detectors and CCD (charge-coupled device) detectors will be discussed here.

Strip Detectors

Silicon strip detectors are currently fabricated on silicon wafers (typically approximately 300 p thick) using
photolithographic masking to implant the rectifying contact in strips [27]. The strips usually have a pitch on
the order of 100 p and a width less than half of this to minimize strip-to-strip capacitance and hence electronic
noise [28]. The device is biased past depletion, and the back blocking contact is continuous. Each strip requires,
in principle, its own signal processing electronics; however, charge division readout (capacitive or resistive) can
reduce the number of amplifiers by a factor of 10. Detectors are fabricated in rectangular segments from a
single wafer, and can be ganged together if a larger area is needed.

Strip detectors are well established in high-energy physics experiments for reconstruction on the micron
scale of the tracks of ionizing particles. The particles being tracked result from the collision of accelerated
particles with a target and are highly energetic (>10'° eV). Frequently, experimental interest is focused on short-
lived particles created in the collision but which decay before they can be directly detected. Spatial resolution
of the decay vertex from the original collision is necessary to detect such a particle and to determine its lifetime.

The requirements of new high-energy experiments and advances in silicon technology have produced much
evolution and innovation in the strip detector concept. For example, a double-sided microstrip detector with
an oxide-nitride-oxide capacitor dielectric film has been reported [29]. The use of intermediate strips to improve
spatial resolution has become common [30], and the biasing network has been integrated onto the detector [31].

Silicon Drift Detectors

Silicon drift detectors were first proposed by Gatti and Rehak [32] as an alternative to silicon strip detectors in
high-energy physics experiments. The primary motivation was to significantly reduce the number of readout
channels. Drift detectors have subsequently been adapted for X-ray spectroscopy. These detectors are usually
fabricated on n-type silicon wafers with holes collected to either a p* contact on the back side of the detector,
or to concentric annular p* contacts on the front side. The detector is depleted from both sides. The reverse
bias applied to the p* annular rings is varied in such a way that electrons are collected radially in a potential
energy trough to an n* anode at the center of the detector on the front side.

A cross section through a circular drift detector is shown in Fig. 116.19. The electron collecting anode ring
surrounds the integrated FET used for the first stage of signal amplification. Enough negative bias is applied
to the back contact (actually the entrance window) to deplete the wafer to the anode, which is near ground
potential. At the same time, negative bias progressively increasing in magnitude is applied from the ring next
to the anode (near ground potential) to the outermost ring, which is maintained at about two times the bias
of the back contact. These applied biases deplete the detector in such a way that there is an electrostatic potential
minimum for electrons that varies in depth across the detector from right under the front surface at the anode
to near the back contact at the last ring. Ionized electrons will drift first to this minimum, then drift radially
to the anode as shown in Fig. 116.19. A feature of this contacting arrangement is that the anode capacitance,
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FIGURE 116.19 Cross section of a cylindrical silicon drift detector with integrated n-channel JFET. The gate of the
transistor is connected to the collecting mode. The radiation entrance window for the ionizing radiation is the non-structured
backside of the device. (P. Lechner, S. Eckbauer, R. Hartmann, S. Krisch, D. Hauff, R. Richter, H. Soltau, L. Struder, C. Fiorini,
E. Gatti, A. Longoni, M. Sampietro, Nuclear Instruments and Methods in Physics Research, A377, 346-351, 1996.)

and hence amplifier series noise, is low and nearly independent of the active area of the detector. Radial position
is deduced from the signal risetime.

CCD Detectors
The design of CCD (charge-coupled device) detectors has similarities to the silicon drift detector [32]. The
CCD detector is normally fabricated on an n-type silicon wafer depleted both from the backside with a
continuous p* contact on the back, and from p* CCD registers on the front. Reverse bias voltages are such that
the wafer is totally depleted and the electron potential minimum is about 10 P below the CCD registers. After
an ionizing event, holes are collected to the p* contacts, and electrons are trapped under a nearby register, then
transported down a channel of registers by properly clocked voltage pulses to the registers. Each channel has
its own readout anode, which can be made small to minimize capacitance — a prerequisite for minimizing
noise. The first stage of amplification is frequently integrated onto the same wafer. Spatial resolution is limited
to the register (pixel) size. Brauniger et al. [33] described initial results on a 6 X 6 cm CCD array of 150 x 150 p
pixels intended for satellite X-ray imaging. The system also had an energy resolution of 200 eV FWHM for
5.9 KeV X-rays at room temperature.

Silicon pixel detectors have also been designed using other highly integrated device structures to optimize
particular performance aspects such as timing resolution. Pixel detectors using MOS transistors [34] and using
reverse biased diodes with individual readout circuitry [35] have been described.

PIN Silicon X-ray Spectrometers

Detectors based on PIN silicon structures have found considerable success as X-ray spectrometers in the region
below 10 KeV. The devices consist of n and p layers on opposite sides of a high purity (10-20 K ohm-cm)
silicon wafer. Particularly good performance is obtained if the devices are operated in the region of —30°C as
can be provided by a thermoelectric cooler. On the order of 1 W is required to maintain a typical device at
—30°C. Energy resolution (FWHM) of 186 eV at 5.9 KeV can be obtained in 7-mm? devices (with 20 ps shaping
time). Spectrometers with areas up to about 25 mm? are also available, but with reduced resolution. The energy
spectrum of 3°Fe obtained with a 7-mm? detector is shown in Fig. 116.20(a), together with a schematic showing
construction details (Fig. 116.20(b)).

Status of Silicon Detector Technology

The simply structured silicon detectors fabricated with parallel contacts on a silicon wafer continue to serve a
well established need for charged particle spectroscopy. Where economies of scale can be applied, ion implanted
detectors have replaced surface barrier detectors. In projects of sufficient size to support their development,
specialized low-noise silicon drift detectors and CCD-based detectors have been designed and fabricated with
promising room-temperature energy resolution: 200 eV FWHM at 5.9 KeV. These highly structured detector
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FIGURE 116.20 (a) Energy spectrum of *>*Fe source obtained with a 7-mm? PIN silicon detector using a shaping time of
20 ps. (b) Schematic diagram showing construction details of typical PIN-silicon detector with thermoelectric cooler.
(Courtesy AMTEK Inc. Bedford, MA.)

technologies may find future application in liquid nitrogen-cooled or room-temperature systems for microanal-
ysis using X-ray spectroscopy.

In high-energy physics, the use of various strip, drift, and pixellated detectors for tracking and vertex
determination has flourished. These efforts will intensify as experimental requirements for spatial resolution
increase. However, radiation damage to the detector is already an issue in this application, and higher luminosity
beams will only increase the problem. Nevertheless, it appears that the continuing need of the high-energy
physics community for a higher number and density of signal paths forecasts continued reliance on the ever-
improving integration technology of the semiconductor silicon industry.

Prices and Availability

The detectors described in this section are available commercially. Their prices vary widely, depending on type,
size, and performance. Room-temperature semiconductor detectors range from a few hundred dollars for small,
low-resolution devices to over $1000 for large, high-resolution devices. Because of the dynamic nature of wide
bandgap detector technology, buyer guides should be consulted for the latest price and availability information.

Pricing of coaxial HPGe detectors is based largely on their gamma-ray efficiency, which is specified relative
to a 3 in. x 3 in. sodium iodide scintillator at 1.33 MeV. Coaxial detectors are available with relative efficiencies
up to about 150% with cost in the area of several hundred dollars per percent efficiency. Planar HPGe detectors
are normally less expensive than coaxial designs. In either case, the price includes the cryostat, dewar, and
preamplifier. Cryogenic silicon detectors are available in areas up to several tens of square millimeters. Cost
ranges to over $10,000 depending on size, performance, and complexity of design.

Defining Terms

Ballistic deficit: The loss of signal amplitude that occurs when the charge collection time in a detector is a
significant fraction of the amplifier’s time constant.

Current mode: Measurement mode in which the detector signal provides information on the flux X-rays,
gamma-rays, or charged particles.

Dead layer: A layer (frequently associated with a contact region) in which no significant part of the energy
lost by photons or particles can contribute to the resulting signal.

Electrical junction: The metallurgical transition boundary between the semiconductor regions of different
electrical properties (for example, PIN or between a metal and a semiconductor).

Energybandgap: The energy difference between the bottom of the conduction band and the top of the valence
band.
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Energy resolution: The full width of the half maximum of a peak in the energy spectrum, after subtraction
of the background under the peak; expressed in units of energy, usually KeV or as a percentage of the
energy of the peak.

Energy spectrum: A differential distribution of the intensity of the radiation as a function of the energy.

Leakage current: In the absence of external ionizing radiation and at the operating bias, the total current
flowing through or across the surface of the detector element.

Line of peak (in a spectrum): A sharply peaked portion of the spectrum that represents a specific feature of
the incident radiation, usually the full energy of a monoenergetic X-ray, gamma-ray, or charged particle.

Pulse mode: Measurement mode in which the detector signal provides information on a single X-ray, gamma-
ray, or charged particle.

Semiconductor: Material in which the conductivity is due to charge carriers of both signs (electrons and
holes) and is normally in the range between metals and insulators, and in which the charge carrier density
can be changed by external means.

Semiconductor radiation detector: A semiconductor device in which the production and motion of excess
free carriers is used for the detection and measurement of incident particles or photons.

References

1. G. E Knoll, Radiation Detection and Measurement, 2nd edition, New York: John Wiley & Sons, 1989.

R. B. Rossi and H. H. Staub, Ionization Chambers and Counters, New York: McGraw-Hill, 1949.

M. J. Weber, P. Lecoq, R. C. Ruchti, C. Woody, W. M. Yen, and R. Y. Zhu (Eds.), Scintillator and Phosphor
Materials, Vol. 348, Materials Resarch Society, Pittsburgh, PA, 1994.

4. T. E. Schlesinger and R. B. James (Eds.), Semiconductors for room-temperature nuclear detector appli-
cations, Vol. 43, Semiconductors and Semimetals, San Diego: Academic, 1995.

5. R. B. James, T. E. Schlesinger, P. Siffert, and L. Franks (Eds.), Semiconductors for Room-Temperature
Radiation Detector Applications, Vol. 302, Materials Research Society, Pittsburgh, PA, 1993.

6. J. Fraden, AIP Handbook of Modern Sensors, New York: American Institute of Physics, 1993.

7. M.Cuzin, R.B.James, P.E. Manfredi, and P. Siffert (Eds.), Proceedings of the 9th International Workshop on
Room Temperature Semiconductor X- and Gamma-Ray Detectors, Grenoble, France, Sept. 18-22 1995,
Nucl. Instru. and Meth., 380, 1996.

8. R.N. Hall, IEEE Trans. Nucl. Sci., NS-21, 260, 1974.

9. E.E. Haller, W. L. Hansen, and F. S. Goulding, Adv. in Physics, 93, 30, No. 1, 1981.

10. W. G. Pfann, Zone Melting, New York: John Wiley & Sons, 1966.

11. G.K. Teal and J. B. Little, Phys. Rev., 78, 647, 1950.

12. R. H. Pehl, E. E. Haller, and R. C. Cordi, IEEE Trans. Nucl. Sci., NS-20, 494, 1973.

13. L. S. Darken and C. E. Cox, Semiconductors for Room-Temperature Detectors, T. E. Schlesinger and R. B.
James (Eds.), Academic Press, 43, 1995.

14. R. H. Pehl, N. W. Madden, J. H. Elliott, T. W. Raudorf, R. C. Trammell, and L. S. Darken, Jr., IEEE Trans.
Nucl. Sci., NS-26, 321, 1979.

15. IEEE Test Procedures for Germanium Detectors for Ionizing Radiation, ANSI/IEEE Standard 325-1989.

16. R. H. Pehl and E S. Goulding, Nucl. Instru. Meth., 81, 329, 1970.

17. J. Llacer, E. E. Haller, and R. C. Cordi, IEEE Trans. Nucl. Sci., NS-24 53.

18. C.E. Cox, B. G. Lowe, and R. Sareen, IEEE Trans. Nucl. Sci., 35, 28, 1988.

19. E. M. Pell, J. Appl. Phys., 31, 291, 1960.

20. H. K. Hecht, Z. Phys., 77, 235, 1932.

21. L. van den Berg, Constellation Technology Corporation, St. Petersburg, FL, private communication.

22. B.E.Patt,]. S. Iwanczyk, G. Vikelis, and Y. J. Wang, Nuclear Instruments and Methods in Physics Research A,
380, 276-281, 1996.

23. P.N. Luke, Nuclear Instruments and Methods in Physics Research A, 380, 232-237, 1996.

24. J. Kemmer, Nucl. Instru. Meth., 499, 169, 1980.

25. J. Kemmer and G. Lutz, Nucl. Instru. Meth., 365 A235, 1987.

26. G. D. Alkhazov, A. P. Komar, and A. Vorob’ev, Nucl. Instru. Meth., 48, 1, 1967.

Dl

© 2000 by CRC PressLLC



27.
28.

29.

30.

31.
32.
33.

34,
35.

J. Kemmer, P. Burger, R. Henck, and E. Heijne, IEEE Trans. Nucl. Sci., NS-29, 733, 1982.

T. Dubbs, S. Kashigin, M. Kratzer, W. Kroeger, T. Pulliam, H. E.-W. Sadrozinski, E. Spencer, R. Wichmann,
M. Wilder, W. Bialas, W. Daabrowski, Y. Unno, and T. Oshugi, IEEE Trans. Nucl. Sci., 42, 1119, 1996.

Y. Saitoh, T. Akamine, M. Inoue, J. Yamanaka, K. Kadoi, R. Takano, Y. Kojima, S. Miyahara, M. Kamiaya,
H. Ikeda, T. Matsuda, T. Tsuboyama, H. Ozaki, M. Tanaka, H. Iwasaki, J. Haba, Y. Higashi, Y. Yamada,
S. Okuno, S. Avrillon, T. Nemota, I. Fulunishi, and Y. Asano, 1123, IEEE Trans. Nucl. Sci., 1996.

P. Chochula, V. Cindro, R. Jeraj, S. Macek, D. Zontar, M. Krammer, H. Pernegger, M. Pernicka, and
C. Mariotti, Nucl. Instru. Meth., 409, 1996.

I. Westgaard, B. S. Avset, N. N. Ahmed, and L. Eversen, Nucl. Instru. Meth., A377, 429, 1996.

E. Gatti and P. Rehak, Nucl. Instru. Meth., 225, 608, 1984.

H. Brauninger, R. Danner, D. Hauff, P. Lechner, G. Lutz, N. Meidinger, E. Pinotti, C. Reppin, L. Struder,
and J. Trumper, Nucl. Instru. Meth., 129, 1993.

K. Misiakos and S. Kavadias, IEEE Trans. Nucl. Sci., 43, 1102, 1996.

E. Beauville, C. Cork, T. Earnest, W. Mar, J. Millaud, D. Nygen, H. Padmore, B. Truko, G. Zizka, P. Datte,
and N. Xuong, A 2D smart pixel detector for time resolved protein crystallogrpahy, IEEE Trans. Nucl.
Sci., 43(3),1243, 1996.

© 2000 by CRC PressLLC



117

Biocomputing

117.1  Clinical Information Systems
Luis Kun Computer-Based Record ¢+ Clinical Information
Standards ¢ Bedside Terminals/Point-of-Care Systems ¢ Imaging
and the CIS « Systems Integration ¢ Smart/Optical Cards

Matthew F. Baretich 117.2  Hospital Information Systems

University of Colorado The Clinical Environment + Healthcare Codes and Standards

Cedars-Sinai Medical Center

117.1 Clinical Information Systems

Luis Kun

The main objective of this section is to provide the reader with a summary of areas that relate to clinical
information systems. Since this field is so wide, the following topics will be covered mainly because of their
importance within the field of medical informatics and the impact that these areas will have in healthcare
delivery in the near future. At the end of this section there is a list of definitions that should help the reader
not used to related acronyms and a list of suggested bibliographic references which should allow those interested
to further increase their knowledge.

Computer-Based Record

Besides improvements in patient care, enhancing the productivity of physicians, nurses, and all healthcare-
related personnel is very high on the agenda of all hospitals. Hospitals, clinics, HMOs, doctors’ offices, emer-
gency care centers, group practices, laboratories, radiology clinics, and nursing homes among others have a
need to share patients’ records. Aside from the direction that all of these medical-related centers will have with
a required connection to the insurance companies/agencies to speed up payments and their accuracy, the
growing need is to have the ability to transfer patients’ medical files electronically anywhere in the world. As
medical centers become more competitive, they will become worldwide centers of excellence for their given
specialties. In turn then, their services will be marketed to the entire world population, becoming true global
resources.

The trend of converting hospitals into “paperless hospitals” is becoming one of the most important topics
of the 1990s. In 1970, chartered by the National Academy of Sciences, the Institute of Medicine working under
the Policy Matters for Public Health has actively pursued the creation of a computer-based record (CBR). In
July of 1991 a book was published by the Institute of Medicine in regards to the CBR. The requirements to
compile an all-digital medical record (ADMR)will require ways to combine data, graphics, voice, signals, and
images, both clinical and document. The architecture that will accommodate all these forms of information
for capturing, storing, communicating, and displaying is extremely complex. Some of the technologies involved
include optical fibers, LANs, compact/optical disks, bedside terminals, medical image display stations, image
diagnostic workstations, and picture archival and communications systems to name a few.

The High Performance Computing and Communications Initiative (HPCCI) was signed into law in Decem-
ber of 1991. Although most of the emphasis for this initiative was from a research and academic sense, some
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of the true practical values of these highways of information will occur at the clinical level. While advances are
taking place in different parts of the world in fighting diseases such as cancer, AIDS, heart disease, cystic fibrosis,
Alzheimer’s, Parkinson’s, Gaucher’s, and malignant hyperthermia, not sharing the knowledge learned by all the
groups would be a terrible underutilization of extremely costly resources, causing duplication of effort and
enormous waste of time and resources.

The four technologies that have been considered critical by the National Institutes of Health for the coming
years are molecular medicine, vaccine development, structural biology, and biotechnology. The four will greatly
be affected by the HPCCI. Finally, the integration of all medical-related information will be the most complex
task that the healthcare arena will face this decade.

Clinical Information Standards

One of the most demanding and key areas for successfully integrating the hospital information system (HIS)
with the clinical information systems (CIS) from multiple clinical departments and/or clinical areas deals with
clinical information standards. Two of the driving forces behind the automation of the patient record deal with
national concerns related to healthcare costs and quality of healthcare. These concerns have generated demand
for managed care. The automated patient record could then be one of the vehicles to achieve managed care.

Clinical information standards are constantly evolving. They were developed (some are still in the process
of development; e.g., IEEE/MIB P1073) by very different sets of requirements. What follows is a brief description
and structure of most of these standards.

Communications/Storage (e.g., HL/7, IEEE/MEDIX P1157, ANSI ASC X12, ACR/NEMA,
IEEE/MIB P1073)

The HL/7 standards group aimed to define vendor-independent communications standards among components
of hospital information systems. The IEEE, ANSI, ACR/NEMA, and ASTM have been very active in creating
standards through subcommittees from organizations within. As an example, ASTM has the following Health-
care Automation Committees (E31.XX):

+ E31.10: Computer automation in the Hospital Pharmacy

+ E31.11: Data exchange standards for Clinical Laboratory results
+ E31.12: Medical Informatics

+ E31.13: Clinical Laboratory Systems

+ E31.14: Clinical Laboratory Instrument Interface

+ E31.15: Health Knowledge Representation

The MEDIX mission was to establish a robust and flexible communications standard for the exchange of
data between heterogeneous healthcare information systems. The MIB was created mainly to allow the exchange
of data from medical instrumentation, e.g., monitoring devices and hospital information systems. Many of the
manufacturers of these devices have proprietary hardware, e.g., buses and/or software, which complicates this
exchange. Bedside terminals in the intensive care environment will benefit immensely from such a standard,
since most hospitals’ ICUs and CCUs have many vendors’ equipment in their units. To effectively integrate and
manage the data are major goals of the MIB.

Classification/Reimbursement (e.g., ICD, DRG, SNOMED, CPT, DSM, RCS, UMLS)

ICDs were originally used for public health morbidity statistics; now in the United States they are primarily
used for reimbursement. Its structure is numbered classification of diseases grouped by anatomical areas. The
DRGs facilitate the definition of case-mix for hospital reimbursement. Its structure is multi-axial: severity of
illness, prognosis, treatment difficulty, need for intervention, and resource intensity. SNOMED provides
description of pathological tests related to patient identification. It has four axes: function (primary symptoms),
etiology (cause of disease), morphology (description of disease form), and topology (area of body). CPT is
primarily used for reimbursement and utilization review. It derives codes from specialty nomenclatures divided
into chapters: systemic (medicine, anesthesia, etc.), topological (cardiovascular, lymphatic, etc.), and technological
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(radiology, laboratory, etc.). DSM provides consistent abbreviations for prescription and administrative use. It
facilitates psychiatric education and research. Its structure is multi-axial: clinical syndromes, developmental
and personality disorders, physical disorder, severity psychological stresses, and global assessment functioning.
RCS is a comprehensive nomenclature and classification of medical terms for computerized records. UMLS
facilitates the unification of clinical data classification systems into a single unified medical language system.
It will also facilitate the creation of data into compatible automated patient record systems. Its structure
reconciles clinical terminology, semantics, and formats of the major clinical coding and reference systems.

Knowledge (e.g., ARDEN SYNTAX)

The ARDEN SYNTAX is a standard for sharing medical knowledge bases in the form of medical logic modules
(MLM). Its structure is derived from the HELP (LDS Hospital) and the CARE (Regenstrief MC) systems. The
MLMs accommodate alerts, management critiques, therapy suggestions, diagnosis scoring, etc. Each MLM is
limited to the knowledge to make a single decision.

HCFA (e.g., UCDS, WARP, UHDDS)

UCDS provides an electronic clinical data set that Medicare can use to perform clinical quality reviews. The
quality evaluation is done by using algorithms related to surgical procedures, disease specific, organ specific,
discharge status and disposition, etc. The UCDS permits the hospital to enter the data into a personal computer;
then this information can be sent electronically to the HCFA. WARP provides an epidemiologic approach to
quality assurance. It hopes to overcome about 50% of ICD miscoding and its initial focus is on ambulatory
chart review rather than real-time patient care. It is not a diagnostic or procedural classification system. It
basically provides a model for encoding clinical information. It is an object-oriented case tool. UHDDS was
created for studies on quality of care and fraud. It is also used for auditing Medicare and Medicaid subsystems.

Bedside Terminals/Point-of-Care Systems

Patient information is generated on an ongoing basis, wherever the patient may be. Almost two decades ago
with the creation of the first programmable calculators, a trend started in terms of calculating hemodynamic
variables in the OR, etc. This approach was improved with the creation of personal computers, ending with
the development of what are now called bedside terminals. Companies such as Clinicom, Emtek, Hewlett-
Packard, Hospitronics, and Spacelabs offer systems that can go from doing simply patient monitoring, to a
complete data acquisition, data management, and data analysis system that incorporates in some cases diagnosis
and treatment therapy.

From the patients’ point of view, it is critical to integrate their demographic information with their clinical
data. Usually the HIS contains all the ADT, orders, laboratory, pharmacy, etc. while the CIS may be more of a
departmental system such as ICU/CCU, which contains hemodynamic variables, i.e., blood pressure, stroke
volume, heart rate, etc. Both systems need to coexist. Point-of-care systems, many times known as bedside
terminals, include both general med/surgery and the ICU/CCU type. The general type include functions such
as patient assessment, nursing diagnosis, patient care plans, kardex, discharge planning, discharge summary,
medication administration record, I/O, vital signs, activities of daily living, patient classification/acuity, etc. The
ICU/CCU systems in addition contain information regarding drug administration, fluid analysis, hemodynamic
analysis (i.e., blood gas report, ECG, blood pressures, pulse oximeters, cardiac output), respiratory analysis
(i.e., ventilator data, O,/CO, analyzer), and real-time monitoring. Today’s trends are incorporating imaging
devices in both at the regular nursing stations, at the operating rooms, and at the recovery room/ICU/CCU.
The motivation is to incorporate all patients’ information and have it available wherever they may be. As a
patient moves from a regular bed to the OR, back to an ICU, and later to a regular nursing station, the electronic
record follows the patient. The one big difference with paper charts is that the electronic record can be shared
simultaneously within and outside the institution.

Having the ability to look at electronic images in all of these locations not only opens the doors for
consultation within the institution but also with outside institutions and/or expert individuals.
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FIGURE 117.1 An example of medical systems integration.

Imaging and the CIS

Imaging plays two very important roles within the context of a computer-based record (CBR). Document
imaging allows for all those records that exist today in storage for the medical records departments to be scanned
and incorporated electronically with the rest of the patient’s current records existing in the HIS and CIS. The
second role is from the perspective of clinical images. Most imaging experts will call this PACS, which stands
for picture archival and communications system and is mostly associated with the Radiology Department of
the hospital. We can view clinical images as a form of data which can be generated in any department.

Some of these typical clinical departments utilizing clinical images are radiology, cardiology (e.g., echocar-
diography, fluoroscopic techniques, cine cameras, 3D modeling, gamma cameras), orthopedic surgery, plastic
surgery, obstetrics/gynecology, laboratories (e.g., genetics, chromosome analysis, cytology, hematology, clinical
chemistry, pathology, histology, electron microscope), maxillofacial clinics, sports medicine, and oncology (e.g.,
radiation therapy, chemotherapy), emergency rooms, intensive care units, etc.

There are five imaging modalities: x-ray, magnetic resonance imaging (MRI), computer tomography (CT),
nuclear medicine (NM), and ultrasound (US). These modalities create images which are very different not only
in medical terms but in their size and content. As a result, there are three main areas under PACS which are
critical in succeeding with such systems: communications (i.e., network, transmission protocol, and image
format), archiving (i.e., database and storage media), and image processing (i.e., display, user interface, and IP
algorithms).

Systems Integration

As an example of systems integration in the emergency care environment (see Fig. 117.1), from an information-
flow point of view we see the following:
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1. Information coming and going to the HIS, e.g., laboratory, pharmacy, orders, etc.

2. Information going to outpatient clinics for referring services, admissions to the hospital, or even to the
patient’s physician at home.

3. In the emergency room, the utilization of an intensive care type of bedside terminal allowing data
collection, analysis and management, and also the ability to view clinical images in the ER.

4. From a consulting point of view, the whole electronic patient record, under an integrated diagnostic
system, allows for any (department) consulting physician within or outside the hospital to review the case.

Smart/Optical Cards

Smart/optical cards provide a wide range of applications in the medical field. The patient, the provider (e.g.,
physician, dentist, etc.), the hospital, and the insurer can all benefit from such a card. The card will eventually
contain all data forms—voice, text, graphics, clinical images, document images, signals, and data values collected
from medical instrumentation. Besides patient identification/demographics, medical history, medications, aller-
gies, and insurance verification, the system could contain the patient’s picture, fingerprint, digital signature,
voice signature, and even genetic/blood information for security reasons.

The patient is admitted and treatment is provided more quickly, historical information is more accurate,
and personal physicians and specialists can be consulted more quickly. Less testing may be a direct result, and
faster diagnosis is accomplished. Since information needs to be entered only once, patients do not need to rely
on their memory, particularly in emergency situations.

The hospital identifies the patient and accesses all the medical records information from multiple departments
more quickly. It needs fewer staff to find records from the hospital/clinics (even from other institutions), and
this could reduce the length of stay.

The provider is better informed for a quicker diagnosis by getting all the available history at admission and can
consult with the patient’s personal physician and specialist by having their respective phone numbers. All prior
records from the same or a different set of institutions coexist in the card. It also can reduce exposure to malpractice.

The insurer reduces fraudulent claims, reduces costs for data entry, and has more complete and accurate
claims data. Also, by eliminating redundant tests costs are reduced.

Most of the cards can be classified into five groups by the type of technologies used: microfilm, magnetic
strip, softstrip, chip, and laser/optical. Microfilm is hard to change and can be damaged by both temperature
and humidity. Magnetic strip contains little information, approximately 2K, and can be destroyed by electric
and magnetic fields. The softstrip, because it is laser printed and optically read, is difficult to change information
on. The chip card has only up to 10K of storage and is very expensive. Finally, the laser/optical card allows for
approximately 1000 typed pages or approximately 4 Mb of memory and requires a read/write device.

Some of the complexities that are incorporated by using these types of technologies are associated with the
access to the information. For someone to be able to either “read” and/or “write” in the card, it must possess
technologies compatible with the ones where the information was created. It is a fundamental principle then
that a set of international standards will be created so that any hospital that requires access to the card
information can do so. Already the International Patient Cards Standards Council, the Health Industry Business
Communications Council (HIBCC), and the Smart Card Applications and Technology (SCAT) have been
created. These groups, among others, are working towards the goal of an international set of standards.

There is a large set of companies that are already marketing different types of card technologies. Some
examples of projects and/or vendors include:

+ Affiliated Healthcare in Princeton, New Jersey, which maintains a Health Summary Database with a
Smart Card.

+ CentraHealth, a Florida hospital network with about 12K users.

+ Clinicard, a subscription service which provides a softstrip, 3K, PC DOS card that folds to a business
card size.

+ Drexler LaserCard from Mountain View, California, which has 4.1-Mb card being tested by both British
Telecom with a hospital group specializing in obstetric patients and Baylor College of Medicine in
Houston, Texas.
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Eltrax in St. Paul, Minnesota, which is associated with several HIS manufacturers (Spectrum, McDonald
Douglas, SMS, and Meditech) and provides a magnetic strip card with about 900-character capacity.
IMSG/INFODYNE from Englewood, Colorado, which has a medical information card on magnetic strip
carrying up to 600 characters.

IntelliScan from American Medical Data Corp. in Atlanta, Georgia, which has information stored as 350
characters of readable text printed on the top of the card and up to 850 characters of detailed medical
information optically encoded at the bottom. It is being used by hospitals in both Texas and Mississippi.
The cards are customized to each hospital’s database.

Lifecard, early pilot (1985) card for electronic claims provided by Blue Cross/Shield of Maryland.
Medfirst credit card, combining both medical information and financial credit, in test by Humana and
Discovery Card.

Medi-Card, a chip card from MediData Systems in Allston, Massachusetts.

MedKey, from Biloxi Regional Medical Center, Biloxi, Mississippi.

Medical Information Systems, in St. Louis, Missouri, which has a microfilm card that can contain up to
18 pages of information, including signals, text, images, data, and color photos.

Ulticard, a 64K RAM memory chip in a credit card sized pack being tested in Houston at Baylor and
Methodist hospitals.

Some of the cards are being tested in different countries. Sweden, the leader for about 20 years, has been
using a patient card which is issued at birth by the government together with an ID number. Sweden has a
socialized medicine program and it has been in their best interest to develop uniform standards so that the
information can be accessed by every institution in the country. Belgium, Canada, France, Great Britain, Spain,
and Switzerland all have several systems on trial.

Acronyms

ACR/NEMA: American College of Radiology/National Equipment Manufacturers Association
ANST ASC X12: American National Standards Institute Accredited Standards Committee
ARDEN SYNTAX: Syntax for Medical Logic Modules

ASTM: American Society for Testing and Materials

CIS:
CPT:
DRG:

DSM:

EDI:

Clinical Information System

Current Procedural Terminology

Diagnostic Related Group

Diagnostic and Statistical Manual of Mental Disorders
Electronic Data Interchange

HCFA: Healthcare Financing Administration

HIS:

HL/7:

ICD:
IDS:
1EEE:

Hospital Information System

Health Level/7

International Classification of Diseases
Integrated Diagnostic System

Institute of Electrical and Electronics Engineers

IEEE/MEDIX P1157: Medical Data Interchange
IEEE/MIB P1073: Medical Information Bus

OSI:
RCS:

Open Systems Interconnection
Read Classification System

SNOMED: Systemized Nomenclature of Medicine
UCDS: Uniform Clinical Data Set

UHDDS: Uniform Hospital Discharge Data Set
UMLS: Unified Medical Language System

WARP: Wisconsin Ambulatory Review Project
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117.2 Hospital Information Systems

Matthew F. Baretich

What does an electrical engineer need to know to be part of a team designing and implementing a hospital
information system? For the most part, the necessary skills are those required to design and implement any
comprehensive information system in a complex organization. Hospitals do, however, have unique character-
istics that must be taken into account. These characteristics are described in the following pages.

The Clinical Environment

Hospitals are, indeed, complex organizations. They perform a vital function (patient care) but are subject to
strict regulation and operate under severe financial constraints. Quality of patient care is the highest value, but
a competitive marketplace demands efficient operation. Hospital information systems range from nonexistent
to antique to state-of-the-art.

Hospitals are highly professionalized. Each professional group has a particular area of expertise and a unique
perspective regarding the healthcare delivery system. Hospital administrators are much like administrators of
other organizations. Recent graduates essentially have standard MBA (Master of Business Administration)
degrees with some extent of healthcare specialization. However, many administrators in positions of authority
received MHA (Master of Hospital Administration) degrees from programs more closely affiliated with medical
schools than with business schools.

Hospitals also have large clinical staffs which include nurses and technologists (who are hospital employees)
and medical doctors (who are usually not hospital employees). Clinicians are educated in the biological and
medical sciences, and their preparation generally includes a large component of practical experience in the
hospital as well as theoretical study in the classroom. As hospital employees, nurses and technologists (respi-
ratory, laboratory, etc.) are part of the administrative structure of the hospital. Medical doctors (physicians and
surgeons), on the other hand, are part of a separate medical staff structure that is largely independent of the
hospital’s administrative structure. However, medical doctors control the admission and discharge of the
hospital’s patients, and many hospital activities are the result of medical orders for patient services.
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The number of hospital employees with an engineering background is limited. For the electrical engineer
who is involved in the implementation of a hospital information system, hospital-based technical support may
include an information systems department and a clinical engineering (or biomedical engineering) department.

The following aspects of the healthcare delivery system are worthy of study by an electrical engineer working
in the clinical environment:

+ The healthcare delivery system in the United States [Williams and Torrens, 1984]
+ The organizational structure of hospitals [Goldberg and Buttaro, 1990]
+ The characteristics of hospital information systems [Austin, 1988; Minard, 1991]

With this background information the electrical engineer will be better prepared to translate the concerns of
hospital administrators and clinicians into the technical specifications of the hospital information system.

Healthcare Codes and Standards

The healthcare delivery system is a highly regulated industry. Numerous governmental and nongovernmental
organizations have established codes and standards intended to promote safe and effective patient care. Although
there can be significant differences in the regulatory environment from one hospital to another, the major codes
and standards are relatively uniform.

The National Electrical Code (NFPA 70), promulgated by the National Fire Protection Association (NFPA:
Quincy, Massachusetts) applies to hospitals. Specifically, Article 517 deals with “Health Care Facilities.” A more
focused document, however, is the Standard for Health Care Facilities (NFPA 99). The most accessible format
for this information is the NFPA’s Health Care Facilities Handbook [Klein, 1990] which includes the full text of
NFPA 99 as well as interpretive and explanatory material.

Many of the healthcare-related provisions of the electrical code are based on two concerns. First, many
patients in surgery and intensive care depend on electrical equipment for life support. Such equipment ranges
from heart-lung bypass devices to mechanical ventilators. Therefore, much attention is devoted to ensuring the
availability of electrical power in the event that the primary power distribution system fails. A hospital infor-
mation system that provides life-support functions may be subject to these provisions.

Second, because of the use of invasive medical procedures, many patients are considered to be “electrically
susceptible.” Under certain conditions, electrical currents on the order of microamperes can cause ventricular
fibrillation, a potentially fatal disruption of normal cardiac function. Therefore, the NFPA and other organi-
zations have established strict standards for grounding, “leakage” current, and other electrical parameters. These
standards apply to devices and cabling in patient-care locations of the hospital.

The Joint Commission on Accreditation of Healthcare Organizations (Chicago, Illinois) is another major
source of standards affecting hospitals. The JCAHO’s Accreditation Manual for Hospitals [JCAHO, 1993] covers
the entire spectrum of hospital activities. Pursuit of JCAHO accreditation is voluntary but, in practice, essentially
all hospitals seek accreditation to ensure eligibility for reimbursement under certain governmental programs.
At present, JCAHO standards include little reference to information systems. However, this is expected to change
and, therefore, familiarity with the latest edition of the Accreditation Manual for Hospitals is advisable.

Another standard unique to the healthcare system is Health Level 7 (HL7) which is a data communications
protocol intended to facilitate the interfacing of various components in a hospital information system [Walker,
1989]. These components range from accounting systems (financial data) to clinical laboratory information
systems (laboratory test results) to medical records systems (documentation of patient care services) to patient
data management systems (physiological data). In the recent past, each such component was independent and
generally incompatible with other components. However, to achieve high quality in patient care at the lowest
cost, both administrators and clinicians need integrated, comprehensive access to a wide variety of information.

HL7 is an attempt to specify the types of data (and their formats) to be shared within a hospital information
system. For example, if all components of the system use a common format for a patient’s name, then it is
possible for a single database query to gather all data regarding that patient. This also allows automation of
certain activities such as billing (through the accounting system) for laboratory tests ordered by clinicians
(through the clinical laboratory system). Unfortunately, HL7 has not achieved its promise but it does represent
a significant step away from the chaotic past [Bond et al., 1990].
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Summary

The electrical engineer will be only one of many professionals involved in the implementation of a hospital
information system. Successful participation in this team will depend on more than the electrical engineering
skills that are applicable to any information system project. The critical success factor is an understanding of
the hospital—the people (clinicians and administrators), their objectives (low cost and high quality), and the
environment within which they work.

Defining Terms

HL7: A data communications protocol for interfacing components of a hospital information system.

JCAHO: The Joint Commission on Accreditation of Healthcare Organizations, an organization that promul-
gates standards affecting hospital operations.

NEC: The National Electrical Code, an NFPA standard that is commonly adopted by governmental units and,
therefore, having the force of law.

NFPA: The National Fire Protection Association, an organization that promulgates standards affecting elec-
trical systems in hospitals.

Related Topics

94.1 Databases + 117.1 Clinical Information Systems
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Further Information

Many of the major professional societies dealing with computer science and engineering have healthcare-related
divisions. Further information can be obtained from each professional society.

The Healthcare Information and Management Systems Society is a division of the American Hospital
Association that deals with information systems, telecommunications, and management engineering. For fur-
ther information contact the American Hospital Association, Chicago, Illinois.

Major periodicals that focus on hospital information systems include National Report on Computers and
Health and Healthcare Informatics. These publications, and other healthcare-related literature, can be found in
the libraries of academic medical centers.
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The Finite Difference Time Domain (FDTD) [Yee, 1966; Kunz and Luebbers, 1993; Taflove, 1995] is a numerical
method for the solution of electromagnetic field interaction problems. It utilizes a geometry mesh, usually of
rectangular box-shaped cells. The constitutive parameters for each cell edge may be set independently, so that
objects having irregular geometries and inhomogeneous dielectric composition can be analyzed.

The FDTD method solves Maxwell’s differential equations at each cell edge at discrete time steps. Since no
matrix solution is involved, electrically large geometries can be analyzed. FDTD solutions for three dimensional
complex biological geometries involving millions of cells have become routine. FDTD may be used for both
open region calculations, such as a human body in free space, or closed regions, such as within a TEM cell.
Commercial FDTD software is available from several sources (CST, EMA, and Remcom), with some of these
also offering FDTD meshes for human heads and bodies. These commercial packages provide a graphical user
interface for viewing the FDTD mesh. Some provide interactive mesh editing (Remcom), while others allow
for import of objects from CAD programs (CST and EMA).

The choice of cell size is critical in applying FDTD. It must be small enough to permit accurate results at the
highest frequency of interest, and yet be large enough to keep resource requirements manageable. Cell size is directly
affected by the materials present. The greater the permittivity and/or conductivity, the shorter the wavelength at a
given frequency and the smaller the cell size required. Once the cell size is selected, the maximum time step is
determined by the Courant stability condition. After the user determines the cell size, a problem space large enough
to encompass the scattering object, plus space between the object and the absorbing outer boundary, is determined.
From the number of Yee cells needed and the number of time steps required, resource requirements can be estimated.

The fundamental constraint is that the cell size must be much less than the smallest wavelength for which
accurate results are desired. An often quoted constraint is “10 cells per wavelength”, meaning that the side of
each cell should be 1/10 of the wavelength at the highest frequency (shortest wavelength) of interest. Since
FDTD is a volumetric computational method, if some portion of the computational space is filled with
penetrable material, one must use the wavelength in the material to determine the maximum cell size. For
problems containing biological materials, this results in cells in the material that are much smaller than if only
free space and perfect conductors were being considered.

Another cell size consideration is that the important characteristics of the problem geometry must be
accurately modeled. This will normally be met automatically by making the cells smaller than 1/10 A unless
some special geometry features smaller than this are factors in determining the response of interest.

In some situations there is a specific region of the object where smaller FDTD cells are needed, for example,
a region of high dielectric material, or of fine geometry features such as eyes. But if uniform FDTD cells are
used throughout the computation, then these small cells must be used even in regions where they are not
needed. One approach to reduce the total number of FDTD cells for these situations is to mesh local regions
with smaller cells than in the main mesh [Kim and Hoefer, 1990; Zivanovic et al., 1991]. All of the commercial
FDTD software referenced above has this local grid capability.

The other basic constraint on FDTD calculations is the time step size. For a three-dimensional grid with cell
edges of length Ax, Ay, Az, with v the maximum velocity of propagation in any medium in the problem, usually
the speed of light in free space, the time step size At is limited by
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Now let us consider how to estimate the computer resources required. Given the shortest wavelength of interest,

the cell dimensions are determined as 1/10 of this wavelength (or less if greater accuracy is required). From
this and the physical size of the problem geometry the total number of cells in the problem space (here denoted
as NC) can be determined. We assume that the material information for each cell edge is stored in 1 byte
(INTEGER*1) arrays with only dielectric materials considered. Then, to estimate the computer storage in bytes
required, and assuming single-precision FORTRAN field variables, we can use the relationship

6 components

storage = NC* [ X 4 bytes + 3 edges x 1 by te]

cell component cell edge

where components indicate the vector electric and magnetic field components. If magnetic materials are
included, then six edges must also be considered for the material arrays. In this equation, we have neglected
the relatively small number of auxiliary variables needed for the computation process.

One can estimate the computational cost in terms of the number of floating point operations required using

Operations = NC x 6 components/cell X 15 operations/component X N

where 15 operations is an approximation based on experience and where N is the total number of time steps.
The number of time steps N is typically on the order of five to ten times the number of cells on one side of
the problem space. It will be larger for resonant objects and smaller for lossy objects.

As an example, consider a human body meshed with 5-mm cubical cells. At 10 cells per free space wavelength,
this would correspond to a maximum frequency of 6 GHZ. But, since the biological materials in the body have
relatively high dielectric constants, the wavelength inside the body is reduced. If the maximum dielectric
constant of body materials is 49, then the maximum frequency would be reduced by 7 to about 857 MHz. If
results at higher frequencies are needed, then the cell size must be reduced.

For a human body that fits into a box of 63 X 36 X 183 cm, with a 15-cell border around the body to separate
it from the outer boundary, the problem space is about 160 X 100 X 400 or 6.4 millions cells. Using the above
formula, the computer RAM necessary to make this calculation is approximately 172 MBytes. Since this does
not allow for storage of instructions and other arrays, and since the operating system will take some computer
memory, a machine with about 256 MBytes of random access memory (RAM) should be sufficient to make
this calculation.

A conservative estimate of the number of time steps needed is 10 times the longest dimension in cells, or
4000 time steps. Using the above equation, an estimate of 2.3 X 10'2 operations results. Typical MFLOPS (Million
Floating Point Operations per Second) ratings for computers are 15 for a Pentium PC or low end work station,
60 for a fast work station, and several hundred for a super computer. If we use 200 MFLOPS for the super
computer, then the calculation times for the human body are 42 h for the PC or low end work station, 10.5 h
for the fast work station, and 3.1 h for the super computer.

The preceding discussion primarily considers the high frequency limitations of FDTD calculations, which
are based on the size of the object in wavelengths. The low frequency limitation is usually determined by a
combination of the geometry features and time step. For example, consider applying FDTD for a 60-Hz
calculation for a human body. Based on the wavelength, the FDTD cells could be huge, but then the body shape
would be unrecognizable. Suppose that we pick FDTD cells of 10 cm to at least make a crude body shape. Then
the maximum time step would be 19.2 x 10-'° s. If we further assume that we need to make FDTD calculations
for at least one period of the sine wave in order to read some semblance of steady state, this would require
about 86 million time steps, which is not feasible on current computers. This illustrates the difficulty of using
FDTD for extremely low frequencies. For these very low frequencies other methods, such as finite elements,
are preferred.
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Depending on the application, human body models may be crude approximations or detailed meshes based
on actual anatomy. A popular source of anatomical data suitable as the basis for an FDTD biological mesh is
the Visible Human Project of the National Library of Medicine. Various types of data are available, with the
most useful perhaps being the cross-sections. These are 1-mm slices for the male and 0.33-mm slices for the
female. Both have a cross-sectional resolution of 0.33 mm. The FDTD meshing of this data still requires
considerable effort, especially in assigning the colors of the slices to particular tissue types.

The actual FDTD calculations may be excited in different ways. Most commonly the electric fields on one
or more mesh edges are determined by an analytical function of time, such as a Gaussian pulse or sine wave.
This then acts as a driven voltage source. This may be used to excite an antenna. For example, a short monopole
antenna on a rectangular box may approximate a portable telephone. This monopole antenna could be driven
by a drive voltage source located on the mesh edge at the monopole base next to the top of the box. Both Kunz
and Luebbers [1993] and Taflove [1995] describe methods for modeling RF sources. A variety of FDTD sources,
including current sources, are described in Piket-May et al. [1994]. Alternatively a plane wave may be incident
on the object as the excitation source.

The time variation of the excitation may be either pulsed or sine wave. The advantage of the pulse is that
response for a wide frequency range can be obtained. But, for accurate results, the frequency-dependent behavior
of biological materials must be included in the calculations. Methods for doing this are well known [Kunz and
Luebbers, 1993; Taflove, 1995] so that transient electromagnetic field amplitudes for pulse excitation can be
calculated using FDTD [Furse et al., 1994]. When results at a single frequency or at a few specific frequencies
are desired, then sine wave excitation is preferred. This is especially true if results for the entire body, such as
SAR, are needed, since storing the transient results for the entire body mesh and then applying fast Fourier
transformation to calculate the SAR vs. frequency requires extremely large amounts of computer storage.

Related Topic

45.1 Introduction
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Rehabilitation engineering requires a multidisciplinary effort. To put rehabilitation engineering into its proper
context, we need to review some of the other disciplines with which rehabilitation engineers must be familiar.
Robinson [1993] has reviewed or put forth the following working definitions and discussions.

Rehabilitation: The (Re)integration of an individual with a disability into society. This can be done either
by enhancing existing capabilities or by providing alternative means to perform various functions or to
substitute for specific sensations.

Rehabilitation engineering: The application of science and technology to ameliorate the handicaps of indi-
viduals with disabilities [Reswick, 1982]. In actual practice, many individuals who say that they practice
rehabilitation engineering are not engineers by training. While this leads to controversies from practi-
tioners with traditional engineering degrees, it also has the de facto benefit of greatly widening the scope
of what is encompassed by the term “rehabilitation engineering.”

Rehabilitation medicine: A clinical practice that focuses on the physical aspects of functional recovery, but
that also considers medical, neurological and psychological factors. Physical therapy, occupational ther-
apy, and rehabilitation counseling are professions in their own right. On the sensory-motor side, other
medical and therapeutical specialties practice rehabilitation in vision, audition, and speech.

Rehabilitation technology (or Assistive technology): Narrowly defined, the selection, design, or manufacture
of augmentative or assistive devices that are appropriate for the individual with a disability. Such devices
are selected based on the specific disability, the function to be augmented or restored, the user’s wishes,
the clinician’s preferences, cost, and the environment in which the device will be used.

Rehabilitation science: The development of a body of knowledge, gleaned from rigorous basic and clinical
research, that describes how a disability alters specific physiological functions or anatomical structures,
and that details the underlying principles by which residual function or capacity can be measured and
used to restore function of individuals with disabilities.
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119.1 Rehabilitation Concepts

Effective rehabilitation engineers must be well versed in all of the areas described above because they generally work
in a team setting, in collaboration with physical and occupational therapists, orthopedic surgeons, physical medicine
specialists, and/or neurologists. Some rehabilitation engineers are interested in certain activities that we do in the
course of a normal day that could be summarized as activities of daily living (ADL). These include eating, toileting,
combing hair, brushing teeth, reading, etc. Other engineers focus on mobility and the limitations to mobility.
Mobility can be personal (e.g., within a home or office) or public (automobile, public transportation, accessibility
questions in buildings). Mobility also includes the ability to move functionally through the environment. Thus, the
question of mobility is not limited to that of getting from place to place, but also includes such questions as whether
one can reach an object in a particular setting or whether a paralyzed urinary bladder can be made functional again.
Barriers that limit mobility are also studied. For example, an ill-fitted wheelchair cushion or support system will
most assuredly limit mobility by reducing the time that an individual can spend in a wheelchair before he or she
must vacate it to avoid serious and difficult-to-heal pressure sores. Other groups of rehabilitation engineers deal
with sensory disabilities, such as sight or hearing, or with communications disorders, both on the production side
(e.g., the nonvocal) or on the comprehension side. For any given client, a rehabilitation engineer might have all of
these concerns to consider (i.e., ADLs, mobility, sensory, and communication dysfunctions).

A key concept in physical or sensory rehabilitation is that of residual function or residual capacity. Such a
concept implies that the function or sense can be quantified, that the performance range of that function or
sense is known in a nonimpaired population, and that the use of residual capacity by a disabled individual
should be encouraged. These measures of human performance can be made subjectively by clinicians or
objectively by some rather clever computerized test devices.

A rehabilitation engineer asks three key questions: Can a diminished function or sense be successfully
augmented? Is there a substitute way to return the function or to restore a sense? And is the solution appropriate
and cost-effective? These questions give rise to two important rehabilitation concepts: orthotics and prosthetics.
An orthosisis an appliance that aids an existing function. A prosthesisprovides a substitute.

An artificial limb is a prosthesis, as is a wheelchair. An ankle brace is an orthosis; so are eyeglasses. In fact,
eyeglasses might well be the penultimate rehabilitation device. They are inexpensive, have little social stigma,
and are almost completely unobtrusive to the user. They have let many millions of individuals with correctable
vision problems lead productive lives. But in essence, a pair of eyeglasses is an optical device, governed by
traditional equations of physical optics. Eyeglasses can be made out of simple glass (from a raw material as
abundant as the sands of the earth) or complex plastics such as those that are ultraviolet sensitive. They can
be ground by hand or by sophisticated computer-controlled optical grinders. Thus, crude technology can restore
functional vision. Increasing the technical content of the eyeglasses (either by material or manufacturing
method) in most cases will not increase the amount of function restored, but it might make the glasses cheaper,
lighter, and more prone to be used.

119.2 Engineering Concepts in Sensory Rehabilitation

Of the five traditional senses, vision and hearing best define the interactions that permit us to be human. These
two senses are the main input channels through which data with high information content can flow. We read;
we listen to speech or music; we view art. A loss of one or the other of these senses (or both) can have a
devastating impact on the individual affected. Rehabilitation engineers attempt to restore the functions of these
senses, either through augmentation or via sensory substitution systems. Eyeglasses and hearing aids are
examples of augmentative devices that can be used if some residual capacity remains. A major area of rehabil-
itation engineering research deals with sensory substitution systems [Kaczmarek et al., 1991].

The visual system has the capability to detect a single photon of light, yet also has a dynamic range that can
respond to intensities many orders of magnitude greater. It can work with high contrast items and with those
of almost no contrast, and across the visible spectrum of colors. Millions of parallel data channels form the
optic nerve that comes from an eye; each channel transmits an asynchronous and quasi-random (in time)
stream of binary pulses. While the temporal coding on any one of these channels is not fast (on the order of
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200 bits per second or less), the capacity of the human brain to parallel process the entire image is faster than
any supercomputer yet built.

If sight is lost, how can it be replaced? A simple pair of eyeglasses will not work, because either the sensor
(the retina), the communication channel (the optic nerve and all of its relays to the brain), or one or more
essential central processors (the occipital part of the cerebral cortex for initial processing; the parietal and other
cortical areas for information extraction) has been damaged. For replacement within the system, one must
determine where the visual system has failed and whether a stage of the system can be artificially bypassed. If
one uses another sensory modality (e.g., touch or hearing) as an alternate input channel, one must determine
whether there is sufficient bandwidth in that channel and whether the higher-order processing hierarchy is
plastic enough to process information coming via a different route.

While the above discussion might seem just philosophical, it is more than that. We normally read printed
text with our eyes. We recognize words from their (visual) letter combinations. We comprehend what we read
via a mysterious processing in the parietal and temporal parts of the cerebral cortex. Could we perhaps read
and comprehend this text or other forms of writing through our fingertips with an appropriate interface? The
answer, surprisingly, is yes! And, the adaptation actually goes back to one of the earliest applications of coding
theory — that of the development of Braille. Braille condenses all text characters to a raised matrix of 2 by
3 dots (2° combinations), with certain combinations reserved as indicators for the next character (such as a
number indicator) or for special contractions. Trained readers of Braille can read over 250 words per minute
of grade 2 Braille (as fast as most sighted readers can read printed text). Thus, the Braille code is in essence a
rehabilitation engineering concept where an alternate sensory channel is used as a substitute and where a
recoding scheme has been employed.

Rehabilitation engineers and their colleagues have designed other ways to read text. To replace the retina as
a sensor element, a modern high-resolution, high-sensitivity, fast-imaging sensor (CCD, etc.) is employed to
capture a visual image of the text. One method, used by various page scanning devices, converts the scanned
image to text by using optical character recognition schemes, and then outputs the text as speech via text-to-
speech algorithms. This machine essentially recites the text, much as a sighted helper might do when reading
aloud to the blind individual. The user of the device is thus freed of the absolute need for a helper. Such
independence is often the goal of rehabilitation.

Perhaps the most interesting method presents an image of the scanned data directly to the visual cortex or
retina via an array of implantable electrodes that are used to electrically activate nearby cortical or retinal
structures. The visual cortex and retina are laid out in topographic fashion such that there is an orderly mapping
of the signal from different parts of the visual field to the retina, and from the retina to corresponding parts
of the occipital cortex. The goal of stimulation is to mimic the neural activity that would have been evoked
had the signal come through normal channels. And, such stimulation does produce the sensation of light. Since
the “image” stays within the visual system, the rehabilitation solution is said to be modality specificHowever,
substantial problems dealing with biocompatibility and image processing and reduction remain in the design
of the electrode arrays and processors that serve to interface the electronics and neurological tissue.

Deafness is another manifestation of a loss of a communication channel, this time for the sense of hearing.
Totally deaf individuals use vision as a substitute input channel when communicating via sign language (also
a substitute code), and can sign at information rates that match or exceed that of verbal communication.
Hearing aids are now commercially available that can adaptively filter out background noise (a predictable
signal) while amplifying speech (unpredictable) using autoregressive, moving average (ARMA) signal process-
ing. With the recent advent of powerful digital signal processing chips, true digital hearing aids are now available.
Previous analog aids, or digitally programmable analog aids, provided a set of tunable filters and amplifiers to
cover the low-, mid-, and high-frequency ranges of the hearing spectrum. But the digital aids can be specifically
and easily tailored (i.e., programmed) to compensate for the specific losses of each individual client across the
frequency continuum of hearing, and still provide automatic gain control and one or more user-selectable
settings that have been adjusted to perform optimally in differing noise environments.

An exciting development is occurring outside the field of rehabilitation that will have a profound impact on
the ability of the deaf to comprehend speech. Electronics companies are now beginning to market universal
translation aids for travelers, where a phrase spoken in one language is captured, parsed, translated, and restated
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(either spoken or displayed) in another language. The deaf would simply require that the visual display be in
the language that they use for writing.

Deafness is often brought on (or occurs congenitally) by damage to the cochlea. The cochlea normally
transduces variations in sound pressure intensity at a given frequency into patterns of neural discharge. This
neural code is then carried by the auditory (eighth cranial) nerve to the brainstem, where it is preprocessed
and relayed to the auditory cortex for initial processing and on to the parietal and other cortical areas for
information extraction. Similar to the case for the visual system, the cochlea, auditory nerve, auditory cortex,
and all relays in between maintain a topological map, this time based on tone frequency (tonotopic). If deafness
is solely due to cochlear damage (as is often the case) and if the auditory nerve is still intact, a cochlear implant
can often be substituted for the regular transducer array (the cochlea) while still sending the signal through
the normal auditory channel (to maintain modality specificity).

At first glance, the design of a cochlear prosthesis to restore hearing appears daunting. The hearing range of
a healthy young individual is 20 to 16,000 Hz. The transducing structure, the cochlea, has 3500 inner and
12,000 outer hair cells, each best activated by a specific frequency that causes a localized mechanical resonance
in the basilar membrane of the cochlea. Deflection of a hair cell causes the cell to fire an all-or-none (i.e.,
pulsatile) neuronal discharge, whose rate of repetition depends to a first approximation on the amplitude of
the stimulus. The outputs of these hair cells have an orderly convergence on the 30,000 to 40,000 fibers that
make up the auditory portion of the eighth cranial nerve. These afferent fibers, in turn, go to brainstem neurons
that process and relay the signals on to higher brain centers [Klinke, 1983]. For many causes of deafness, the
hair cells are destroyed, but the eighth nerve remains intact. Thus, if one could elicit activity in a specific output
fiber by means other than the hair cell motion, perhaps some sense of hearing could be restored. The geometry
of the cochlea helps in this regard as different portions of the nerve are closer to different parts of the cochlea.

Electrical stimulation is now used in the cochlear implant to bypass hair cell transduction mechanisms [Loeb,
1985; Clark et al., 1990]. These sophisticated devices have required that complex signal processing, electronic,
and packaging problems be solved. One current cochlear implant has 22 stimulus sites along the scala tympani
of the cochlea. Those sites provide excitation to the peripheral processes of the cells of the eighth cranial nerve,
which are splayed out along the length of the scala. The electrode assembly itself has 22 ring electrodes spaced
along its length and some additional guard rings between the active electrodes and the receiver to aid in securing
the very flexible electrode assembly after it is snaked into the cochlea’s very small (a few millimeters) round
window (a surgeon related to me that positioning the electrode was akin to pushing a piece of cooked spaghetti
through a small hole at the end of a long tunnel). The electrode is attached to a receiver that is inlaid into a
slot milled out of the temporal bone. The receiver contains circuitry that can select any electrode ring to be a
source and any other electrode to be a sink for the stimulating current, and that can rapidly sequence between
various pairs of electrodes. The receiver is powered and controlled by a radiofrequency link with an external
transmitter, whose alignment is maintained by means of a permanent magnet imbedded in the receiver.

A digital signal processor stores information about a specific user and his or her optimal electrode locations
for specific frequency bands. The object is to determine what pair of electrodes best produces the subjective
perception of a certain pitch in the implanted individual himself or herself, and then to associate a particular
filter with that pair via the controller. An enormous amount of compression occurs in taking the frequency
range necessary for speech comprehension and reducing it to a few discrete channels. At present, the optimum
compression algorithm is unknown, and much fundamental research is being carried out in speech processing,
compression, and recognition. But, what is amazing is that a number of totally deaf individuals can relearn to
comprehend speech exceptionally well without speech-reading through the use of these implants. Other indi-
viduals find that the implant aids in speech-reading. For some, only an awareness of environmental sounds is
apparent; and for another group, the implant appears to have little effect. But, if you could (as I have been able
to) finally converse in unaided speech with an individual who had been rendered totally blind and deaf by a
traumatic brain injury, you would certainly begin to appreciate the power of rehabilitation engineering.

119.3 Engineering Concepts in Motor Rehabilitation

Limitations in mobility can severely restrict the quality of life of an individual so affected. A wheelchair is a
prime example of a prosthesis that can restore personal mobility to those who cannot walk. Given the proper
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environment (fairly level floors, roads, etc.), modern wheelchairs can be highly efficient. In fact, the fastest
times in one of man’s greatest tests of endurance, the Boston Marathon, are achieved by the wheelchair racers.
Although they do gain the advantage of being able to roll, they still must climb the same hills, and do so with
only one fifth of the muscle power available to an able-bodied marathoner.

While a wheelchair user could certainly go down a set of steps (not recommended), climbing steps in a
normal manual or electric wheelchair is a virtual impossibility. Ramps or lifts are engineered to provide
accessibility in these cases, or special climbing wheelchairs can be purchased. Wheelchairs also do not work
well on surfaces with high rolling resistance or viscous coefficients (e.g., mud, rough terrain, etc.), so alternate
mobility aids must be found if access to these areas is to be provided to the physically disabled. Hand-controlled
cars, vans, tractors, and even airplanes are now driven by wheelchair users. The design of appropriate control
modifications falls to the rehabilitation engineer.

Loss of a limb can greatly impair functional activity. The engineering aspects of artificial limb design increase
in complexity as the amount of residual limb decreases, especially if one or more joints are lost. As an example,
a person with a mid-calf amputation could use a simple wooden stump to extend the leg, and could ambulate
reasonably well. But such a leg is not cosmetically appealing and completely ignores any substitution for ankle
function.

Immediately following World War II, the U.S. government began the first concerted effort to foster better
engineering design for artificial limbs. Dynamically lockable knee joints were designed for artificial limbs for
above-knee amputees. In the ensuing years, energy-storing artificial ankles have been designed, some with
prosthetic feet so realistic that beach thongs could be worn with them. Artificial hands, wrists, and elbows were
designed for upper-limb amputees. Careful design of the actuating cable system also provided for a sense of
hand grip force, so that the user had some feedback and did not need to rely on vision alone for guidance.

Perhaps the most transparent (to the user) artificial arms are the ones that use electrical activity generated
by the muscles remaining in the stump to control the actions of the elbow, wrist, and hand [Stein et al., 1988].
This electrical activity is known as myoelectricity, and is produced as the muscle contraction spreads through
the muscle. Note that these muscles, if intact, would have controlled at least one of these joints (e.g., the biceps
and triceps for the elbow). Thus, a high level of modality specificity is maintained because the functional
element is substituted only at the last stage. All of the batteries, sensor electrodes, amplifiers, motor actuators,
and controllers (generally analog) reside entirely within these myoelectric arms. An individual trained in the
use of a myoelectric arm can perform some impressive tasks with this arm. Current engineering research efforts
involve the control of simultaneous multi-joint movements (rather than the single joint movement now
available) and the provision for sensory feedback from the end effector of the artificial arm to the skin of the
stump via electrical means.

119.4 Engineering Concepts in Communications Disorders

Speech is a uniquely human means of interpersonal communication. Problems that affect speech can occur at
the initial transducer (the larynx) or at other areas of the vocal tract. They can be of neurological (due to
cortical, brainstem, or peripheral nerve damage), structural, and/or cognitive origin. A person might only be
able to make a halting attempt at talking, or might not have sufficient control of other motor skills to type or
write.

If only the larynx is involved, an externally applied artificial larynx can be used to generate a resonant column
of air that can be modulated by other elements in the vocal tract. If other motor skills are intact, typing can
be used to generate text, which in turn can be spoken via text-to-speech devices described above. And the rate
of typing (either whole words or via coding) might be fast enough so that reasonable speech rates could be
achieved.

The rehabilitation engineer often becomes involved in the design or specification of augmentative commu-
nication aids for individuals who do not have good muscle control, either for speech or for limb movement.
An entire industry has developed around the design of symbol or letter boards, where the user can point out
(often painstakingly) letters, words, or concepts. Some of these boards now have speech output. Linguistics
and information theory have been combined in the invention of acceleration techniques intended to speed up
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the communication process. These include alternative language representation systems based on semantic
(iconic), alphanumeric, or other codes; and prediction systems, which provide choices based on previously
selected letters or words.

Some individuals can produce speech, but it is dysarthric and very difficult to understand. Yet the utterance
does contain information. Can this limited information be used to figure out what the individual wanted to
say, and then voice it by artificial means? Research labs are now employing neural network theory to determine
which pauses in an utterance are due to content (i.e., between a word or sentence) and which are due to
unwanted halts in speech production.

119.5 Appropriate Technology

Rehabilitation engineering lies at the interface of a wide variety of technical, biological, and other concerns. A
user might (and often does) put aside a technically sophisticated rehabilitation device in favor of a simpler device
that is cheaper and easier to use and maintain. The cosmetic appearance of the device (or cosmesis) sometimes
becomes the overriding factor in acceptance or rejection of a device. A key design factor often lies in the use of
the appropriate technologyo accomplish the task adequately, given the extent of the resources available to solve
the problem and the residual capacity of the client. Adequacy can be verified by determining that increasing the
technical content of the solution results in disproportionately diminishing gains or escalating costs. Thus, a
rehabilitation engineer must be able to distinguish applications where high technology is required from those
where such technology results in an incremental gain in cost, durability, acceptance, and other factors. Further,
appropriateness very much depends on location. What is appropriate to a client near a major medical center in
a highly developed country might not be appropriate to one in a rural setting or in a developing country.

This is not to say that rehabilitation engineers should shun advances in technology. In fact, a fair proportion
of rehabilitation engineers work in a research setting where state-of-the-art technology is being applied to the
needs of the disabled. However, it is often difficult to transfer complex technology from a laboratory to disabled
consumers not directly associated with that laboratory. Such devices are often designed for use only in a
structured environment, are difficult to repair properly in the field, and often require a high level of user
interaction or sophistication.

Technology transfer in the rehabilitation arena is difficult, due to the limited and fragmented market.
Advances in rehabilitation engineering are often piggybacked onto advances in commercial electronics. For
example, the exciting developments in text-to-speech and speech-to-text devices mentioned above are being
driven by the commercial marketplace, and not by the rehabilitation arena. But such developments will be
welcomed by rehabilitation engineers no less.

119.6 The Future of Engineering in Rehabilitation

The traditional engineering disciplines permeate many aspects of rehabilitation. Signal processing, control and
information theory, materials design, and computers are all in widespread use from an electrical engineering
perspective. Neural networks, microfabrication, fuzzy logic, virtual reality, image processing, and other emerg-
ing electrical and computer engineering tools are increasingly being applied. Mechanical engineering principles
are used in biomechanical studies, gait and motion analysis, prosthetic fitting, seat cushion and back support
design, and the design of artificial joints. Materials and metallurgical engineers provide input on newer bio-
compatible materials. Chemical engineers are developing implantable sensors. Industrial engineers are increas-
ingly studying rehabilitative ergonomics.

The challenge to rehabilitation engineers is to find advances in any field — engineering or otherwise — that
will aid their clients who have a disability.
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Defining Terms

[Note: the first five terms below have been proposed by the National Center for Medical Rehabilitation and
Research (NCMRR) of the U.S. National Institutes of Health (NIH).]

Activities of daily living (ADL):  Personal activities that are done by almost everyone in the course of a normal
day, including eating, toileting, combing hair, brushing teeth, reading, etc. ADLs are distinguished from
hobbies and from work-related activities (e.g., typing).

Appropriate technology: The technology that will accomplish a task adequately, given the resources available.
Adequacy can be verified by determining that increasing the technological content of the solution results
in diminishing gains or increasing costs.

Disability: Inability or limitation in performing tasks, activities, and roles to levels expected within physical
and social contexts.

Functional limitation: Restriction or lack of ability to perform an action in the manner or within the range
consistent with the purpose of an organ or organ system.

Impairment: Loss or abnormality of cognitive, emotional, physiological, or anatomical structure or function,
including all losses or abnormalities, not just those attributed to the initial pathophysiology.

Modality-specific: A task that is specific to a single sense or movement pattern.

Orthosis: A modality-specific appliance that aids the performance of a function or movement by augmenting
or assisting the residual capabilities of that function or movement. An orthopedic brace is an orthosis.

Pathophysiology: Interruption or interference with normal physiological and developmental processes or
structures.

Prosthesis: An appliance that substitutes for the loss of a particular function, generally by involving a different
modality as an input and/or output channel. An artificial limb, a sensory substitution system, or an
augmentative communication aid are prosthetic devices.

Residual function or residual capacity: Residual function is a measure of the ability to carry out one of more
general tasks using the methods normally used. Residual capacity is a measure of the ability to to carry
out these tasks using any means of performance. These residual measures are generally more subjective
than other more quantifiable measures such as residual strength.

Societal limitation: Restriction, attributable to social policy or barriers (structural or attitudinal), that limits
fulfillment of roles, or denies access to services or opportunities that are associated with full participation
in society.
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Futher Information

Readers interested in rehabilitation engineering can contact RESNA — an interdisciplinary association for the
advancement of rehabilitation and assistive technologies — at 1101 Connecticut Ave., N.W., Suite 700, Wash-
ington, D.C. 20036. RESNA publishes a quarterly journal called Assistive Technology.

The U.S. Department of Veterans Affairs puts out a quarterly Journal of Rehabilitation Re&D. The January
issue each year contains an overview of most of the rehabilitation engineering efforts occurring in the U.S. and
Canada, with over 500 listings.

The IEEE Engineering in Medicine and Biology Society publishes IEEE Transactions on Rehabilitation Engi-
neering, a quarterly journal. The reader should contact the IEEE at P.O. Box 1331, 445 Hoes Lane, Piscataway,
NJ 08855-1331 for further details.
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The mathematical equation used to generate this three-dimensional figure is worth a
thousand words. It represents a single-solitron surface for the sine-Gordon equation w,, =
sin w. Among the areas in which the sine-Gordon equation arises is that of wave propagation
on nonlinear transmission lines and in semi-conductors. The equation is famous because
it is known to have a nonlinear superposition principle obtainable by means of a Bicklund
Transformation. The sine-Gordon equation is an example of an evolution equation which
has an infinite sequence of non-trivial conservation laws so important in the fields of
engineering and physics. For further information on the Backlund Transformation see Beick-
lund Transformations and their Application, Rogers and Shadwick, Academic Press, 1982.

This three-dimensional projection was generated using the MAPLE® software package.
MAPLE® is one of three important mathematical computer packages that offer a variety
of analytical and numerical software for use by scientists, engineers, and mathematicians.

This figure was developed by W.K. Schief and C. Rogers and the Center for Dynamical
Systems and Nonlinear Studies at Georgia Institute of Technology and the University of
New South Wales in Sydney, Australia. (Figure courtesy of Schief and Rogers.)
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HE GREAT ACHIEVEMENTS in engineering deeply affect the lives of all of us and also serve to remind

us of the importance of mathematics. Interest in mathematics has grown steadily with these engineering

achievements and with concomitant advances in pure physical science. Whereas scholars in nonscien-
tific fields, and even in such fields as botany, medicine, geology, etc., can communicate most of the problems
and results in nonmathematical language, this is virtually impossible in present-day engineering and physics.
Yet it is interesting to note that until the beginning of the twentieth century engineers regarded calculus as
something of a mystery. Modern students of engineering now study calculus, as well as differential equations,
complex variables, vector analysis, orthogonal functions, and a variety of other topics in applied analysis. The
study of systems has ushered in matrix algebra and, indeed, most engineering students now take linear algebra
as a core topic early in their mathematical education.

This section contains concise summaries of relevant topics in applied engineering mathematics and certain
key formulas, that is, those formulas that are most often needed in the formulation and solution of engineering
problems. Whereas even inexpensive electronic calculators contain tabular material (e.g., tables of trigonometric
and logarithmic functions) that used to be needed in this kind of handbook, most calculators do not give
symbolic results. Hence, we have included formulas along with brief summaries that guide their use. In many
cases we have added numerical examples, as in the discussions of matrices, their inverses, and their use in the
solutions of linear systems. A table of derivatives is included, as well as key applications of the derivative in the
solution of problems in maxima and minima, related rates, analysis of curvature, and finding approximate
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roots by numerical methods. A list of infinite series, along with the interval of convergence of each, is also
included.

Of the two branches of calculus, integral calculus is richer in its applications, as well as in its theoretical
content. Though the theory is not emphasized here, important applications such as finding areas, lengths,
volumes, centroids, and the work done by a nonconstant force are included. Both cylindrical and spherical
polar coordinates are discussed, and a table of integrals is included. Vector analysis is summarized in a separate
section and includes a summary of the algebraic formulas involving dot and cross multiplication, frequently
needed in the study of fields, as well as the important theorems of Stokes and Gauss. The part on special
functions includes the gamma function, hyperbolic functions, Fourier series, orthogonal functions, and both
Laplace and z-transforms. The Laplace transform provides a basis for the solution of differential equations and
is fundamental to all concepts and definitions underlying analytical tools for describing feedback control
systems. The z-transform, not discussed in most applied mathematics books, is most useful in the analysis of
discrete signals as, for example, when a computer receives data sampled at some prespecified time interval. The
Bessel functions, also called cylindrical functions, arise in many physical applications, such as the heat transfer
in a “long” cylinder, whereas the other orthogonal functions discussed—Legendre, Hermite, and Laguerre
polynomials—are needed in quantum mechanics and many other subjects (e.g., solid-state electronics) that
use concepts of modern physics.

The world of mathematics, even applied mathematics, is vast. Even the best mathematicians cannot keep up
with more than a small piece of this world. The topics included in this section, however, have withstood the
test of time and, thus, are truly core for the modern engineer.

This section also incorporates tables of physical constants and symbols widely used by engineers. While not
exhaustive, the constants, conversion factors, and symbols provided will enable the reader to accommodate a
majority of the needs that arise in design, test, and manufacturing functions.
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Mathematics,
Symbols, and
Physical Constants

Greek Alphabet

Greek Greek English Greek Greek English
letter name equivalent letter name equivalent

A o Alpha a N v Nu n

B B Beta b g S Xi X

r Y Gamma g (6] 0 Omicron 6

A d Delta d I T Pi P

E € Epsilon ¢ P p Rho r

V4 ¢ Zeta z h c Sigma s

H n Eta € T T Tau t

(S} 0 O  Theta th Y v Upsilon u

1 1 Iota i [} o 0 Phi ph

K K Kappa k X X Chi ch

A A Lambda 1 v ) Psi ps

M w Mu m Q 0} Omega 0

International System of Units (SI)

The International System of units (SI) was adopted by the 11th General Conference on Weights and Measures
(CGPM) in 1960. It is a coherent system of units built form seven SI base units, one for each of the seven
dimensionally independent base quantities: they are the meter, kilogram, second, ampere, kelvin, mole, and
candela, for the dimensions length, mass, time, electric current, thermodynamic temperature, amount of
substance, and luminous intensity, respectively. The definitions of the SI base units are given below. The SI
derived units are expressed as products of powers of the base units, analogous to the corresponding relations
between physical quantities but with numerical factors equal to unity.

In the International System there is only one SI unit for each physical quantity. This is either the appropriate
SI base unit itself or the appropriate SI derived unit. However, any of the approved decimal prefixes, called SI
prefixes, may be used to construct decimal multiples or submultiples of SI units.

It is recommended that only SI units be used in science and technology (with SI prefixes where appropriate).
Where there are special reasons for making an exception to this rule, it is recommended always to define the
units used in terms of SI units. This section is based on information supplied by TUPAC.

Definitions of SI Base Units

Meter—The meter is the length of path traveled by light in vacuum during a time interval of 1/299 792 458
of a second (17th CGPM, 1983).

Kilogram—The kilogram is the unit of mass; it is equal to the mass of the international prototype of the
kilogram (3rd CGPM, 1901).

Second—The second is the duration of 9 192 631 770 periods of the radiation corresponding to the transition
between the two hyperfine levels of the ground state of the cesium-133 atom (13th CGPM, 1967).

Ampere—The ampere is that constant current which, if maintained in two straight parallel conductors of
infinite length, of negligible circular cross-section, and placed 1 meter apart in vacuum, would produce between
these conductors a force equal to 2 X 107 newton per meter of length (9th CGPM, 1948).
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Kelvin—The kelvin, unit of thermodynamic temperature, is the fraction 1/273.16 of the thermodynamic
temperature of the triple point of water (13th CGPM, 1967).

Mole—The mole is the amount of substance of a system which contains as many elementary entities as there
are atoms in 0.012 kilogram of carbon-12. When the mole is used, the elementary entities must be specified
and may be atoms, molecules, ions, electrons, or other particles, or specified groups of such particles (14th
CGPM, 1971).

Examples of the use of the mole:

1 mol of H, contains about 6.022 x 10%* H, molecules, or 12.044 x 10 H atoms
1 mol of HgCl has a mass of 236.04 g

1 mol of Hg,Cl, has a mass of 472.08 g

1 mol of Hg;* has a mass of 401.18 g and a charge of 192.97 kC

1 mol of Fe,,,S has a mass of 82.88 g

1 mol of e~ has a mass of 548.60 ug and a charge of —96.49 kC

1 mol of photons whose frequency is 10!* Hz has energy of about 39.90 kJ

Candela—The candela is the luminous intensity, in a given direction, of a source that emits monochromatic
radiation of frequency 540 x 10'2 hertz and that has a radiant intensity in that direction of (1/683) watt per
steradian (16th CGPM, 1979).

Names and Symbols for the SI Base Units

Physical quantity Name of SI unit Symbol for SI unit
length meter m

mass kilogram kg

time second s

electric current ampere A
thermodynamic temperature kelvin K

amount of substance mole mol
luminous intensity candela od

SI Derived Units with Special Names and Symbols

Name of Symbol for Expression in

Physical quantity SI unit SI unit terms of SI base units
frequency! hertz Hz st
force newton N m kg s
pressure, stress pascal Pa N m™ =m' kg s
energy, work, heat joule J Nm =m? kg s?
power, radiant flux watt w Jst! =m? kg s
electric charge coulomb C As
electric potential, volt Vv JC! =m? kg s> A

electromotive force
electric resistance ohm Q VAT =m? kg s A~
electric conductance siemens S ! =m7? kg s A?
electric capacitance farad F cv! =m~2 kg! st A?
magnetic flux density tesla T Vsm? =kgs?A’!
magnetic flux weber Wb Vs =m?kgs? A
inductance henry H VA's =m?kgs?A?
Celsius temperature? degree Celsius °C K
luminous flux lumen Im cd sr
illuminance lux Ix cd sr m?
activity (radioactive) becquerel Bq s
absorbed dose (of radiation)  gray Gy J kgt =m’s?
dose equivalent sievert Sv J kg! =m?s?

(dose equivalent index)
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Name of Symbol for Expression in

Physical quantity SI unit SI unit terms of SI base units
plane angle radian rad 1 =mm’!
solid angle steradian 5 1 =m? m3

'For radial (circular) frequency and for angular velocity the unit rad s, or simply s, should
be used, and this may not be simplified to Hz. The unit Hz should be used only for frequency
in the sense of cycles per second.

2The Celsius temperature 0 is defined by the equation:

0/°C = T/K - 273.15

The SI unit of Celsius temperature interval is the degree Celsius, °C, which is equal to the
kelvin, K. °C should be treated as a single symbol, with no space between the ° sign and the
letter C. (The symbol °K, and the symbol °, should no longer be used.)

Units in Use Together with the SI

These units are not part of the SI, but it is recognized that they will continue to be used in appropriate contexts.
SI prefixes may be attached to some of these units, such as milliliter, ml; millibar, mbar; megaelectronvolt, MeV;
kilotonne, ktonne.

Physical Symbol

quantity Name of unit for unit Value in SI units
time minute min 60 s

time hour h 3600 s

time day d 86 400 s

plane angle  degree ° (/180) rad

plane angle  minute ! (m/10 800) rad
plane angle  second ” (m/648 000) rad
length dngstrom! A 100 m

area barn b 10728 m?

volume litre ILL dm? =102 m’
mass tonne t Mg =10°kg
pressure bar! bar 10°Pa  =10°Nm?
energy electronvolt? eV (=exV) =1.60218 X 107 ]
mass unified atomic u (=m,(12C)/12) =1.66054 x 10" kg

mass unit??

The dngstrom and the bar are approved by CIPM for “temporary use with
SI units,” until CIPM makes a further recommendation. However, they should
not be introduced where they are not used at present.

?The values of these units in terms of the corresponding SI units are not
exact, since they depend on the values of the physical constants e (for the
electronvolt) and N, (for the unified atomic mass unit), which are determined
by experiment.

3The unified atomic mass unit is also sometimes called the dalton, with
symbol Da, although the name and symbol have not been approved by CGPM.

Conversion Constants and Multipliers

Recommended Decimal Multiples and Submultiples

Multiples and Multiples and
submultiples Prefixes ~ Symbols  submultiples  Prefixes Symbols
10'8 exa E 107! deci d
10" peta P 107 centi c
10" tera T 107 milli m
10° giga G 10-¢ micro 1 (Greek mu)
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Multiples and Multiples and

submultiples Prefixes ~ Symbols  submultiples  Prefixes Symbols
106 mega M 107 nano n
10° kilo k 10712 pico p
10? hecto h 1071 femto f
10 deca da 10718 atto a

Conversion Factors—Metric to English

To obtain Multiply By

Inches Centimeters 0.3937007874

Feet Meters 3.280839895

Yards Meters 1.093613298

Miles Kilometers 0.6213711922
Ounces Grams 3.527396195 x 1072
Pounds Kilogram 2.204622622
Gallons (U.S. Liquid)  Liters 0.2641720524
Fluid ounces Milliliters (cc) 3.381402270 x 1072
Square inches Square centimeters 0.155003100
Square feet Square meters 10.76391042

Square yards Square meters 1.195990046

Cubic inches Milliliters (cc) 6.102374409 x 102
Cubic feet Cubic meters 35.31466672

Cubic yards Cubic meters 1.307950619

Conversion Factors—English to Metric*

To obtain Multiply By
Microns Mils 25.4
Centimeters Inches 2.54

Meters Feet 0.3048
Meters Yards 0.9144
Kilometers Miles 1.609344
Grams Ounces 28.34952313
Kilograms Pounds 0.45359237
Liters Gallons (U.S. Liquid) 3.785411784
Millimeters (cc) Fluid ounces 29.57352956
Square centimeters ~ Square inches 6.4516
Square meters Square feet 0.09290304
Square meters Square yards 0.83612736
Milliliters (cc) Cubic inches 16.387064
Cubic meters Cubic feet 2.831684659 x 102
Cubic meters Cubic yards 0.764554858

Conversion Factors—General*

To obtain Multiply By
Atmospheres Feet of water @ 4°C 2.950 x 102
Atmospheres Inches of mercury @ 0°C 3.342 x 107
Atmospheres Pounds per square inch 6.804 x 102
BTU Foot-pounds 1.285 x 107
BTU Joules 9.480 x 10~
Cubic feet Cords 128
Degree (angle) Radians 57.2958
Ergs Foot-pounds 1.356 x 107

*Boldface numbers are exact; others are given to ten significant figures where so indicated by the multiplier factor.

© 2000 by CRC PressLLC



To obtain Multiply By
Feet Miles 5280
Feet of water @ 4°C Atmospheres 33.90
Foot-pounds Horsepower-hours 1.98 x 10¢
Foot-pounds Kilowatt-hours 2.655 x 10°
Foot-pounds per min Horsepower 3.3 x 10*
Horsepower Foot-pounds per sec 1.818 x 107
Inches of mercury @ 0°C  Pounds per square inch 2.036
Joules BTU 1054.8
Joules Foot-pounds 1.35582
Kilowatts BTU per min 1.758 x 102
Kilowatts Foot-pounds per min 2.26 x 107
Kilowatts Horsepower 0.745712
Knots Miles per hour 0.86897624
Miles Feet 1.894 x 10
Nautical miles Miles 0.86897624
Radians Degrees 1.745 x 1072
Square feet Acres 43560
Watts BTU per min 17.5796

Temperature Factors

°F = 9/5 (°C) + 32

Fahrenheit temperature = 1.8 (temperature in kelvins) — 459.67

°C = 5/9 [(°F) — 32)]

Celsius temperature = temperature in kelvins — 273.15
Fahrenheit temperature = 1.8 (Celsius temperature) + 32

Conversion of Temperatures

From To
°Celsius °Fahrenheit te = (t. X 1.8) + 32
Kelvin Tx = tc +273.15
°Rankine Ty = (1 +273.15) X 18
tg—32
°Fahrenheit °Celsius to= +
1.8
. te—
Kelvin =g t 273.15
°Rankine Ty = t: + 459.67
Kelvin °Celsius to = Ty — 273.15
°Rankine Tp=T¢x 1.8
. . T;
°Rankine Kelvin Ty = TZ
°Farenheit t. = Ty — 459.67

Physical Constants

General

Equatorial radius of the earth = 6378.388 km = 3963.34 miles (statute).
Polar radius of the earth, 6356.912 km = 3949.99 miles (statute).

1 degree of latitude at 40° = 69 miles.

1 international nautical mile = 1.15078 miles (statute) = 1852 m = 6076.115 ft.

Mean density of the earth = 5.522 g/cm? = 344.7 Ib/ft>

Constant of gravitation (6.673 £ 0.003) X 10® cm?® gm™ s72.
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Acceleration due to gravity at sea level, latitude 45° = 980.6194 cm/s? = 32.1726 ft/s%.
Length of seconds pendulum at sea level, latitude 45° = 99.3575 cm = 39.1171 in.

1 knot (international) = 101.269 ft/min = 1.6878 ft/s = 1.1508 miles (statute)/h.

1 micron = 10~ cm.

1 angstrom = 10~® cm.

Mass of hydrogen atom = (1.67339 £ 0.0031) x 102 g.

Density of mercury at 0°C = 13.5955 g/ml.

Density of water at 3.98°C = 1.000000 g/ml.

Density, maximum, of water, at 3.98°C = 0.999973 g/cm’.

Density of dry air at 0°C, 760 mm = 1.2929 g/l.

Velocity of sound in dry air at 0°C = 331.36 m/s — 1087.1 ft/s.

Velocity of light in vacuum = (2.997925 £ 0.000002) x 10'° cm/s.

Heat of fusion of water 0°C = 79.71 cal/g.

Heat of vaporization of water 100°C = 539.55 cal/g.

Electrochemical equivalent of silver 0.001118 g/s international amp.

Absolute wavelength of red cadmium light in air at 15°C, 760 mm pressure = 6438.4696 A.
Wavelength of orange-red line of krypton 86 = 6057.802 A.

1t Constants

T = 3.14159 26535 89793 23846 26433 83279 50288 41971 69399 37511

1/m = 0.31830 98861 83790 67153 77675 26745 02872 40689 19291 48091

m? = 9.8690 44010 89358 61883 44909 99876 15113 53136 99407 24079

log,m = 1.14472 98858 49400 17414 34273 51353 05871 16472 94812 91531
log,,m = 0.49714 98726 94133 85435 12682 88290 89887 36516 78324 38044
log,,/2m = 0.39908 99341 79057 52478 25035 91507 69595 02099 34102 92128

Constants Involving e

e=2.71828 18284 59045 23536 02874 71352 66249 77572 47093 69996

1/e = 0.36787 94411 71442 32159 55237 70161 46086 74458 11131 03177

e? = 7.38905 60989 30650 22723 04274 60575 00781 31803 15570 55185

M = log,,e = 0.43429 44819 03251 82765 11289 18916 60508 22943 97005 80367

1/M-=log,10 = 2.30258 50929 94045 68401 79914 54684 36420 67011 01488 62877
log,,M = 9.63778 43113 00536 78912 29674 98645 —10

Numerical Constants

/2 = 1.41421 35623 73095 04880 16887 24209 69807 85696 71875 37695
3/2 = 1.25992 10498 94873 16476 72106 07278 22835 05702 51464 70151
log,2 = 0.69314 71805 59945 30941 72321 21458 17656 80755 00134 36026
log,i2 = 0.30102 99956 63981 19521 37388 94724 49302 67881 89881 46211
/3 =1.73205 08075 68877 29352 74463 41505 87236 69428 05253 81039
3/3 = 1.44224 95703 07408 38232 16383 10780 10958 83918 69253 49935
log,3 = 1.09861 22886 68109 69139 52452 36922 52570 46474 90557 82275
log,,3 = 0.47712 12547 19662 43729 50279 03255 11530 92001 28864 19070

Symbols and Terminology for Physical and Chemical Quantities

Name Symbol Definition SI unit

Classical Mechanics

mass m kg
reduced mass n W= mym,/(m, + m,) kg
density, mass density p p=MV kg m~
relative density d d=plp® 1
surface density P Ps py=m/A kg m?
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Symbols and Terminology for Physical and Chemical Quantities (continued)

Name Symbol Definition SI unit
Classical Mechanics (continued)
momentum 4 p=mv kg m s!
angular momentum, action L I=r¥p ]s
moment of inertia L] I=Zmyr}? kg m?
force F F=dp/dt=ma N
torque, moment of a force T, (M) T=rxF N m
energy E ]
potential energy E,V® E, = —[F-ds )
kinetic energy E, T, K e = (1/2)my* ]
work W, w w=][F-ds ]
Hamilton function H H(q, p) ]
=T(g, p) + V(q)
Lagrange function L L(g, q) )
T(g §) - V(q)
pressure pP p=F/A Pa, N m
surface tension Y, C y=dW/dA Nm',Jm?
weight G, (W, P) G=mg N
gravitational constant G F= Gmym,/r* N m? kg
normal stress c c=F/A Pa
shear stress T T=FA Pa
linear strain, € e e=Al/ 1
relative elongation
modulus of elasticity, E E=ol¢e Pa
Young’s modulus
shear strain Y Y= Ax/d 1
shear modulus G G=r1ly Pa
volume strain, bulk strain 0 0 =AV/V, 1
bulk modulus, K K =-V,(dp/dV) Pa
compression modulus n, u 1., ="N(dv/d2) Pas
viscosity, dynamic viscosity
fluidity 0 o =1m mkg!s
kinematic viscosity v v=n/p m? s
friction coefficient W (f) Fiioo = W o, 1
power P P=dw/dt w
sound energy flux BP P = dE/dt w
acoustic factors
reflection factor p p=R/P, 1
acoustic absorption factor o, (o) o,=1-p 1
transmission factor T T=R./P, 1
dissipation factor S d=0,-1T 1
Electricity and Magnetism
quantity of electricity, Q C
electric charge
charge density p p=QV Cm?
surface charge density c c=Q/A Cm™
electric potential %40} V=dw/dQ V,J] C!
electric potential difference U, AV, Ad U=V,-V, v
electromotive force E E=[(F/Q) - ds \%
electric field strength E E=FQ=-grad V Vm!
electric flux b4 ¥=|D-dA C
electric displacement D D=¢E Cm™
capacitance C C=Q/U F CV!
permittivity € D=¢E Fm!
permittivity of vacuum € € =1 ¢ Fm!
relative permittivity €, g =¢lg, 1
dielectric polarization p P=D-¢E Cm™
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Symbols and Terminology for Physical and Chemical Quantities (continued)

Name Symbol Definition SI unit

Electricity and Magnetism (continued)

(dipole moment per volume)

electric susceptibility Xe X =6-1 1
electric dipole moment pu p=0Qr Cm
electric current I I=dQ/dr A
electric current density 57T I=Jj-dA A m?
magnetic flux density, magnetic B F=QvxB T
induction
magnetic flux o] ®=[B-dA Wb
magnetic field strength H B=uH AM!
permeability i B=uH NAZ Hm!
permeability of vacuum Ho Hm!
relative permeability in W, = WL, 1
magnetization (magnetic dipole M M= B/y,-H A m!
moment per volume)
magnetic susceptibility % 5 Um) x=W-1 1
molar magnetic susceptibility Xm Xm = Vil m’ mol™!
magnetic dipole moment m, L E,=-m-B Am%]T!
electrical resistance R P=Y/1 Q
conductance G G=1/R S
loss angle ) 8= (m/2) + o, - 0y 1, rad
reactance X X = (U/Dsin 8 Q
impedance (complex impedance) V4 Z=R+iX Q
admittance (complex admittance) Y Y=1/Z S
susceptance B Y=G+iB S
resistivity p p=E/j Qm
conductivity K Y C Kk=1/p Sm™!
self-inductance L E=-L(dI/dt) H
mutual inductance M, L, E, = L,(Di,/dt) H
magnetic vector potential A B=VxA Wb m™!
Poynting vector N S=ExH W m?

Electromagnetic Radiation

wavelength A m
speed of light ms!
in vacuum [
in a medium c c=¢ln
wavenumber in vacuum v v =V/¢, = 1/nk m!
wavenumber (in a medium) c c=1/A m!
frequency \Y v =c/A Hz
circular frequency, pulsatance 0] = 21V s, rad s7!
refractive index n n=clc 1
Planck constant h Js
Planck constant/27 h = hi21w ]s
radiant energy QW ]
radiant energy density p,w p=QV ] m
spectral radiant energy density
in terms of frequency Py Wy p,=0p /dv J m~ Hz!
in terms of wavenumber Py, wy p; =dp/dv ] m?
in terms of wavelength P Wi p,.=0p /dA J m
Einstein transition probabilities
spontaneous emission A, dN,/dt=-A,,N, s7!
stimulated emission B, dn,/dt=—py(y, yx B, N, Skg’
radiant power, o, P ® = dQ/dt
radiant energy per time
radiant intensity I I = d®/dQ W sr!
radiant exitance (emitted radiant flux) M M = dd/dA,,,.. W m
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Symbols and Terminology for Physical and Chemical Quantities (continued)

Name Symbol Definition SI unit
Electromagnetic Radiation (continued)

irradiance (radiant flux received) E (D E=d®/0A W m™
emittance € €= M/M,, 1
Stefan-Boltzmann constant c M, =0T W m2 K+
first radiation constant q ¢ = 2nhe; W m?
second radiation constant c 6 = helk Km
transmittance, transmission factor T, T T=P, /D, 1
absorptance, absorption factor o o= 0,/ 1
reflectance, reflection factor p P = /P, 1
(decadic) absorbance A A=Ig(l1-oy) 1
napierian absorbance B B=1In(1 - o) 1
absorption coefficient

(linear) decadic a, K a= A/l m!

(linear) napierian o o= B/l m!

molar (decadic) € e=alc= A/l m? mol™!

molar napierian K K =o/c= B/ m? mol™!
absorption index k k = a/4mv 1
complex refractive index fl f=n+ik 1
molar refraction R R, R= o= V. m?® mol™!

(n2+2)
angle of optical rotation o 1, rad
Solid State
lattice vector R R, m
fundamental translation vectors forthe  a;; a; a;, R=ma +mna +na, m
crystal lattice a; b; ¢
(circular) reciprocal lattice vector G G:-R=2mm m!
(circular) fundamental translation b; by b, a;- b, =2md, m™!
vectors for the reciprocal lattice a*; b*; c*

lattice plane spacing d m
Bragg angle nk = 2dsin © 1, rad
order of reflection 1
order parameters

short range c 1

long range s 1
Burgers vector b m
particle position vector R m
equilibrium position vector of an ion R, m
displacement vector of an ion u u=R-R, m
Debye-Waller factor B, D 1
Debye circular wavenumber an m!
Debye circular frequency [0 st
Griineisen parameter v T Y= oaV/ixCy, 1
Madelung constant o, M coul = aNzze 1

4re R,

density of states Ng N = dN(E)/dE J7'm>
(spectral) density of vibrational modes N, g N, = dN(®)/d® sm
resistivity tensor P E=p-j Qm
conductivity tensor (P c=p’! Sm™!
thermal conductivity tensor A J,=-A-grad T Wmt K!
residual resistivity Pr Qm
relaxation time T T= 1/ s
Lorenz coefficient L L=AoT V2 K2
Hall coefficient Ay, Ry E=p-j+ Ry(Bxj) m? C!
thermoelectric force E v
Peltier coefficient I \%
Thomson coefficient W, (t) V K!
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Symbols and Terminology for Physical and Chemical Quantities (continued)

Name Symbol Definition SI unit

Solid State (continued)

work function (0] O=E -E ]
number density, number concentration 1, (p) m™
gap energy E, ]
donor ionization energy E; )
acceptor ionization energy E, ]
Fermi energy Ey € ]
circular wave vector, k q k = 2m/A m!
propagation vector
Bloch function w(r) W(r) = ur) exp(ik - r) m2
charge density of electrons p p(r) = —ey* (N (9 Cm>
effective mass m* kg
mobility u W= Vyir/E m? Vst
mobility ratio b b= p,/u, 1
diffusion coefficient D dN/dt = —DA(dn/dx) m? s!
diffusion length L L= .D1 m
characteristic (Weiss) temperature 0, Oy K
Curie temperature T K
Néel temperature Ty K
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