Modern Devices

Modern Devices
The Simple Physics of Sophisticated
Technology
Charles L. Joseph
Department of Physics & Astronomy
Rutgers University
and

Santiago Bernal
Institute for Research in Electronics and Applied Physics
University of Maryland
With contributions by

Timothy Koeth
Institute for Research in Electronics and Applied Physics
University of Maryland

Copyright © 2016 by John Wiley & Sons, Inc. All rights reserved
Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada
No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form
or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as
permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate per‐copy fee
to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750‐8400,
fax (978) 750‐4470, or on the web at www.copyright.com. Requests to the Publisher for permission
should be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken,
NJ 07030, (201) 748‐6011, fax (201) 748‐6008, or online at http://www.wiley.com/go/permissions.
Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts
in preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be suitable
for your situation. You should consult with a professional where appropriate. Neither the publisher nor
author shall be liable for any loss of profit or any other commercial damages, including but not limited
to special, incidental, consequential, or other damages.
For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762‐2974, outside the United States at
(317) 572‐3993 or fax (317) 572‐4002.
Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic formats. For more information about Wiley products, visit our web site at
www.wiley.com.
Library of Congress Cataloging‐in‐Publication Data:
Names: Joseph, Charles Lynn, author. | Bernal, Santiago, author.
Title: Modern devices : the simple physics of sophisticated technology / by Charles L. Joseph
and Santiago Bernal.
Description: Hoboken, New Jersey : John Wiley & Sons, 2016. | Includes bibliographical references
and index.
Identifiers: LCCN 2015044568 (print) | LCCN 2015050864 (ebook) |
ISBN 9780470900437 (cloth) | ISBN 9781119011835 (pdf) | ISBN 9781119011828 (epub)
Subjects: LCSH: Manufactures–Technological innovations. | Electronic apparatus and
appliances–Technological innovations. | Industrial equipment–Technological innovations. |
Optical instruments–Technological innovations. | Technology. | Physics.
Classification: LCC TS145 .J67 2016 (print) | LCC TS145 (ebook) | DDC 670–dc23
LC record available at http://lccn.loc.gov/2015044568
Set in 10/12pt Times by SPi Global, Pondicherry, India
Printed in the United States of America
10

9

8

7

6

5

4

3

2

1

Contents

Prefacexi
About the Companion Website
1

Principles of Physics and the Relevance to Modern Technologies

1

1.1 CM, EM, and QM: The Backbone of Physics
1.2 Photonics and Electronics

3
5

2	Everyday Home Appliances
2.1
2.2
2.3
2.4
2.5
3

4

xv

The Air Conditioner
Microwave Ovens
Smoke Detectors
Compact Discs, Digital Versatile Discs, and Blu‐Ray Discs
Photocopiers and Fax Machines

9
10
18
25
27
37

Devices Encountered in Modern Life

43

3.1 Metal Detectors for Airports and Traffic Lights
3.2 Barcode Scanners, Quick Response Codes, and
Radio‐Frequency Identification Readers
3.3 Global Positioning
3.4 Transportation Technologies
3.4.1 Internal Combustion Engines versus Electric Motors
3.4.2 Alternative Fuels
3.4.3 Speed Radar Guns
3.4.4 High‐Speed Rail

43

Vacuum Systems: Enabling High‐Tech Industries

69

4.1 Vacuum Chamber Technology
4.2 Physics of Some Vacuum Gauges

70
76

47
53
57
57
58
60
67

v

viContents

4.3
4.4
4.5
5

Low Vacuum via Venturi, Mechanical, or Sorption Pumps
HV via Diffusion, Turbomolecular, or Cryogenic Pumps
UHV via Ion Pumps

Cleanrooms, an Enabling Technology

6	Solid‐State Electronics
6.1
6.2
6.3
6.4
6.5
7

8

9

Conducting, Semiconducting, and Insulating Materials
Resistors, Capacitors, and Inductors
Diodes and Transistors
FET, JFET, MOSFET, CMOS, and TTL
Summary

78
80
84
87
91
95
101
110
119
124

High‐Tech Semiconductor Fabrication

127

7.1
7.2
7.3
7.4
7.5
7.6

127
132
138
141
145
152

Thin Films
Thin‐Film Deposition Methods
High‐Purity Crystals via MBE
Photolithography and Etch Techniques
In Situ and Intermediate‐Stage Tests
Device Structures and IC Packaging

Materials Science—Invaluable High‐Tech Contributions

155

8.1 The Use of Composite Materials
8.2 Thin‐Film Multilayers
8.3	Nanotechnology

156
157
158

Light Sources

161

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8

166
168
171
174
175
177
180
180

Incandescent Lamps
Gas Discharge Lamps
Fluorescent Lamps
Light Emitting Diodes
X‐Ray Sources
Lasers
Synchrotron Light Sources
Summary of Light Sources

10	Some Basic Physics of Optical Systems
10.1
10.2

Refractive and Reflective Optics and Their Uses
Polarization and Birefringence
10.2.1 Law of Malus and Brewster’s Angle
10.2.2 Dichroism and Birefringence
10.2.3 Retarder Plates and Circular Polarization

183
184
188
188
190
192

vii

CONTENTS

10.3

Diffraction
10.3.1 Huygens’ Principle and Diffraction from a Single Slit
10.3.2 Fresnel Zone Plate
10.3.3 Diffraction Gratings
10.4 Holography
10.4.1 Basic (Absorption) Holography
10.4.2 Temporal and Spatial Coherence
10.4.3 Other Methods of Holography and Applications
10.5 Primary Aberrations
11	Optical Couplers Including Optical Fibers
11.1
11.2
11.3

Optical Fibers and Hollow Waveguides
Couplers for Long Distances
Optical Couplers as a Means of Electronic Isolation

12	Spectrographs: Reading the “Bar Code” of Nature
12.1
12.2
12.3
12.4
12.5

Prisms, Ruled Gratings, and Holographic Gratings
Long‐Slit Spectrographs
Integral Field Unit and Fabry–Pérot
Echelle Spectrographs
Raman Spectrographs

13	Optical and Electron Microscopy
13.1

13.2
13.3
13.4
13.5
14

15

Optical Microscopes
13.1.1 The Magnifier
13.1.2 The Compound Microscope
13.1.3	Numerical Aperture, Resolution, and Depth of Field
13.1.4 Alternative Methods of Optical Microscopy
The Transmission Electron Microscope
Electron–Matter Interactions
Bragg’s Diffraction
Scanning Probe Microscopes

194
194
196
198
200
200
202
203
205
217
218
223
228
231
240
248
249
254
255
259
260
260
261
262
265
266
271
273
275

Photoelectric Image Sensors

277

14.1
14.2
14.3

280
284
287

Solid‐State Visible Wavelength Sensors
Photoemissive Devices for UV and X‐Rays
Infrared “Thermal” Sensors and Night Vision Sensors

Image Display Systems

291

15.1
15.2
15.3
15.4

293
300
301
306

The Human Visual System
Who Invented Television?
Traditional and High‐Definition Tv Display Formats
Cathode Ray Tubes

viiiContents

15.5
Liquid Crystal Displays
15.6
Plasma Displays
15.7
Digital Micro‐Mirror Devices
15.8
Touch Screens
15.9
Electrophoretic Displays
15.10	Near‐Eye Displays, Augmented Reality, and Virtual Reality
15.11 Stereoscopic, Autostereoscopic, and Holographic
3D Displays
16	Spacecraft Systems
16.1
16.2
16.3
16.4
16.5
16.6
17

Operating in Space: An Overview
Attitude Control System
Spacecraft Power
Thermal and Other Environmental Control
Command, Control, and Telemetry
Launch, Propulsion, Station Keeping, and Deorbit

319
325
326
330
337
339
341
345

Astronomical and Planetary Observatories

353

17.1
17.2
17.3
17.4
17.5

354
358
362
365
372

Telescope Designs
Very Large, Ultra‐Lightweight or Segmented Mirrors
Adaptive Optics and Active Optics
Space Observatories
Planetary Probes

18	Telecommunications
18.1
18.2
18.3
18.4
19

308
310
311
314
315
317

Physical Connections: Phone Lines, Coaxial Cable,
and Fiber Optics
Analog Free‐Space Channels: TV, Radio,
Microwave Connections
Digitally Modulated Free‐Space Channels
The Network, Multiplexing, and Data Compression

377
378
384
390
392

Physics of Instruments for Biology and Medicine

397

19.1

397
398
398
408
410
411
415

19.2
19.3
19.4

Imaging Instruments
19.1.1 CT Scanners
19.1.2 Magnetic Resonance Imaging
19.1.3 Ultrasonography and Ultrasonic Lithotripsy
Minimally Invasive Probes and Surgery
Laser Technologies
Miscellaneous Electronic Devices

ix

CONTENTS

20

21

22

23

A‐Bombs, H‐Bombs, and Radioactivity

419

20.1
20.2
20.3
20.4

421
423
428
431

Alpha, Beta, and Gamma Ray Radiation
A‐Bombs, H‐Bombs, and Dirty Bombs
Radiation Safety, Detection, and Protection
Industrial and Medical Applications

Power Generation

433

21.1
21.2
21.3

Principles of Electric Generators
Power Storage and Power Content of Fuels
The Power Grid

434
435
439

Particle Accelerators—Atom and Particle Smashers

443

22.1
22.2
22.3
22.4

Lorentz Force, Deflection, and Focusing
Beam Generation, Manipulation, and Characterization
DC Accelerators
RF Linear Accelerators
22.4.1 Motivation and History
22.4.2 Linac Components and Operation
22.4.3 Beam Bunch Stability and RF Bucket
22.4.4 Power Budget and Linac Applications
22.5 Cyclotrons
22.6 Synchrotron Radiation and Light Sources
22.6.1 Dipole Radiation and Larmor’s Formula
22.6.2 Wigglers and Undulators
22.6.3 First‐to‐Fourth Generations of Light Sources
and Applications of SR
22.6.4 Free‐Electron Lasers

446
448
450
450
450
452
454
454
456
462
462
464

Jet Engines, Stratospheric Balloons, and Airships

471

23.1
23.2
23.3

474
476
484

Ramjets, Turbojets, and Turbofan Jets
Stratospheric Balloons
Future Airships

Appendix A Statistics and Error Analysis

466
468

489

Bibliography497
Index503

Preface

We all encounter sophisticated technology in many aspects of our daily lives. There
are, of course, items that readily come to mind such as smart phones, tablets, personal
computers, and the like. Technology, however, has also invaded every category of
employment in the workplace. It is no longer unusual to see family farmers or
construction workers using lasers to make precision measurements. Farmers in the
not‐too‐distant future may commonly harvest crops at night as well as during the day.
This flexibility will increase their efficiency. For instance, farmers would be able to
share expensive field equipment with one farmer working in the night shift.
Alternatively, they would have the option if necessary to conduct a burst of activities,
performing critical farming operations in advance of say a pending change in weather.
The night farming is made possible by the use of global positioning, which enables
the farmer to maneuver his large equipment exactly (within inches) to plow or harvest
during the darkest nights. He will also be able to apply minimal amounts of water,
insecticides, and fertilizers only to those portions of his field requiring it based on
satellite imaging.
In addition, many of us will be expected to become familiar with many more
devices than we current are. Not only is there an ever‐increasing array of new products
to increase our productivity or to enhance our leisure, many of us will switch careers
several times throughout our lives. Each time, we are likely to encounter a new,
uniquely, and highly specialized set of tools and devices. Even those of us who stay
with a single company are likely to encounter a diversity of technological gadgets.
There has been, for example, a long tradition in the aerospace industry for senior
engineers to evolve toward and eventually become managers where they then frequently find themselves making decisions about completely unfamiliar technologies.
As more and more businesses incorporate technologically sophisticated instruments,
the general work force will increasingly resemble aerospace companies in some
respects. Their personnel will have to learn to deal effectively with new, unfamiliar
technologies, repeatedly.
Moreover, many individuals will have to make decisions in response to new
technological advances. Such individuals include financial investment advisors or
xi
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economists, who will have to assess the potential payoff from costly and sometimes
risky investments in emerging technologies. Government regulators will require a grasp
of the benefits and downsides to new technological solutions to say, cleaning up the
environment. Local government officials will have to assess the impact that the introduction of sophisticated technologies can have on a community. For that matter,
political leaders will be making decisions on which high‐tech systems should be
deployed by the military as well as by other agencies. Many new systems will be
expensive, and we as a society will have to weigh the effectiveness of these systems
against the costs and then balance the new capability against other social needs. Even
lawyers and judges will have to litigate more issues associated with technology, both
from complainants with grievances as well as law suits over intellectual property rights.
A wide variety of individuals need to understand the basic concepts and the
corresponding limitations behind various technologies. They need information that
articulates the inherent strengths and limitations of these technologies, which can be
obtained from an understanding of the physics of these modern devices. While technology is constantly evolving and improving, the basic underlying physics evolves
very slowly, much longer than a human lifetime. There are relatively few physics
principles, and fortunately each can be applied to numerous applications. This is the
advantage of understanding the physics behind technologies. Rather than memorizing thousands of seemingly unrelated facts and data, one can learn a relatively few
number of physical principles and then readily understand how many unfamiliar
devices work. A better understanding of the physics will also aid in the interpretation
of results, especially in identifying spurious or absurd measurements.
The current book is designed for professionals with a bachelors or higher degree
who require a basic understanding of the operation of complex technologies. In the
current “information glut” created by the Internet, there are numerous websites
established to provide technical backgrounds on almost any subject. However, these
web pages vary substantially from one site to another in the level of sophistication
and the technical accuracy. Moreover, these sites often contain unclear or misleading
physics. Some excellent websites at universities (e.g., at the University of Colorado
and at Georgia State University) provide superb backgrounds over a wide range of
physics topics but do not focus specifically on the common recurring physical principles behind sophisticated modern devices. This book fills this need at a consistent
standard and is also suitable as textbook for an upper‐level undergraduate college
physics course for nonmajors. We describe the basic physics behind a large number
of devices encountered in everyday life. There are many more topics than can
realistically be taught in a two semester course. This encyclopedia style format is
deliberate. Each device or topic is written essentially as a stand‐alone article, allowing individuals or instructors to select the topics most suitable for their interests.
Instructors at Rutgers University teach a non-majors course: The Physics of Modern
Devices and have their students prepare 15‐minute presentations on a topic of their
choosing. The present text serves as a starting point for further exploration of other
topics as well as serves as a useful reference book to professionals.
The approach is to present physics principles in an interesting context and in a
non‐threatening highly descriptive manner. It is thus an excellent resource for
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students who feel somewhat intimidated by physics and mathematics in general. It is
assumed, however, that the student has taken an introductory physics course, college
algebra, and had at least a minimal exposure to calculus.
This text contains many diagrams and sketches as well as graphs to help the
student visualize the physics. There are also equations and mathematical analysis
where appropriate. Both approaches enhance the reader’s overall understanding and
appreciation of the subject. The goal is to bring the reader quickly up to speed on the
essential issues leading to the inherent strengths and limitations of various devices
and associated technologies. Where possible, alternative technologies and any
ongoing efforts to mitigate existing shortcomings are discussed. Each topic is
intended to provide the reader with the insights necessary to ask intelligent questions
on the relevant topics and to gain a greater appreciation of the basic physics principles that impact the operation of various modern equipment. It is hoped that the
student gains an appreciation that no single device is optimal for all applications.
Charles L. Joseph
New York, USA
Santiago Bernal
Maryland, USA
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1
PRINCIPLES OF PHYSICS AND THE
RELEVANCE TO MODERN
TECHNOLOGIES
The basic motivation that science, the scientific method, and scientific reasoning
should be mastered by an increasingly large fraction of our population can be seen in
Figure 1.1, which shows the volume of an individual’s knowledge and understanding
compared to the collective, comprehensive volume of all human experience. The gray
areas represent the fragments grasped by an individual with some areas being
connected (i.e., related) through various mental paths. Gray blobs that are clustered
represent the formation of expertise in some field. Most of the volume (white area) is
empty, indicating those topics where the individual is uninformed. As the figure
depicts, the overall volume of knowledge and understanding is increasing rapidly with
time. While the individual continues to grow and learn, adding more fragments as well
as enhancing his/her expertise in some fields (larger, more concentrated gray area
clusters), it is difficult to keep pace with all that one ought to understand. This task
becomes virtually impossible if one relies solely on the incorporation of more factual
knowledge, especially in a world that is increasingly becoming more reliant on technologies. A human being has a limited amount of memory that can be accessed with
any reliability. The person who develops and incorporates scientific cognitive skills
has a significant advantage since there are relatively few concepts underlying the
physics behind all science and technology. Each fundamental theory can be applied to
numerous applications, providing shortcuts to acquiring an understanding of new,
unfamiliar equipment. The laws of physics are unchanging, and after basic concepts
have been established, these evolve slowly on timescales of centuries. Basic scientific
cognitive skills provide the individual with more mental tools, and he/she can exploit
the observed commonalities between recognized and unfamiliar technologies.
All modern technologies are the exploitation of one or at most a few basic laws of
physics. Insights into these governing principles illuminate simultaneously the intrinsic
Modern Devices: The Simple Physics of Sophisticated Technology, First Edition.
Charles L. Joseph and Santiago Bernal.
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PRINCIPLES OF PHYSICS AND THE RELEVANCE TO MODERN TECHNOLOGIES

An individual’s knowledge
compared to
entire body of human knowledge

Present day

A few years later
Figure 1.1 In the ever‐expanding body of human knowledge, it is difficult for an individual
to keep pace by only absorbing factual information. Gray areas represent small fragments of
an individual’s knowledge compared to all of the available data. Some of these fragments are
connected (shown as lines) via various means (e.g., factual, cognitive, and reasoning).

operation as well as the inherent strengths and limitations of any apparatus or piece of
equipment. Once optimized, there are only two ways to enhance the performance
further. First, one performance parameter can often be enhance within limits at the
expense of another. For example, power and speed in many electronics devices can be
sacrificed against each other. Computing speed can be increased, but only at the expense
of needing more power. Increased power consumption normally carries the penalties of
greater cooling requirements, greater mass, and greater volume. Second, the only other
way to enhance the performance of a device that has already been optimized is to switch
to a totally different technology, one obeying a different set of physical laws.
The mastery of the underlying physics of modern equipment is satisfying, giving the
student added insights into the equipment used throughout their careers. However,
acquiring these cognitive skills does require some serious effort. It is important to bear in
mind that in the early stages of learning physics, the individual has to absorb each rudimentary concept through the process of solving a number of similar problems. This
learning process is similar in nature to a student learning a musical instrument, who must
repetitively practice his or her scales and perform other repetitive exercises prior to the
thrill and enjoyment of performing. The same is true of an individual taking up a new
sport activity. He/she cannot expect to become a star without first receiving instruction on
various techniques and plenty of practice. While rudimentary training cannot be avoided
if the individual is to gain a solid understanding, the approach of the current text seeks to
provide the motivational framework necessary to entice the student. The acquisition of
new knowledge and new reasoning skills has to be a life‐long endeavor, if one wants to
rise above the crowd.

