r/1. Our sun’s source of energy is nuclear fusion, so nuclear fusion is also the source of power for all
life on earth, including, 2, this rain forest in Fatu-Hiva. 3. The rst release of energy by nuclear fusion through
human technology was the 1952 Ivy Mike test at the Enewetak Atoll. 4. This array of gamma-ray detectors is
called GAMMASPHERE. During operation, the array is closed up, and a beam of ions produced by a particle
accelerator strikes a target at its center, producing nuclear fusion reactions. The gamma rays can be studied for
information about the structure of the fused nuclei, which are typically varieties not found in nature. 5. Nuclear
fusion promises to be a clean, inexhaustible source of energy. However, the goal of commercially viable nuclear
fusion power has remained elusive, due to the engineering dif culties involved in magnetically containing a
plasma (ionized gas) at a suf ciently high temperature and density. This photo shows the experimental JET
reactor, with the device opened up on the left, and in action on the right.

nucleus that is too heavy to be stable can release energy by splitting
apart into pieces that are closer to the most stable size, light nuclei
can release energy if you stick them together to make bigger nuclei
that are closer to the most stable size. Fusing one nucleus with
another is called nuclear fusion. Nuclear fusion is what powers our
sun and other stars.
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Nuclear energy and binding energies

In the same way that chemical reactions can be classied as
exothermic (releasing energy) or endothermic (requiring energy to
react), so nuclear reactions may either release or use up energy. The
energies involved in nuclear reactions are greater by a huge factor.
Thousands of tons of coal would have to be burned to produce as
much energy as would be produced in a nuclear power plant by one
kg of fuel.

Although nuclear reactions that use up energy (endothermic
reactions) can be initiated in accelerators, where one nucleus is
rammed into another at high speed, they do not occur in nature, not
even in the sun. The amount of kinetic energy required is simply
not available.

To nd the amount of energy consumed or released in a nuclear
reaction, you need to know how much nuclear interaction energy,
Unuc, Was stored or released. Experimentalists have determined the
amount of nuclear energy stored in the nucleus of every stable el-
ement, as well as many unstable elements. This is the amount of
mechanical work that would be required to pull the nucleus apart
into its individual neutrons and protons, and is known as the nuclear
binding energy.

A reaction occurring in the sun example 8
The sun produces its energy through a series of nuclear fusion
reactions. One of the reactions is

'H+2H! 3He+

The excess energy is almost all carried off by the gamma ray (not
by the kinetic energy of the helium-3 atom). The binding energies
in units of pJ (picojoules) are:

IH 01J
°2H  0.35593 pJ
SHe 1.23489 pJ

The total initial nuclear energy is 0 pJ+0.35593 pJ, and the nal
nuclear energy is 1.23489 pJ, so by conservation of energy, the
gamma ray must carry off 0.87896 pJ of energy. The gamma ray
is then absorbed by the sun and converted to heat.

self-check E
Why is the binding energy of 'H exactly equal to zero? . Answer, p.
965

Figure s is a compact way of showing the vast variety of the
nuclei. Each box represents a particular number of neutrons and
protons. The black boxes are nuclei that are stable, i.e., that would
require an input of energy in order to change into another. The
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s/ The known nuclei, represented on a chart of proton number versus neutron number.

nuclei in the bottom row with zero protons.

gray boxes show all the unstable nuclei that have been studied ex-
perimentally. Some of these last for billions of years on the aver-
age before decaying and are found in nature, but most have much
shorter average lifetimes, and can only be created and studied in
the laboratory.

The curve along which the stable nuclei lie is called the line of
stability. Nuclei along this line have the most stable proportion
of neutrons to protons. For light nuclei the most stable mixture
is about 50-50, but we can see that stable heavy nuclei have two
or three times more neutrons than protons. This is because the
electrical repulsions of all the protons in a heavy nucleus add up
to a powerful force that would tend to tear it apart. The presence
of a large number of neutrons increases the distances among the
protons, and also increases the number of attractions due to the
strong nuclear force.

8.2.9 Biological effects of ionizing radiation
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u/In this classic zombie ick, a
newscaster speculates that the
dead have been reanimated due
to radiation brought back to earth
by a space probe.
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v/ Radiation doesn't mutate
entire multicellular organisms.

Units used to measure exposure

As a science educator, | nd it frustrating that nowhere in the
massive amount of journalism devoted to nuclear safety does one
ever nd any numerical statements about the amount of radiation
to which people have been exposed. Anyone capable of understand-
ing sports statistics or weather reports ought to be able to under-
stand such measurements, as long as something like the following
explanatory text was inserted somewhere in the article:

Radiation exposure is measured in units of Sieverts (Sv). The
average person is exposed to about 2000Sv (microSieverts) each
year from natural background sources.

With this context, people would be able to come to informed
conclusions. For example, gure t shows a scary-looking map of the
levels of radiation in the area surrounding the 1986 nuclear accident
at Chernobyl, Ukraine, the most serious that has ever occurred. At
the boundary of the most highly contaminated (bright red) areas,
people would be exposed to about 13,000Sv per year, or about four
times the natural background level. In the pink areas, which are still
densely populated, the exposure is comparable to the natural level
found in a high-altitude city such as Denver.

What is a Sievert? It measures the amount of energy per kilo-
gram deposited in the body by ionizing radiation, multiplied by a
\quality factor" to account for the di erent health hazards posed
by alphas, betas, gammas, neutrons, and other types of radiation.
Only ionizing radiation is counted, since nonionizing radiation sim-
ply heats one’s body rather than killing cells or altering DNA. For
instance, alpha patrticles are typically moving so fast that their ki-
netic energy is su cient to ionize thousands of atoms, but it is
possible for an alpha particle to be moving so slowly that it would
not have enough kinetic energy to ionize even one atom.

Unfortunately, most people don’t know much about radiation
and tend to react to it based on unscienti ¢ cultural notions. These
may, as in gure u, be based on ctional tropes silly enough to re-
quire the suspension of disbelief by the audience, but they can also
be more subtle. People of my kids’ generation are more familiar with
the 2011 Fukushima nuclear accident than with the much more se-
rious Chernobyl accident. The news coverage of Fukushima showed
scary scenes of devastated landscapes and distraught evacuees, im-
plying that people had been killed and displaced by the release of
radiation from the reaction. In fact, there were no deaths at all due
to the radiation released at Fukushima, and no excess cancer deaths
are statistically predicted in the future. The devastation and the
death toll of 16,000 were caused by the earthquake and tsunami,
which were also what damaged the plant.
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E ects of exposure

Notwithstanding the pop culture images like gure v, it is not
possible for a multicellular animal to become \mutated" as a whole.
In most cases, a particle of ionizing radiation will not even hit the
DNA, and even if it does, it will only a ect the DNA of a single cell,
not every cell in the animal’'s body. Typically, that cell is simply
killed, because the DNA becomes unable to function properly. Once
in a while, however, the DNA may be altered so as to make that
cell cancerous. For instance, skin cancer can be caused by UV light
hitting a single skin cell in the body of a sunbather. If that cell
becomes cancerous and begins reproducing uncontrollably, she will
end up with a tumor twenty years later.

Other than cancer, the only other dramatic e ect that can result
from altering a single cell's DNA is if that cell happens to be a
sperm or ovum, which can result in nonviable or mutated o spring.
Men are relatively immune to reproductive harm from radiation,
because their sperm cells are replaced frequently. Women are more
vulnerable because they keep the same set of ova as long as they
live.

E ects of high doses of radiation

A whole-body exposure of 5,000,000 Sv will kill a person within
a week or so. Luckily, only a small number of humans have ever been
exposed to such levels: one scientist working on the Manhattan
Project, some victims of the Nagasaki and Hiroshima explosions,
and 31 workers at Chernobyl. Death occurs by massive killing of
cells, especially in the blood-producing cells of the bone marrow.

E ects of low doses radiation

Lower levels, on the order of 1,000,000 Sv, were inicted on
some people at Nagasaki and Hiroshima. No acute symptoms result
from this level of exposure, but certain types of cancer are signi -
cantly more common among these people. It was originally expected
that the radiation would cause many mutations resulting in birth
defects, but very few such inherited e ects have been observed.

A great deal of time has been spent debating the e ects of very
low levels of ionizing radiation. The following table gives some sam-
ple gures.

maximum bene cial dose per day 10,000 Sv
CT scan 10,000 Sv
natural background per year 2,000-7,000 Sv
health guidelines for exposure to a fetus 1,000 Sv
ying from New York to Tokyo 150 Sv
chest x-ray 50 Sv

Note that the largest number, on the rst line of the table, is the
maximum bene cial dose. The most useful evidence comes from
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w /A typical example of radi-
ation hormesis: the health of
mice is improved by low levels
of radiation. In this study, young
mice were exposed to fairly high
levels of x-rays, while a control
group of mice was not exposed.
The mice were weighed, and
their rate of growth was taken
as a measure of their health. At
levels below about 50,000 Sy,
the radiation had a bene cial
effect on the health of the mice,
presumably by activating cellular
damage control mechanisms.
The two highest data points
are statistically signi cant at the
99% level. The curve is a t to
a theoretical model. Redrawn
from T.D. Luckey, Hormesis with
lonizing Radiation, CRC Press,
1980.

experiments in animals, which can intentionally be exposed to sig-
ni cant and well measured doses of radiation under controlled con-
ditions. Experiments show that low levels of radiation activate cel-
lular damage control mechanisms, increasing the health of the or-
ganism. For example, exposure to radiation up to a certain level
makes mice grow faster; makes guinea pigs’ immune systems func-
tion better against diptheria; increases fertility in trout and mice;
improves fetal mice’s resistance to disease; increases the life-spans of
our beetles and mice; and reduces mortality from cancer in mice.
This type of e ect is called radiation hormesis.

There is also some evidence that in humans, small doses of ra-
diation increase fertility, reduce genetic abnormalities, and reduce
mortality from cancer. The human data, however, tend to be very
poor compared to the animal data. Due to ethical issues, one cannot
do controlled experiments in humans. For example, one of the best
sources of information has been from the survivors of the Hiroshima
and Nagasaki bomb blasts, but these people were also exposed to
high levels of carcinogenic chemicals in the smoke from their burning
cities; for comparison, re ghters have a heightened risk of cancer,
and there are also signi cant concerns about cancer from the 9/11
attacks in New York. The direct empirical evidence about radiation
hormesis in humans is therefore not good enough to tell us anything
unambiguous? and the most scienti cally reasonable approach is to
assume that the results in animals also hold for humans: small doses
of radiation in humans are bene cial, rather than harmful. However,

a variety of cultural and historical factors have led to a situation in
which public health policy is based on the assumption, known as
\linear no-threshold" (LNT), that even tiny doses of radiation are
harmful, and that the risk they carry is proportional to the dose.
In other words, law and policy are made based on the assumption
that the e ects of radiation on humans are dramatically di erent
than its e ects on mice and guinea pigs. Even with the unrealis-
tic assumption of LNT, one can still evaluate risks by comparing
with natural background radiation. For example, we can see that
the e ect of a chest x-ray is about a hundred times smaller than
the e ect of spending a year in Colorado, where the level of natural
background radiation from cosmic rays is higher than average, due
to the high altitude. Dropping the implausible LNT assumption, we
can see that the impact on one’s health of spending a year in Col-
orado is likely to be positive, because the excess radiation is below
the maximum bene cial level.

3For two opposing viewpoints, see Tubiana et al., \The Linear No-Threshold
Relationship Is Inconsistent with Radiation Biologic and Experimental Data,"
Radiology, 251 (2009) 13 and Little et al., \ Risks Associated with Low Doses
and Low Dose Rates of lonizing Radiation: Why Linearity May Be (Almost) the
Best We Can Do," Radiology, 251 (2009) 6.
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The green case for nuclear power

In the late twentieth century, antinuclear activists largely suc-
ceeded in bringing construction of new nuclear power plants to a
halt in the U.S. Ironically, we now know that the burning of fossil
fuels, which leads to global warming, is a far more grave threat to
the environment than even the Chernobyl disaster. A team of bi-
ologists writes: \During recent visits to Chernobyl, we experienced
numerous sightings of moose (Alces alces), roe deer (Capreol capre-
olus), Russian wild boar (Sus scrofa), foxes (Vulpes vulpes), river
otter (Lutra canadensis), and rabbits (Lepus europaeus) ... Diver-
sity of owers and other plants in the highly radioactive regions is
impressive and equals that observed in protected habitats outside
the zone ... The observation that typical human activity (industrial-
ization, farming, cattle raising, collection of rewood, hunting, etc.)
is more devastating to biodiversity and abundance of local ora and
fauna than is the worst nuclear power plant disaster validates the
negative impact the exponential growth of human populations has
on wildlife." 4

Nuclear power is the only source of energy that is su cient to
replace any signi cant percentage of energy from fossil fuels on the
rapid schedule demanded by the speed at which global warming is
progressing. People worried about the downside of nuclear energy
might be better o putting their energy into issues related to nu-
clear weapons: the poor stewardship of the former Soviet Union’s
warheads; nuclear proliferation in unstable states such as Pakistan;
and the poor safety and environmental history of the superpowers’
nuclear weapons programs, including the loss of several warheads
in plane crashes, and the environmental disaster at the Hanford,
Washington, weapons plant.

Protection from radiation

People do sometimes work with strong enough radioactivity that
there is a serious health risk. Typically the scariest sources are those
used in cancer treatment and in medical and biological research.
Also, a dental technician, for example, needs to take precautions to
avoid accumulating a large radiation dose from giving dental x-rays
to many patients. There are three general ways to reduce exposure:
time, distance, and shielding. This is why a dental technician doing
x-rays wears a lead apron (shielding) and steps outside of the x-ray
room while running an exposure (distance). Reducing the time of
exposure dictates, for example, that a person working with a hot
cancer-therapy source would minimize the amount of time spent

“Baker and Chesser, Env. Toxicology and Chem. 19 (1231) 2000. Similar
e ects have been seen at the Bikini Atoll, the site of a 1954 hydrogen bomb test.
Although some species have disappeared from the area, the coral reef is in many
ways healthier than similar reefs elsewhere, because humans have tended to stay
away for fear of radiation (Richards et al., Marine Pollution Bulletin 56 (2008)
503).

x/Wild  Przewalski's horses
prosper in the Chernobyl area.

y / Fossil fuels have done in-
comparably more damage to the
environment than nuclear power
ever has. Polar bears’ habitat is
rapidly being destroyed by global
warming.
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z / The Crab Nebula is a remnant
of a supernova explosion. Al-
most all the elements our planet
is made of originated in such
explosions.

aa/ Construction of the UNI-
LAC accelerator in Germany, one
of whose uses is for experiments
to create very heavy articial
elements. In such an experiment,
fusion products recoil through a
device called SHIP (not shown)
that separates them based on
their charge-to-mass ratios

it is essentially just a scaled-up
version of Thomson's appara-
tus. A typical experiment runs
for several months, and out of
the billions of fusion reactions
induced during this time, only
one or two may result in the
production of superheavy atoms.
In all the rest, the fused nucleus
breaks up immediately. SHIP
is used to identify the small
number of good reactions and
separate them from this intense
background.

near it.

Shielding against alpha and beta particles is trivial to accom-
plish. (Alphas can't even penetrate the skin.) Gammas and x-rays
interact most strongly with materials that are dense and have high
atomic numbers, which is why lead is so commonly used. But other
materials will also work. For example, the reason that bones show
up so clearly on x-ray images is that they are dense and contain
plenty of calcium, which has a higher atomic number than the ele-
ments found in most other body tissues, which are mostly made of
water.

Neutrons are di cult to shield against. Because they are electri-
cally neutral, they don’t interact intensely with matter in the same
way as alphas and betas. They only interact if they happen to col-
lide head-on with a nucleus, and that doesn’'t happen very often
because nuclei are tiny targets. Kinematically, a collision can trans-
fer kinetic energy most e ciently when the target is as low in mass
as possible compared to the projectile. For this reason, substances
that contain a lot of hydrogen make the best shielding against neu-
trons. Blocks of para n wax from the supermarket are often used
for this purpose.

? The creation of the elements
Creation of hydrogen and helium in the Big Bang

Did all the chemical elements we're made of come into being in
the big bang® Temperatures in the rst microseconds after the big
bang were so high that atoms and nuclei could not hold together
at all. After things had cooled down enough for nuclei and atoms
to exist, there was a period of about three minutes during which
the temperature and density were high enough for fusion to occur,
but not so high that atoms could hold together. We have a good,
detailed understanding of the laws of physics that apply under these
conditions, so theorists are able to say with con dence that the
only element heavier than hydrogen that was created in signi cant
guantities was helium.

We are stardust

In that case, where did all the other elements come from? As-
tronomers came up with the answer. By studying the combinations
of wavelengths of light, called spectra, emitted by various stars, they
had been able to determine what kinds of atoms they contained.
(We will have more to say about spectra at the end of this book.)
They found that the stars fell into two groups. One type was nearly
100% hydrogen and helium, while the other contained 99% hydrogen
and helium and 1% other elements. They interpreted these as two

5The evidence for the big bang theory of the origin of the universe was dis-
cussed on p. 360.
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generations of stars. The rst generation had formed out of clouds
of gas that came fresh from the big bang, and their composition
re ected that of the early universe. The nuclear fusion reactions
by which they shine have mainly just increased the proportion of
helium relative to hydrogen, without making any heavier elements.
The members of the rst generation that we see today, however, are
only those that lived a long time. Small stars are more miserly with
their fuel than large stars, which have short lives. The large stars of
the rst generation have already nished their lives. Near the end of
its lifetime, a star runs out of hydrogen fuel and undergoes a series
of violent and spectacular reorganizations as it fuses heavier and
heavier elements. Very large stars nish this sequence of events by
undergoing supernova explosions, in which some of their material is
ung o into the void while the rest collapses into an exotic object
such as a black hole or neutron star.

The second generation of stars, of which our own sun is an exam-
ple, condensed out of clouds of gas that had been enriched in heavy
elements due to supernova explosions. It is those heavy elements
that make up our planet and our bodies.

Discussion Questions

A Should the quality factor for neutrinos be very small, because they
mostly don't interact with your body?

B Would an alpha source be likely to cause different types of cancer
depending on whether the source was external to the body or swallowed
in contaminated food? What about a gamma source?

Section 8.2 The Nucleus

509



Problem 1. Top: A realistic
picture of a neuron. Bottom:
A simplied diagram of one
segment of the tail (axon).

Problem 3.

Problems
The symbolsp, , etc. are explained on page 513.

1 The gure shows a neuron, which is the type of cell your nerves
are made of. Neurons serve to transmit sensory information to the
brain, and commands from the brain to the muscles. All this data
is transmitted electrically, but even when the cell is resting and not
transmitting any information, there is a layer of negative electrical
charge on the inside of the cell membrane, and a layer of positive
charge just outside it. This charge is in the form of various ions
dissolved in the interior and exterior uids. Why would the negative
charge remain plastered against the inside surface of the membrane,
and likewise why doesn’t the positive charge wander away from the
outside surface?

2 The Earth and Moon are bound together by gravity. If, in-
stead, the force of attraction were the result of each having a charge
of the same magnitude but opposite in sign, nd the quantity of
charge that would have to be placed on each to producep the re-
quired force.

3 A helium atom nds itself momentarily in this arrangement.
Find the direction and magnitude of the force acting on the right-
hand electron. The two protons in the nucleus are so close together
(1 fm) that you can consider them as being right on top of each

other.
p

4 241py decays either by electron decay or by alpha decay. (A
given 2*'Pu nucleus may do either one; it's random.) What are the
isotopes created as products of these two modes of decay?

5 Suppose that a proton in a lead nucleus wanders out to the
surface of the nucleus, and experiences a strong nuclear force of
about 8 kN from the nearby neutrons and protons pulling it back
in. Compare this numerically to the repulsive electrical force from
the other protons, and verify that the net force is attractive. A
lead nucleus is very nearly spherical, is about 6.5 fm in radius, and
contains 82 protons, each with a charge of €, wheree = 1.60

10 9 C. i

6 The nuclear process of beta decay by electron capture is de-
scribed parenthetically on page 498. The reactionisp+e ! n+

(a) Show that charge is conserved in this reaction.

(b) Conversion between energy and mass is discussed in chapter 7.
Based on these ideas, explain why electron capture doesn’t occur in
hydrogen atoms. (If it did, matter wouldn’t exist!)

510 Chapter 8 Atoms and Electromagnetism



7 In the semi nals of an electrostatic croquet tournament, Jes-
sica hits her positively charged ball, sending it across the playing
eld, rolling to the left along the x axis. It is repelled by two other
positive charges. These two charges are xed on thg axis at the
locations shown in the gure. The two xed charges are equal to
each other, but not to the charge of the ball.

(a) Express the force on the ball in terms of the ball’'s position,x.
(b) At what value of x does the ball experience the greatest de-
celeration? Express you answer in terms ob. (Assume the ball
has enough energy to continue through, so you don't have to worry ~ Problem 7.
about whether it actually gets as far as this particular value of x.)
(Based on a problem by Halliday and Resnick.)

8 Suppose that at some instant in time, a wire extending from
x =0to x = 1 holds a charge density, in units of coulombs per
meter, given by ae PX. This type of charge density, dj=dx, is typi-
cally notated as (Greek letter lambda). Find the total charge on
the wire.

9 Use the nutritional information on some packaged food to
make an order-of-magnitude estimate of the amount of chemical
energy stored in one atom of food, in units of joules. Assume that
a typical atom has a mass of 10%® kg. This constitutes a rough
estimate of the amounts of energy there are on the atomic scale.
[See chapter O for help on how to do order-of-magnitude estimates.
Note that a nutritional \calorie" is really a kilocalorie; see page
986.]

10  The helium atom of problem 3 has some new experiences, goes
through some life changes, and later on nds itself in the con gura-
tion shown here. What are the direction and magnitude of the force
acting on the bottom electron? (Draw a sketch to make clear the
de nition you are using for the angle that gives direction.)

11 A neon light consists of a long glass tube full of neon, with
metal caps on the ends. Positive charge is placed on one end of the
tube, and negative charge on the other. The electric forces generated Problem 10.
can be strong enough to strip electrons o of a certain nhumber of
neon atoms. Assume for simplicity that only one electron is ever
stripped o of any neon atom. When an electron is stripped o of
an atom, both the electron and the neon atom (now an ion) have
electric charge, and they are accelerated by the forces exerted by the
charged ends of the tube. (They do not feel any signi cant forces
from the other ions and electrons within the tube, because only
a tiny minority of neon atoms ever gets ionized.) Light is nally
produced when ions are reunited with electrons. Give a numerical
comparison of the magnitudes and directions of the accelerations of
the electrons and ions. [You may need some data from app%ndix 5]

Problems
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Problem 15.

512

12 The subatomic particles called muons behave exactly like
electrons, except that a muon’s mass is greater by a factor of 206.77.
Muons are continually bombarding the Earth as part of the stream
of particles from space known as cosmic rays. When a muon strikes
an atom, it can displace one of its electrons. If the atom happens
to be a hydrogen atom, then the muon takes up an orbit that is
on the average 206.77 times closer to the proton than the orbit of
the ejected electron. How many times greater is the electric force
experienced by the muon than that previously felt by the elepctron?

13 (a) Recall that the gravitational energy of two gravitationally
interacting spheres is given byUg = Gmymy=r, wherer is the
center-to-center distance. What would be the analogous equation
for two electrically interacting spheres? Justify your choice of a
plus or minus sign on physical grounds, considering attraction aFr)wd
repulsion.

(b) Use this expression to estimate the energy required to pull apart
a raisin-cookie atom of the one-electron type, assuming a radius of
10 P

10 ** m.
(c) Compare this with the result of problem 9.

14 If you put two hydrogen atoms near each other, they will feel
an attractive force, and they will pull together to form a molecule.
(Molecules consisting of two hydrogen atoms are the normal form
of hydrogen gas.) Why do they feel a force if they are near each
other, since each is electrically neutral? Shouldn’t the attractive
and repulsive forces all cancel out exactly? Use the raisin cookie
model. (Students who have taken chemistry often try to use fancier
models to explain this, but if you can’t explain it using a simple
model, you probably don’t understand the fancy model as well as
you thought you did!)

15 The gure shows one layer of the three-dimensional structure
of a salt crystal. The atoms extend much farther o in all directions,
but only a six-by-six square is shown here. The larger circles are
the chlorine ions, which have charges of e. The smaller circles are
sodium ions, with charges of 4. The distance between neighboring
ions is about 0.3 nm. Real crystals are never perfect, and the crystal
shown here has two defects: a missing atom at one location, and an
extra lithium atom, shown as a grey circle, inserted in one of the
small gaps. If the lithium atom has a charge of +e, what is the
direction and magnitude of the total force on it? Assume there are
no other defects nearby in the crystal besides the two shown here.
. Hint, p. 979
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16 Suppose you are holding your hands in front of you, 10 cm
apart.

(a) Estimate the total number of electrons in each hand.
(b) Estimate the total repulsive force of all the electrons in one hargd
on all the electrons in the other.

(c) Why don't you feel your hands repelling each other?

(d) Estimate how much the charge of a proton could di er in mag-
nitude from the charge of an electron without creating a noticeable
force between your hands.

p

17 Potassium 40 is the strongest source of naturally occurring
beta radioactivity in our environment. It decays according to

Vg1 “Oca+e +

The energy released in the decay is 1.33 MeV, where 1 eV is de ned
as the fundamental chargee multiplied by one volt. The energy
is shared randomly among the products, subject to the constraint
imposed by conservation of energy-momentum, which dictates that
very little of the energy is carried by the recoiling calcium nucleus.
Determine the maximum energy of the calcium, and compare with
the typical energy of a chemical bond, which is a few eV. If the
potassium is part of a molecule, do we expect the molecule to sur-
vive? Carry out the calculation rst by assuming that the electron

is ultrarelativistic, then without the approximation, and comment
on the how good the approximation is.

Key to symbols:
easy typical challenging di cult very di cult
An answer check is available at www.lightandmatter.com.
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Exercises

Exercise 8A: Nuclear decay
1. Consulting a periodic table, nd the N, Z, and A of the following:
N Z A

4He
244Pu

2. Consider the following ve decay processes:

decay

decay
p! n+e*+ ( * decay)
n! p+e + ( decay)

p+e ! n+ (electron capture)

What would be the action of each of these on the chart of the nuclei? The * represents the
original nucleus.

3. (a) Suppose that?**Pu undergoes perfectly symmetric ssion, and also emits two neutrons.
Find the daughter isotope.

(b) Is the daughter stable, or is it neutron-rich or -poor relative to the line of stability? (To
estimate what's stable, you can use a large chart of the nuclei, or, if you don’t have one handy,
consult a periodic table and use the average atomic mass as an approximation ot the stable
value of A.)

(c) Consulting the chart of the nuclei (g. s on p. 503), explain why it turns out this way.

(d) If the daughter is unstable, which process from question #2 would you expect it to decay
by?

Chapter 8 Atoms and Electromagnetism



Chapter 9
Circuits

Madam, what good is a baby?  Michael Faraday, when asked by
Queen Victoria what the electrical devices in his lab were good for

A few years ago, my wife and | bought a house with Character,
Character being a survival mechanism that houses have evolved in
order to convince humans to agree to much larger mortgage pay-
ments than they’d originally envisioned. Anyway, one of the fea-
tures that gives our house Character is that it possesses, built into
the wall of the family room, a set of three pachinko machines. These
are Japanese gambling devices sort of like vertical pinball machines.
(The legal papers we got from the sellers hastened to tell us that
they were \for amusement purposes only.") Unfortunately, only one
of the three machines was working when we moved in, and it soon
died on us. Having become a pachinko addict, | decided to x it,
but that was easier said than done. The inside is a veritable Rube
Goldberg mechanism of levers, hooks, springs, and chutes. My hor-
monal pride, combined with my Ph.D. in physics, made me certain
of success, and rendered my eventual utter failure all the more de-
moralizing.

Contemplating my defeat, | realized how few complex mechan-
ical devices | used from day to day. Apart from our cars and my
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a / Gymnotus carapo, a knife sh,
uses electrical signals to sense
its environment and to commu-
nicate with others of its species.
(Greg DeGreef)

saxophone, every technological tool in our modern life-support sys-
tem was electronic rather than mechanical.

Current and Voltage

Current
Unity of all types of electricity

We are surrounded by things we have beetold are \electrical,”
but it's far from obvious what they have in common to justify being
grouped together. What relationship is there between the way socks
cling together and the way a battery lights a lightbulb? We have
been told that both an electric eel and our own brains are somehow
electrical in nature, but what do they have in common?

British physicist Michael Faraday (1791-1867) set out to address
this problem. He investigated electricity from a variety of sources
| including electric eels! | to see whether they could all produce
the same e ects, such as shocks and sparks, attraction and repul-
sion. \Heating" refers, for example, to the way a lightbulb lament
gets hot enough to glow and emit light. Magnetic induction is an
e ect discovered by Faraday himself that connects electricity and
magnetism. We will not study this e ect, which is the basis for the
electric generator, in detail until later in the book.

attraction and
Bhocks sparksp repulsion 0 heating

. p
rubbin
batter;J g E P D P 0
animal D D IO( ) 0

magnetically induced

The table shows a summary of some of Faraday’s results. Check
marks indicate that Faraday or his close contemporaries were able to
verify that a particular source of electricity was capable of producing
a certain e ect. (They evidently failed to demonstrate attraction
and repulsion between objects charged by electric eels, although
modern workers have studied these species in detail and been able
to understand all their electrical characteristics on the same footing
as other forms of electricity.)

Faraday’'s results indicate that there is nothing fundamentally
di erent about the types of electricity supplied by the various sources.
They are all able to produce a wide variety of identical e ects. Wrote
Faraday, \The general conclusion which must be drawn from this
collection of facts is that electricity, whatever may be its source, is
identical in its nature."

If the types of electricity are the same thing, what thing is that?
The answer is provided by the fact that all the sources of electricity
can cause objects to repel or attract each other. We use the word
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\charge" to describe the property of an object that allows it to
participate in such electrical forces, and we have learned that charge
is present in matter in the form of nuclei and electrons. Evidently
all these electrical phenomena boil down to the motion of charged
particles in matter.

Electric current

If the fundamental phenomenon is the motion of charged parti-
cles, then how can we de ne a useful numerical measurement of it?
We might describe the ow of a river simply by the velocity of the
water, but velocity will not be appropriate for electrical purposes
because we need to take into account how much charge the moving
particles have, and in any case there are no practical devices sold
at Radio Shack that can tell us the velocity of charged particles.
Experiments show that the intensity of various electrical e ects is
related to a di erent quantity: the number of coulombs of charge
that pass by a certain point per second. By analogy with the ow
of water, this quantity is called the electric current , | . Its units of
coulombs/second are more conveniently abbreviated as amperes, 1
A=1 C/s. (In informal speech, one usually says \amps.")

The main subtlety involved in this de nition is how to account
for the two types of charge. The stream of water coming from a
hose is made of atoms containing charged particles, but it produces
none of the e ects we associate with electric currents. For example,
you do not get an electrical shock when you are sprayed by a hose.
This type of experiment shows that the e ect created by the motion
of one type of charged particle can be canceled out by the motion of
the opposite type of charge in the same direction. In water, every
oxygen atom with a charge of +8 is surrounded by eight electrons
with charges of e, and likewise for the hydrogen atoms.

We therefore re ne our de nition of current as follows:

When charged particles are exchanged between regions of space
A and B, the electric current owing from A to B is de ned as

_ dq

dt’
where dq is the change in region B’s total charge occurring over a
period of time dt.

In the garden hose example, your body picks up equal amounts
of positive and negative charge, resulting in no change in your total
charge, so the electrical current owing into you is zero.

Section 9.1 Current and Voltage
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b/ Example 1

Chapter 9  Circuits

lons moving across a cell membrane example 1
. Figure b shows ions, labeled with their charges, moving in or
out through the membranes of four cells. If the ions all cross
the membranes during the same interval of time, how would the
currents into the cells compare with each other?

. We’re just assuming the rate of ow is constant, so we can talk
about g instead of dq.

Cell A has positive current going into it because its charge is in-
creased, i.e., has a positive value of q.

Cell B has the same current as cell A, because by losing one unit
of negative charge it also ends up increasing its own total charge
by one unit.

Cell C’s total charge is reduced by three units, so it has a large
negative current going into it.

Cell D loses one unit of charge, so it has a small negative current
into it.

Finding current given charge example 2
. A charged balloon falls to the ground, and its charge begins
leaking off to the Earth. Suppose that the charge on the balloon

is given by q = ae P!. Find the current as a function of time, and
interpret the answer.

. Taking the derivative, we have
_dq

T odt
= abe P

t

An exponential function approaches zero as the exponent gets
more and more negative. This means that both the charge and
the current are decreasing in magnitude with time. It makes sense
that the charge approaches zero, since the balloon is losing its
charge. It also makes sense that the current is decreasing in
magnitude, since charge cannot ow at the same rate forever
without overshooting zero.

The reverse of di erentiation is integration, so if we know the



current as a function of time, we can nd the charge by integrating.
Example 8 on page 528 shows such a calculation.

It may seem strange to say that a negatively charged particle
going one way creates a current going the other way, but this is
guite ordinary. As we will see, currents ow through metal wires
via the motion of electrons, which are negatively charged, so the
direction of motion of the electrons in a circuit is always opposite to
the direction of the current. Of course it would have been convenient
of Benjamin Franklin had de ned the positive and negative signs of
charge the opposite way, since so many electrical devices are based
on metal wires.

Number of electrons owing through a lightbulb example 3
. If a lightbulb has 1.0 A owing through it, how many electrons
will pass through the lamentin 1.0 s?

. We are only calculating the number of electrons that ow, so we
can ignore the positive and negative signs. Also, since the rate of
ow is constant, we don’t really need to think in terms of calculus;
the derivative dq=dt that de nes current is the sameas g= tin
this situation. Solving for g =1 t gives a charge of 1.0 C owing
in this time interval. The number of electrons is

electrons

coulomb
coulombs

electron

number of electrons = coulombs

= coulombs=
=1.0C=e
=6.2 108

Circuits

How can we put electric currents to work? The only method of
controlling electric charge we have studied so far is to charge di er-
ent substances, e.g., rubber and fur, by rubbing them against each
other. Figure c/1 shows an attempt to use this technique to light
a lightbulb. This method is unsatisfactory. True, current will ow
through the bulb, since electrons can move through metal wires, and
the excess electrons on the rubber rod will therefore come through
the wires and bulb due to the attraction of the positively charged
fur and the repulsion of the other electrons. The problem is that
after a zillionth of a second of current, the rod and fur will both have
run out of charge. No more current will ow, and the lightbulb will
go out.

Figure c/2 shows a setup that works. The battery pushes charge
through the circuit, and recycles it over and over again. (We will
have more to say later in this chapter about how batteries work.)
This is called a complete circuit. Today, the electrical use of the
word \circuit" is the only one that springs to mind for most people,

Section 9.1 Current and Voltage
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c/ 1l Static electricity runs
out quickly. 2. A practical circuit.
3. An open circuit. 4. How an
ammeter works. 5. Measuring
the current with an ammeter.

but the original meaning was to travel around and make a round
trip, as when a circuit court judge would ride around the boondocks,
dispensing justice in each town on a certain date.

Note that an example like ¢/3 does not work. The wire will
quickly begin acquiring a net charge, because it has no way to get
rid of the charge owing into it. The repulsion of this charge will
make it more and more di cult to send any more charge in, and
soon the electrical forces exerted by the battery will be canceled
out completely. The whole process would be over so quickly that
the lament would not even have enough time to get hot and glow.
This is known as anopen circuit. Exactly the same thing would
happen if the complete circuit of gure ¢/2 was cut somewhere with
a pair of scissors, and in fact that is essentially how an ordinary
light switch works: by opening up a gap in the circuit.

The de nition of electric current we have developed has the great
virtue that it is easy to measure. In practical electrical work, one
almost always measures current, not charge. The instrument used
to measure current is called arammeter. A simpli ed ammeter, c/4,
simply consists of a coiled-wire magnet whose force twists an iron
needle against the resistance of a spring. The greater the current,
the greater the force. Although the construction of ammeters may
di er, their use is always the same. We break into the path of the
electric current and interpose the meter like a tollbooth on a road,
c/5. There is still a complete circuit, and as far as the battery and
bulb are concerned, the ammeter is just another segment of wire.

Does it matter where in the circuit we place the ammeter? Could
we, for instance, have put it in the left side of the circuit instead
of the right? Conservation of charge tells us that this can make no
di erence. Charge is not destroyed or \used up" by the lightbulb,
so we will get the same current reading on either side of it. What is
\used up" is energy stored in the battery, which is being converted
into heat and light energy.

Voltage
The volt unit

Electrical circuits can be used for sending signals, storing infor-
mation, or doing calculations, but their most common purpose by
far is to manipulate energy, as in the battery-and-bulb example of
the previous section. We know that lightbulbs are rated in units of
watts, i.e., how many joules per second of energy they can convert
into heat and light, but how would this relate to the ow of charge as
measured in amperes? By way of analogy, suppose your friend, who
didn’t take physics, can't nd any job better than pitching bales of
hay. The number of calories he burns per hour will certainly depend
on how many bales he pitches per minute, but it will also be pro-
portional to how much mechanical work he has to do on each bale.
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If his job is to toss them up into a hayloft, he will get tired a lot
more quickly than someone who merely tips bales o a loading dock
into trucks. In metric units,

joules _ haybales joules
second second haybale’

Similarly, the rate of energy transformation by a battery will not
just depend on how many coulombs per second it pushes through a
circuit but also on how much mechanical work it has to do on each
coulomb of charge:

joules _ coulombs  joules
second second coulomb

or
power = current  work per unit charge.

Units of joules per coulomb are abbreviated awvolts, 1 V=1 J/C,
named after the Italian physicist Alessandro Volta. Everyone knows
that batteries are rated in units of volts, but the voltage concept is
more general than that; it turns out that voltage is a property of
every point in space. To gain more insight, let’s think more carefully
about what goes on in the battery and bulb circuit.

The voltage concept in general

To do work on a charged patrticle, the battery apparently must be
exerting forces on it. How does it do this? Well, the only thing that
can exert an electrical force on a charged patrticle is another charged
particle. It's as though the haybales were pushing and pulling each
other into the hayloft! This is potentially a horribly complicated
situation. Even if we knew how much excess positive or negative
charge there was at every point in the circuit (which realistically we
don’t) we would have to calculate zillions of forces using Coulomb’s
law, perform all the vector additions, and nally calculate how much
work was being done on the charges as they moved along. To make
things even more scary, there is more than one type of charged
particle that moves: electrons are what move in the wires and the
bulb’s lament, but ions are the moving charge carriers inside the
battery. Luckily, there are two ways in which we can simplify things:

The situation is unchanging. Unlike the imaginary setup
in which we attempted to light a bulb using a rubber rod and a
piece of fur, this circuit maintains itself in a steady state (after
perhaps a microsecond-long period of settling down after the
circuitis rst assembled). The current is steady, and as charge
ows out of any area of the circuit it is replaced by the same
amount of charge owing in. The amount of excess positive
or negative charge in any part of the circuit therefore stays
constant. Similarly, when we watch a river owing, the water
goes by but the river doesn't disappear.

Section 9.1 Current and Voltage
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Force depends only on position. Since the charge distri-
bution is not changing, the total electrical force on a charged
particle depends only on its own charge and on its location.
If another charged particle of the same type visits the same
location later on, it will feel exactly the same force.

The second observation tells us that there is nothing all that
di erent about the experience of one charged particle as compared
to another’s. If we single out one particle to pay attention to, and
gure out the amount of work done on it by electrical forces as it
goes from point A to point B along a certain path, then this is
the same amount of work that will be done on any other charged
particles of the same type as it follows the same path. For the sake of
visualization, let’'s think about the path that starts at one terminal
of the battery, goes through the light bulb’'s lament, and ends at
the other terminal. When an object experiences a force that depends
only on its position (and when certain other, technical conditions
are satis ed), we can de ne an electrical energy associated with the
position of that object. The amount of work done on the particle
by electrical forces as it moves from A to B equals the drop in
electrical energy between A and B. This electrical energy is what is
being converted into other forms of energy such as heat and light.
We therefore de ne voltage in general as electrical energy per unit
charge:

The di erence in voltage between two points in space is de ned
as
V = Ugec=G
where Ugiec is the change in the electrical energy of a particle with
chargeq as it moves from the initial point to the nal point.

The amount of power dissipated (i.e., rate at which energy is
transformed by the ow of electricity) is then given by the equation

P=1 V.

Energy stored in a battery example 4

. The 1.2 V rechargeable battery in gure d is labeled 1800 milliamp-
hours. What is the maximum amount of energy the battery can
store?

. An ampere-hour is a unit of current multiplied by a unit of time.
Current is charge per unit time, so an ampere-hour is in fact a
funny unit of charge:

(1 A)(1 hour) = (1 C/s)(3600 s)
= 3600 C

1800 milliamp-hours is therefore 1800 10 2 3600 C = 6.5
10° C. That's a huge number of charged particles, but the total
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loss of electrical energy will just be their total charge multiplied by
the voltage difference across which they move:

Uelec =0 V
=(6.5 103C)1.2V)
=7.8kJ

Units of volt-amps example 5
. Doorbells are often rated in volt-amps. What does this combi-
nation of units mean?

. Current times voltage gives units of power, P =1 V, so volt-
amps are really just a nonstandard way of writing watts. They are
telling you how much power the doorbell requires.

Power dissipated by a battery and bulb example 6
. If a 9.0-volt battery causes 1.0 Ato ow through a lightbulb, how
much power is dissipated?

. The voltage rating of a battery tells us what voltage difference
V it is designed to maintain between its terminals.

P=1 V
=9.0A V
c J
=9.0 — —
s C
=9.0J/s
=9.0W

The only nontrivial thing in this problem was dealing with the units.
One quickly gets used to translating common combinations like
A Vinto simpler terms.
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Here are a few questions and answers about the voltage concept.

Question: OK, so what is voltage, really?

Answer: A device like a battery has positive and negative charges
inside it that push other charges around the outside circuit. A

higher-voltage battery has denser charges in it, which will do more
work on each charged particle that moves through the outside cir-
cuit.

To use a gravitational analogy, we can put a paddlewheel at the
bottom of either a tall waterfall or a short one, but a kg of water
that falls through the greater gravitational energy di erence will
have more energy to give up to the paddlewheel at the bottom.

Question: Why do we de ne voltage as electrical energy divided by
charge, instead of just de ning it as electrical energy?

Answer: One answer is that it's the only de nition that makes the
equation P = | V work. A more general answer is that we want
to be able to de ne a voltage di erence between any two points
in space without having to know in advance how much charge the
particles moving between them will have. If you put a nine-volt
battery on your tongue, then the charged particles that move across
your tongue and give you that tingly sensation are not electrons but
ions, which may have charges of €, 2e, or practically anything.
The manufacturer probably expected the battery to be used mostly
in circuits with metal wires, where the charged patrticles that owed
would be electrons with charges of e. If the ones owing across
your tongue happen to have charges of 2e, the electrical energy
di erence for them will be twice as much, but dividing by their
charge of 2ein the de nition of voltage will still give a result of 9
V.

Question: Are there two separate roles for the charged particles in
the circuit, a type that sits still and exerts the forces, and another
that moves under the in uence of those forces?

Answer: No. Every charged particle simultaneously plays both
roles. Newton’s third law says that any particle that has an electri-
cal force acting on it must also be exerting an electrical force back on
the other particle. There are no \designated movers" or \designated
force-makers."

Question: Why does the de nition of voltage only refer to voltage
di erences ?

Answer: It's perfectly OK to de ne voltage as V = Ugec=q But
recall that it is only di erences in interaction energy, U, that have
direct physical meaning in physics. Similarly, voltage di erences are
really more useful than absolute voltages. A voltmeter measures
voltage di erences, not absolute voltages.
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Discussion Questions

A Aroller coaster is sort of like an electric circuit, but it uses gravitational
forces on the cars instead of electric ones. What would a high-voltage
roller coaster be like? What would a high-current roller coaster be like?

B  Criticize the following statements:

He touched the wire, and 10000 volts went through him.
That battery has a charge of 9 volts.

You used up the charge of the battery.

C When you touch a 9-volt battery to your tongue, both positive and
negative ions move through your saliva. Which ions go which way?

D | once touched a piece of physics apparatus that had been wired
incorrectly, and got a several-thousand-volt voltage difference across my
hand. | was not injured. For what possible reason would the shock have
had insuf cient power to hurt me?

Resistance
Resistance

So far we have simply presented it as an observed fact that a
battery-and-bulb circuit quickly settles down to a steady ow, but
why should it? Newton’'s second law,a = F=m, would seem to
predict that the steady forces on the charged particles should make
them whip around the circuit faster and faster. The answer is that as
charged particles move through matter, there are always forces, anal-
ogous to frictional forces, that resist the motion. These forces need
to be included in Newton’s second law, which is reallya = Figq =m,
not a = F=m. If, by analogy, you push a crate across the oor at
constant speed, i.e., with zero acceleration, the total force on it must
be zero. After you get the crate going, the oor’s frictional force is
exactly canceling out your force. The chemical energy stored in
your body is being transformed into heat in the crate and the oor,
and no longer into an increase in the crate’s kinetic energy. Simi-
larly, the battery’s internal chemical energy is converted into heat,
not into perpetually increasing the charged particles’ kinetic energy.
Changing energy into heat may be a nuisance in some circuits, such
as a computer chip, but it is vital in a lightbulb, which must get hot
enough to glow. Whether we like it or not, this kind of heating e ect
iS going to occur any time charged particles move through matter.

What determines the amount of heating? One ashlight bulb
designed to work with a 9-volt battery might be labeled 1.0 watts,
another 5.0. How does this work? Even without knowing the details
of this type of friction at the atomic level, we can relate the heat
dissipation to the amount of current that ows via the equation
P =1 V. If the two ashlight bulbs can have two di erent values
of P when used with a battery that maintains the same V, it
must be that the 5.0-watt bulb allows ve times more current to
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e/ Georg Simon Ohm (1787-
1854).

f/Four objects made of the
same substance have different
resistances.

ow through it.

For many substances, including the tungsten from which light-
bulb laments are made, experiments show that the amount of cur-
rent that will ow through it is directly proportional to the voltage
di erence placed across it. For an object made of such a substance,
we de ne its electrical resistance as follows:

If an object inserted in a circuit displays a current ow which
is proportional to the voltage di erence across it, then we de ne its
resistance as the constant ratio

R= V=l

The units of resistance are volts/ampere, usually abbreviated as
ohms, symbolized with the capital Greek letter omega, .

Resistance of a lightbulb example 7
. A ashlight bulb powered by a 9-volt battery has a resistance of
10 . How much current will it draw?

. Solving the de nition of resistance for |, we nd

= V=R
=0.9 V=
= 0.9 V=(V=A)
=09A

Ohm’s law states that many substances, including many solids
and some liquids, display this kind of behavior, at least for voltages
that are not too large. The fact that Ohm’s law is called a \law"
should not be taken to mean that all materials obey it, or that it has
the same fundamental importance as Newton’s laws, for example.
Materials are calledohmic or nonohmic, depending on whether they
obey Ohm's law.

If objects of the same size and shape made from two di erent
ohmic materials have di erent resistances, we can say that one ma-
terial is more resistive than the other, or equivalently that it is less
conductive. Materials, such as metals, that are very conductive are
said to be goodconductors Those that are extremely poor conduc-
tors, for example wood or rubber, are classi ed asnsulators. There
is no sharp distinction between the two classes of materials. Some,
such as silicon, lie midway between the two extremes, and are called
semiconductors.

On an intuitive level, we can understand the idea of resistance
by making the sounds \hhhhhh" and \ ." To make air ow out
of your mouth, you use your diaphragm to compress the air in your
chest. The pressure di erence between your chest and the air outside
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your mouth is analogous to a voltage di erence. When you make the
\h" sound, you form your mouth and throat in a way that allows air

to ow easily. The large ow of air is like a large current. Dividing

by a large current in the de nition of resistance means that we get
a small resistance. We say that the small resistance of your mouth
and throat allows a large current to ow. When you make the \f"
sound, you increase the resistance and cause a smaller current to
ow.

Note that although the resistance of an object depends on the
substance it is made of, we cannot speak simply of the \resistance
of gold" or the \resistance of wood." Figure f shows four examples
of objects that have had wires attached at the ends as electrical
connections. If they were made of the same substance, they would
all nevertheless have di erent resistances because of their di erent
sizes and shapes. A more detailed discussion will be more natural
in the context of the following chapter, but it should not be too
surprising that the resistance of f/2 will be greater than that of
f/1 | the image of water owing through a pipe, however incorrect,
gives us the right intuition. Object f/3 will have a smaller resistance
than f/1 because the charged particles have less of it to get through.

Superconductors

All materials display some variation in resistance according to
temperature (a fact that is used in thermostats to make a ther-
mometer that can be easily interfaced to an electric circuit). More
spectacularly, most metals have been found to exhibit a sudden
change to zero resistance when cooled to a certain critical temper-
ature. They are then said to be superconductors. Theoretically,
superconductors should make a great many exciting devices possi-
ble, for example coiled-wire magnets that could be used to levitate
trains. In practice, the critical temperatures of all metals are very
low, and the resulting need for extreme refrigeration has made their
use uneconomical except for such specialized applications as particle
accelerators for physics research.

But scientists have recently made the surprising discovery that
certain ceramics are superconductors at less extreme temperatures.
The technological barrier is now in nding practical methods for
making wire out of these brittle materials. Wall Street is currently
investing billions of dollars in developing superconducting devices
for cellular phone relay stations based on these materials. In 2001,
the city of Copenhagen replaced a short section of its electrical power
trunks with superconducing cables, and they are now in operation
and supplying power to customers.

There is currently no satisfactory theory of superconductivity in
general, although superconductivity in metals is understood fairly
well. Unfortunately | have yet to nd a fundamental explanation of
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g/A superconducting  seg-
ment of the ATLAS accelerator
at Argonne National Laboratory
near Chicago. It is used to
accelerate beams of ions to a few
percent of the speed of light for
nuclear physics research. The
shiny silver-colored surfaces are
made of the element niobium,
which is a superconductor at
relatively high temperatures com-
pared to other metals relatively
high meaning the temperature of
liquid helium! The beam of ions
passes through the holes in the
two small cylinders on the ends
of the curved rods. Charge is
shuf ed back and forth between
them at a frequency of 12 million
cycles per second, so that they
take turns being positive and
negative. The positively charged
beam consists of short spurts,
each timed so that when it is
in one of the segments it will
be pulled forward by negative
charge on the cylinder in front
of it and pushed forward by the
positively charged one behind.
The huge currents involved would
quickly melt any metal that was
not superconducting, but in a
superconductor they produce no
heat at all.
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superconductivity in metals that works at the introductory level.

Finding charge given current example 8
. In the segment of the ATLAS accelerator shown in gure g, the
current owing back and forth between the two cylinders is given
by | = acosbt. What is the charge on one of the cylinders as a
function of time? . We are given the current and want to nd the
charge, i.e., we are given the derivative and we want to nd the
original function that would give that derivative. This means we
need to integrate:

= acosbhtdt

a .
=Bsmbt+qo,

where Qo is a constant of integration.

We can interpret this in order to explain why a superconductor
needs to be used. The constant b must be very large, since the
current is supposed to oscillate back and forth millions of times a
second. Looking at the nal result, we see that if b is a very large
number, and q is to be a signi cant amount of charge, then a must
be a very large number as well. If a is numerically large, then the
current must be very large, so it would heat the accelerator too
much if it was owing through an ordinary conductor.

Constant voltage throughout a conductor

The idea of a superconductor leads us to the question of how
we should expect an object to behave if it is made of a very good
conductor. Superconductors are an extreme case, but often a metal
wire can be thought of as a perfect conductor, for example if the
parts of the circuit other than the wire are made of much less con-
ductive materials. What happens if R equals zero in the equation
R = V=I? The result of dividing two numbers can only be zero if
the number on top equals zero. This tells us that if we pick any two
points in a perfect conductor, the voltage di erence between them
must be zero. In other words, the entire conductor must be at the
same voltage.
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Constant voltage means that no work would be done on a charge
as it moved from one point in the conductor to another. If zero work
was done only along a certain path between two speci c points, it
might mean that positive work was done along part of the path and
negative work along the rest, resulting in a cancellation. But there is
no way that the work could come out to be zero for all possible paths
unless the electrical force on a charge was in fact zero at every point.
Suppose, for example, that you build up a static charge by scu ng
your feet on a carpet, and then you deposit some of that charge onto
a doorknob, which is a good conductor. How can all that charge be
in the doorknob without creating any electrical force at any point
inside it? The only possible answer is that the charge moves around
until it has spread itself into just the right con guration so that the
forces exerted by all the little bits of excess surface charge on any
charged patrticle within the doorknob exactly cancel out.

We can explain this behavior if we assume that the charge placed
on the doorknob eventually settles down into a stable equilibrium.
Since the doorknob is a conductor, the charge is free to move through
it. If it was free to move and any part of it did experience a nonzero
total force from the rest of the charge, then it would move, and we
would not have an equilibrium.

Excess charge placed on a conductor, once it reaches its equi-
librium con guration, is entirely on the surface, not on the interior.
This should be intuitively reasonable in gure h, for example, since
the charges are all repelling each other. A proof is given in example
36 on p. 628.

Since wires are good conductors, constancy of voltage through-
out a conductor provides a convenient freedom in hooking up a
voltmeter to a circuit. In gure i, points B and C are on the same
piece of conducting wire, soVg = V. MeasuringVg  Va gives the
same result as measuring/c  Va.

Section 9.1 Current and Voltage

h /1. The nger deposits charges
on the solid, spherical, metal
doorknob and is then withdrawn.
2. Almost instantaneously, the
charges’ mutual repulsion makes
them redistribute themselves uni-
formly on the surface of the
sphere. The only excess charge
is on the surface; charges do ex-
ist in the atoms that form the in-
terior of the sphere, but they are
balanced. Charges on the interior
feel zero total electrical force from
the ones at the surface. Charges
at the surface experience a net
outward repulsion, but this is can-
celed out by the force that keeps
them from escaping into the air.
3. A voltmeter shows zero dif-
ference in voltage between any
two points on the interior or sur-
face of the sphere. If the volt-
age difference wasn't zero, then
energy could be released by the
ow of charge from one point to
the other; this only happens be-
fore equilibrium is reached.

i/ The voltmeter doesn’t care
which of these setups you use.
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The lightning rod example 9
Suppose you have a pear-shaped conductor like the one in gure
j/1. Since the pear is a conductor, there are free charges every-
where inside it. Panels 1 and 2 of the gure show a computer sim-
ulation with 100 identical electric charges. In 1, the charges are
released at random positions inside the pear. Repulsion causes
them all to y outward onto the surface and then settle down into
an orderly but nonuniform pattern.

We might not have been able to guess the pattern in advance, but
we can verify that some of its features make sense. For example,
charge A has more neighbors on the right than on the left, which
would tend to make it accelerate off to the left. But when we
look at the picture as a whole, it appears reasonable that this is
prevented by the larger number of more distant charges on its left
than on its right.

There also seems to be a pattern to the nonuniformity: the charges
collect more densely in areas like B, where the surface is strongly
curved, and less densely in atter areas like C.

To understand the reason for this pattern, consider j/3. Two con-
ducting spheres are connected by a conducting wire. Since the
whole apparatus is conducting, it must all be at one voltage. As
shown in problem 37 on p. 556, the density of charge is greater

j/Example 9. In 1 and 2 on the smaller sphere. This is an example of a more general fact

charges that are visible on the
front surface of the conductor are
shown as solid dots; the others
would have to be seen through
the conductor, which we imagine

observed in j/2, which is that the charge on a conductor packs
itself more densely in areas that are more sharply curved.

Similar reasoning shows why Benjamin Franklin used a sharp tip
when he invented the lightning rod. The charged stormclouds in-

duce positive and negative charges to move to opposite ends of
the rod. At the pointed upper end of the rod, the charge tends
to concentrate at the point, and this charge attracts the light-
ning. The same effect can sometimes be seen when a scrap
of aluminum foil is inadvertently put in a microwave oven. Mod-
ern experiments (Moore et al., Journal of Applied Meteorology 39
(1999) 593) show that although a sharp tip is best at starting a
spark, a more moderate curve, like the right-hand tip of the pear
in this example, is better at successfully sustaining the spark for
long enough to connect a discharge to the clouds.

is semi-transparent.

— Short circuits
k / Short-circuiting a  battery.

Warning: you can burn yourself
this way or start a re! If you
want to try this, try making the

So far we have been assuming a perfect conductor. What if it

is a good conductor, but not a perfect one? Then we can solve for

V = IR. An ordinary-sized current will make a very small result

connection only very briey, use
a low-voltage battery, and avoid
touching the battery or the wire,
both of which will get hot.

when we multiply it by the resistance of a good conductor such as
a metal wire. The voltage throughout the wire will then be nearly

constant. If, on the other hand, the current is extremely large, we
can have a signi cant voltage di erence. This is what happens in a
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short-circuit: a circuit in which a low-resistance pathway connects
the two sides of a voltage source. Note that this is much more
speci ¢ than the popular use of the term to indicate any electrical
malfunction at all. If, for example, you short-circuit a 9-volt battery
as shown in gure k, you will produce perhaps a thousand amperes
of current, leading to a very large value ofP = 1 V. The wire gets
hot!

self-check A
What would happen to the battery in this kind of short circuit?
Answer, p. 965

At this stage, most students have a hard time understanding why
resistors would be used inside a radio or a computer. We obviously
want a lightbulb or an electric stove to have a circuit element that
resists the ow of electricity and heats up, but heating is undesirable
in radios and computers. Without going too far a eld, let's use a
mechanical analogy to get a general idea of why a resistor would be
used in a radio.

The main parts of a radio receiver are an antenna, a tuner for
selecting the frequency, and an ampli er to strengthen the signal suf-
ciently to drive a speaker. The tuner resonates at the selected fre-
guency, just as in the examples of mechanical resonance discussed in
3. The behavior of a mechanical resonator depends on three things:
its inertia, its sti ness, and the amount of friction or damping. The
rst two parameters locate the peak of the resonance curve, while
the damping determines the width of the resonance. In the radio
tuner we have an electrically vibrating system that resonates at a
particular frequency. Instead of a physical object moving back and
forth, these vibrations consist of electrical currents that ow rst
in one direction and then in the other. In a mechanical system,
damping means taking energy out of the vibration in the form of
heat, and exactly the same idea applies to an electrical system: the
resistor supplies the damping, and therefore controls the width of
the resonance. If we set out to eliminate all resistance in the tuner
circuit, by not building in a resistor and by somehow getting rid of
all the inherent electrical resistance of the wires, we would have a
useless radio. The tuner’'s resonance would be so narrow that we
could never get close enough to the right frequency to bring in the
station. The roles of inertia and sti ness are played by other circuit
elements we have not discusses (a capacitor and a coil).

Resistors

Inside any electronic gadget you will see quite a few little circuit
elements like the one shown below. Theseesistors are simply a
cylinder of ohmic material with wires attached to the end.

Many electrical devices are based on electrical resistance and
Ohm’s law, even if they do not have little components in them that

color meaning
black 0
brown 1
red 2
orange 3
yellow 4
green 5
blue 6
violet 7
gray 8
white 9

silver 10%

gold 5%
| / Color codes used on resistors.

m/An example of a resistor
with a color code.

n/ The symbol used in schemat-

to represent a resistor.
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look like the usual resistor. The following are some examples.

Lightbulb

There is nothing special about a lightbulb lament | you can
easily make a lightbulb by cutting a narrow waist into a metallic
gum wrapper and connecting the wrapper across the terminals of
a 9-volt battery. The trouble is that it will instantly burn out.
Edison solved this technical challenge by encasing the lament in
an evacuated bulb, which prevented burning, since burning requires
oxygen.

Polygraph

The polygraph, or \lie detector,” is really just a set of meters
for recording physical measures of the subject’s psychological stress,
such as sweating and quickened heartbeat. The real-time sweat mea-
surement works on the principle that dry skin is a good insulator,
but sweaty skin is a conductor. Of course a truthful subject may
become nervous simply because of the situation, and a practiced
liar may not even break a sweat. The method’s practitioners claim
that they can tell the di erence, but you should think twice before
allowing yourself to be polygraph tested. Most U.S. courts exclude
all polygraph evidence, but some employers attempt to screen out
dishonest employees by polygraph testing job applicants, an abuse
that ranks with such pseudoscience as handwriting analysis.

Fuse

A fuse is a device inserted in a circuit tollbooth-style in the same
manner as an ammeter. It is simply a piece of wire made of metals
having a relatively low melting point. If too much current passes
through the fuse, it melts, opening the circuit. The purpose is to
make sure that the building’s wires do not carry so much current
that they themselves will get hot enough to start a re. Most modern
houses use circuit breakers instead of fuses, although fuses are sitill
common in cars and small devices. A circuit breaker is a switch
operated by a coiled-wire magnet, which opens the circuit when
enough current ows. The advantage is that once you turn o some
of the appliances that were sucking up too much current, you can
immediately ip the switch closed. In the days of fuses, one might
get caught without a replacement fuse, or even be tempted to stu
aluminum foil in as a replacement, defeating the safety feature.

Voltmeter

A voltmeter is nothing more than an ammeter with an addi-
tional high-value resistor through which the current is also forced
to ow. Ohm’s law states that the current through the resistor is
related directly to the voltage di erence across it, so the meter can
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be calibrated in units of volts based on the known value of the re-
sistor. The voltmeter’s two probes are touched to the two locations
in a circuit between which we wish to measure the voltage di er-
ence, 0/2. Note how cumbersome this type of drawing is, and how
di cult it can be to tell what is connected to what. This is why
electrical drawing are usually shown in schematic form. Figure o/3
is a schematic representation of gure o/2.

The setups for measuring current and voltage are di erent. When
we are measuring current, we are nding \how much stu goes
through,” so we place the ammeter where all the current is forced
to go through it. Voltage, however, is not \stu that goes through,"
it is a measure of electrical energy. If an ammeter is like the meter
that measures your water use, a voltmeter is like a measuring stick
that tells you how high a waterfall is, so that you can determine how
much energy will be released by each kilogram of falling water. We
do not want to force the water to go through the measuring stick!
The arrangement in gure o/3 is a parallel circuit: one in there are
\forks in the road" where some of the current will ow one way and
some will ow the other. Figure o/4 is said to be wired in series:
all the current will visit all the circuit elements one after the other.
We will deal with series and parallel circuits in more detail in the
following chapter.

If you inserted a voltmeter incorrectly, in series with the bulb and
battery, its large internal resistance would cut the current down so
low that the bulb would go out. You would have severely disturbed
the behavior of the circuit by trying to measure something about it.

Incorrectly placing an ammeter in parallel is likely to be even
more disconcerting. The ammeter has nothing but wire inside it to
provide resistance, so given the choice, most of the current will ow
through it rather than through the bulb. So much current will ow
through the ammeter, in fact, that there is a danger of burning out
the battery or the meter or both! For this reason, most ammeters
have fuses or circuit breakers inside. Some models will trip their
circuit breakers and make an audible alarm in this situation, while
others will simply blow a fuse and stop working until you replace it.

Discussion Questions

A In gure o/1, would it make any difference in the voltage measure-
ment if we touched the voltmeter's probes to different points along the
same segments of wire?

B  Explain why it would be incorrect to de ne resistance as the amount
of charge the resistor allows to ow.

o/1. A simplied diagram of
how a voltmeter works. 2. Mea-
suring the voltage difference
across a lightbulb. 3. The same
setup drawn in schematic form. 4.
The setup for measuring current
is different.
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Current-conducting properties of materials

Ohm’s law has a remarkable property, which is that current will
ow even in response to a voltage di erence that is as small as we
care to make it. In the analogy of pushing a crate across a oor, it
is as though even a ea could slide the crate across the oor, albeit
at some very low speed. The ea cannot do this because of static
friction, which we can think of as an e ect arising from the tendency
of the microscopic bumps and valleys in the crate and oor to lock
together. The fact that Ohm’s law holds for nearly all solids has
an interesting interpretation: at least some of the electrons are not
\locked down" at all to any speci c atom.

More generally we can ask how charge actually ows in various
solids, liquids, and gases. This will lead us to the explanations of
many interesting phenomena, including lightning, the bluish crust
that builds up on the terminals of car batteries, and the need for
electrolytes in sports drinks.

Solids

In atomic terms, the de ning characteristic of a solid is that its
atoms are packed together, and the nuclei cannot move very far from
their equilibrium positions. It makes sense, then, that electrons, not
ions, would be the charge carriers when currents ow in solids. This
fact was established experimentally by Tolman and Stewart, in an
experiment in which they spun a large coil of wire and then abruptly
stopped it. They observed a current in the wire immediately after
the coil was stopped, which indicated that charged particles that
were not permanently locked to a specic atom had continued to
move because of their own inertia, even after the material of the
wire in general stopped. The direction of the current showed that
it was negatively charged particles that kept moving. The current
only lasted for an instant, however; as the negatively charged par-
ticles collected at the downstream end of the wire, farther particles
were prevented joining them due to their electrical repulsion, as well
as the attraction from the upstream end, which was left with a net
positive charge. Tolman and Stewart were even able to determine
the mass-to-charge ratio of the particles. We need not go into the
details of the analysis here, but particles with high mass would be
di cult to decelerate, leading to a stronger and longer pulse of cur-
rent, while particles with high charge would feel stronger electrical
forces decelerating them, which would cause a weaker and shorter
pulse. The mass-to-charge ratio thus determined was consistent with
the m=q of the electron to within the accuracy of the experiment,
which essentially established that the particles were electrons.

The fact that only electrons carry current in solids, not ions, has
many important implications. For one thing, it explains why wires
don't fray or turn to dust after carrying current for a long time.
Electrons are very small (perhaps even pointlike), and it is easy to
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imagine them passing between the cracks among the atoms without
creating holes or fractures in the atomic framework. For those who
know a little chemistry, it also explains why all the best conductors
are on the left side of the periodic table. The elements in that area
are the ones that have only a very loose hold on their outermost
electrons.

Gases

The molecules in a gas spend most of their time separated from
each other by signi cant distances, so it is not possible for them to
conduct electricity the way solids do, by handing o electrons from
atom to atom. It is therefore not surprising that gases are good
insulators.

Gases are also usually nonohmic. As opposite charges build up
on a stormcloud and the ground below, the voltage di erence be-
comes greater and greater. Zero current ows, however, until nally
the voltage reaches a certain threshold and we have an impressive
example of what is known as a spark or electrical discharge. If air
was ohmic, the current between the cloud and the ground would
simply increase steadily as the voltage di erence increased, rather
than being zero until a threshold was reached. This behavior can be
explained as follows. At some point, the electrical forces on the air
electrons and nuclei of the air molecules become so strong that elec-
trons are ripped right o of some of the molecules. The electrons
then accelerate toward either the cloud or the ground, whichever
is positively charged, and the positive ions accelerate the opposite
way. As these charge carriers accelerate, they strike and ionize other
molecules, which produces a rapidly growing cascade.

Liquids

Molecules in a liquid are able to slide past each other, so ions
as well as electrons can carry currents. Pure water is a poor con-
ductor because the water molecules tend to hold onto their electrons
strongly, and there are therefore not many electrons or ions available
to move. Water can become quite a good conductor, however, with
the addition of even a small amount of certain substances called
electrolytes, which are typically salts. For example, if we add table
salt, NaCl, to water, the NaCl molecules dissolve into Nd& and ClI
ions, which can then move and create currents. This is why elec-
tric currents can ow among the cells in our bodies: cellular uid is
guite salty. When we sweat, we lose not just water but electrolytes,
so dehydration plays havoc with our cells’ electrical systems. It is
for this reason that electrolytes are included in sports drinks and
formulas for rehydrating infants who have diarrhea.

Since current ow in liquids involves entire ions, it is not sur-
prising that we can see physical evidence when it has occurred. For
example, after a car battery has been in use for a while, the p50,
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battery acid becomes depleted of hydrogen ions, which are the main
charge carriers that complete the circuit on the inside of the bat-
tery. The leftover SO, then forms a visible blue crust on the battery
posts.

Speed of currents and electrical signals

When | talk on the phone to my mother in law two thousand
miles away, | do not notice any delay while the signal makes its way
back and forth. Electrical signals therefore must travel very quickly,
but how fast exactly? The answer is rather subtle. For the sake
of concreteness, let’s restrict ourselves to currents in metals, which
consist of electrons.

The electrons themselves are only moving at speeds of perhaps
a few thousand miles per hour, and their motion is mostly random
thermal motion. This shows that the electrons in my phone cannot
possibly be zipping back and forth between California and New York
fast enough to carry the signals. Even if their thousand-mile-an-hour
motion was organized rather than random, it would still take them
many minutes to get there. Realistically, it will take the average
electron even longer than that to make the trip. The current in the
wire consists only of a slow overall drift, at a speed on the order
of a few centimeters per second, superimposed on the more rapid
random motion. We can compare this with the slow westward drift
in the population of the U.S. If we could make a movie of the motion
of all the people in the U.S. from outer space, and could watch it at
high speed so that the people appeared to be scurrying around like
ants, we would think that the motion was fairly random, and we
would not immediately notice the westward drift. Only after many
years would we realize that the number of people heading west over
the Sierras had exceeded the number going east, so that California
increased its share of the country’s population.

So why are electrical signals so fast if the average drift speed of
electrons is so slow? The answer is that a disturbance in an electrical
system can move much more quickly than the charges themselves.
It is as though we lled a pipe with golf balls and then inserted an
extra ball at one end, causing a ball to fall out at the other end.
The force propagated to the other end in a fraction of a second, but
the balls themselves only traveled a few centimeters in that time.

Because the reality of current conduction is so complex, we often
describe things using mental shortcuts that are technically incorrect.
This is OK as long as we know that they are just shortcuts. For
example, suppose the presidents of France and Russia shake hands,
and the French politician has inadvertently picked up a positive elec-
trical charge, which shocks the Russian. We may say that the excess
positively charged patrticles in the French leader's body, which all
repel each other, take the handshake as an opportunity to get far-
ther apart by spreading out into two bodies rather than one. In
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reality, it would be a matter of minutes before the ions in one per-
son’s body could actually drift deep into the other's. What really
happens is that throughout the body of the recipient of the shock
there are already various positive and negative ions which are free
to move. Even before the perpetrator’s charged hand touches the
victim’'s sweaty palm, the charges in the shocker’s body begin to
repel the positive ions and attract the negative ions in the other
person. The split-second sensation of shock is caused by the sudden
jumping of the victim’s ions by distances of perhaps a micrometer,
this e ect occurring simultaneously throughout the whole body, al-
though more violently in the hand and arm, which are closer to the
other person.
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a/l. Wrong: The shapes of the
wires are irrelevant. 2. Wrong:
Right angles should be used. 3.
Wrong: A simple pattern is made
to look unfamiliar and compli-
cated. 4. Right.

b/The two shaded areas
shaped like the letter E are both
regions of constant voltage.

Parallel and Series Circuits

In section 9.1, we limited ourselves to relatively simple circuits, es-
sentially nothing more than a battery and a single lightbulb. The
purpose of this chapter is to introduce you to more complex circuits,
containing multiple resistors or voltage sources in series, in parallel,
or both.

Schematics

| see a chess position; Kasparov sees an interesting Ruy Lopez
variation. To the uninitiated a schematic may look as unintelligible
as Mayan hieroglyphs, but even a little bit of eye training can go a
long way toward making its meaning leap o the page. A schematic
is a stylized and simpli ed drawing of a circuit. The purpose is to
eliminate as many irrelevant features as possible, so that the relevant
ones are easier to pick out.

An example of an irrelevant feature is the physical shape, length,
and diameter of a wire. In nearly all circuits, it is a good approxi-
mation to assume that the wires are perfect conductors, so that any
piece of wire uninterrupted by other components has constant volt-
age throughout it. Changing the length of the wire, for instance,
does not change this fact. (Of course if we used miles and miles
of wire, as in a telephone line, the wire’s resistance would start to
add up, and its length would start to matter.) The shapes of the
wires are likewise irrelevant, so we draw them with standardized,
stylized shapes made only of vertical and horizontal lines with right-
angle bends in them. This has the e ect of making similar circuits
look more alike and helping us to recognize familiar patterns, just
as words in a newspaper are easier to recognize than handwritten
ones. Figure a shows some examples of these concepts.

The most important rst step in learning to read schematics is
to learn to recognize contiguous pieces of wire which must have con-
stant voltage throughout. In gure b, for example, the two shaded
E-shaped pieces of wire must each have constant voltage. This fo-
cuses our attention on two of the main unknowns we'd like to be
able to predict: the voltage of the left-hand E and the voltage of
the one on the right.
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Parallel resistances and the junction rule

One of the simplest examples to analyze is the parallel resistance
circuit, of which gure b was an example. In general we may have
unequal resistancesR1 and Ry, as in c/1. Since there are only two
constant-voltage areas in the circuit, ¢/2, all three components have
the same voltage di erence across them. A battery normally suc-
ceeds in maintaining the voltage di erences across itself for which it
was designed, so the voltage drops V; and V. across the resistors
must both equal the voltage of the battery:

Vi= V2= Vpatery-

Each resistance thus feels the same voltage di erence as if it was
the only one in the circuit, and Ohm’s law tells us that the amount

of current owing through each one is also the same as it would
have been in a one-resistor circuit. This is why household electrical
circuits are wired in parallel. We want every appliance to work
the same, regardless of whether other appliances are plugged in or
unplugged, turned on or switched o . (The electric company doesn’t
use batteries of course, but our analysis would be the same for any
device that maintains a constant voltage.)

Of course the electric company can tell when we turn on every
light in the house. How do they know? The answer is that we draw
more current. Each resistance draws a certain amount of current,
and the amount that has to be supplied is the sum of the two indi-
vidual currents. The current is like a river that splits in half, c/3,
and then reunites. The total current is

ltotal = 11+ I2.

This is an example of a general fact called the junction rule:

In any circuit that is not storing or releasing charge, conservation
of charge implies that the total current owing out of any junction
must be the same as the total owing in.

Coming back to the analysis of our circuit, we apply Ohm’s law

c/1. Two resistors in parallel.
2. There are two constant-voltage
areas. 3. The current that comes
out of the battery splits between
the two resistors, and later re-
unites. 4. The two resistors in
parallel can be treated as a single
resistor with a smaller resistance
value.
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to each resistance, resulting in

ltotal = V=R + V=R,

V i+i
Ri Rz

As far as the electric company is concerned, your whole house

is just one resistor with some resistanceR, called the equivalent
resistance They would write Ohm’s law as

ltotal = V=R,

from which we can determine the equivalent resistance by compari-
son with the previous expression:

1=R= 4+ L
R1 R>
1
R = i+ i
Ri R

[equivalent resistance of two resistors in parallel]

Two resistors in parallel, c/4, are equivalent to a single resistor with
a value given by the above equation.
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Two lamps on the same household circuit example 10
. You turn on two lamps that are on the same household circuit.
Each one has a resistance of 1 ohm. What is the equivalent re-
sistance, and how does the power dissipation compare with the
case of a single lamp?

. The equivalent resistance of the two lamps in parallel is

1 1 1

R
R, Ry

1 1 1
[ E
1 1
1

1+1 1

The voltage difference across the whole circuit is always the 110
V set by the electric company (it's alternating current, but that's
irrelevant). The resistance of the whole circuit has been cut in
half by turning on the second lamp, so a xed amount of voltage
will produce twice as much current. Twice the current owing
across the same voltage difference means twice as much power
dissipation, which makes sense.



The cutting in half of the resistance surprises many students,
since we are \adding more resistance" to the circuit by putting in
the second lamp. Why does the equivalent resistance come out to be
less than the resistance of a single lamp? This is a case where purely
verbal reasoning can be misleading. A resistive circuit element, such
as the lament of a lightbulb, is neither a perfect insulator nor
a perfect conductor. Instead of analyzing this type of circuit in
terms of \resistors," i.e., partial insulators, we could have spoken of
\conductors." This example would then seem reasonable, since we
\added more conductance,” but one would then have the incorrect
expectation about the case of resistors in series, discussed in the
following section.

Perhaps a more productive way of thinking about it is to use
mechanical intuition. By analogy, your nostrils resist the ow of
air through them, but having two nostrils makes it twice as easy to
breathe.

Three resistors in parallel example 11
. What happens if we have three or more resistors in parallel?

. This is an important example, because the solution involves
an important technique for understanding circuits: breaking them
down into smaller parts and them simplifying those parts. In the
circuit d/1, with three resistors in parallel, we can think of two of
the resistors as forming a single big resistor, d/2, with equivalent
resistance

101 !
Rip= —+—
12 R, R,
We can then simplify the circuit as shown in d/3, so that it con-
tains only two resistances. The equivalent resistance of the whole d/Three
circuit is then given by
101 1
Rizs= o —+5-
Ri2 Rs

Substituting for Ry, and simplifying, we nd the result

oo L,1.1 !
which you probably could have guessed. The interesting point
here is the divide-and-conquer concept, not the mathematical re-
sult.

An arbitrary number of identical resistors in parallel example 12
. What is the resistance of N identical resistors in parallel?

. Generalizing the results for two and three resistors, we have

resistors
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e/ Uniting four resistors in
parallel is equivalent to making
a single resistor with the same
length but four times the cross-
sectional area. The result is to
make a resistor with one quarter
the resistance.

f/ A fat pipe has less resistance
than a skinny pipe.

g/A voltmeter is really an
ammeter with an internal resistor.
When we measure the voltage
difference across a resistor, 1, we
are really constructing a parallel
resistance circuit, 2.
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where ... means that the sum includes all the resistors. If all the
resistors are identical, this becomes

Dependence of resistance on cross-sectional area example 13
We have alluded brie y to the fact that an object’s electrical re-
sistance depends on its size and shape, but now we are ready
to begin making more mathematical statements about it. As sug-
gested by gure e, increasing a resistors’s cross-sectional area is
equivalent to adding more resistors in parallel, which will lead to
an overall decrease in resistance. Any real resistor with straight,
parallel sides can be sliced up into a large number of pieces, each
with cross-sectional area of, say, 1 m?2. The number, N, of such
slices is proportional to the total cross-sectional area of the resis-
tor, and by application of the result of the previous example we
therefore nd that the resistance of an object is inversely propor-
tional to its cross-sectional area.

An analogous relationship holds for water pipes, which is why
high- ow trunk lines have to have large cross-sectional areas. To
make lots of water (current) ow through a skinny pipe, we'd need
an impractically large pressure (voltage) difference.

Incorrect readings from a voltmeter example 14
A voltmeter is really just an ammeter with an internal resistor, and
we use a voltmeter in parallel with the thing that we're trying to
measure the voltage difference across. This means that any time
we measure the voltage drop across a resistor, we're essentially
putting two resistors in parallel. The ammeter inside the voltmeter
can be ignored for the purpose of analyzing what how current
ows in the circuit, since it is essentially just some coiled-up wire
with a very low resistance.



Now if we are carrying out this measurement on a resistor that is
part of a larger circuit, we have changed the behavior of the cir-
cuit through our act of measuring. Itis as though we had modi ed
the circuit by replacing the resistance R with the smaller equiva-
lent resistance of R and Ry in parallel. It is for this reason that
voltmeters are built with the largest possible internal resistance.
As a numerical example, if we use a voltmeter with an internal
resistance of 1 M to measure the voltage drop across a one-
ohm resistor, the equivalent resistance is 0.999999 , which is
not different enough to make any difference. But if we tried to use
the same voltmeter to measure the voltage drop acrossa2 M
resistor, we would be reducing the resistance of that part of the
circuit by a factor of three, which would produce a drastic change
in the behavior of the whole circuit.

This is the reason why you can’t use a voltmeter to measure the
voltage di erence between two di erent points in mid-air, or between
the ends of a piece of wood. This is by no means a stupid thing to
want to do, since the world around us is not a constant-voltage
environment, the most extreme example being when an electrical
storm is brewing. But it will not work with an ordinary voltmeter
because the resistance of the air or the wood is many gigaohms. The
e ect of waving a pair of voltmeter probes around in the air is that
we provide a reuniting path for the positive and negative charges
that have been separated | through the voltmeter itself, which is
a good conductor compared to the air. This reduces to zero the
voltage di erence we were trying to measure.

In general, a voltmeter that has been set up with an open circuit
(or a very large resistance) between its probes is said to be \ oat-
ing." An old-fashioned analog voltmeter of the type described here
will read zero when left oating, the same as when it was sitting
on the shelf. A oating digital voltmeter usually shows an error
message.

Series resistances

The two basic circuit layouts are parallel and series, so a pair of
resistors in series, h/1, is another of the most basic circuits we can
make. By conservation of charge, all the current that ows through
one resistor must also ow through the other (as well as through the
battery):

|1= |2.

The only way the information about the two resistance values is
going to be useful is if we can apply Ohm’s law, which will relate the
resistance of each resistor to the current owing through it and the
voltage di erence across it. Figure h/2 shows the three constant-
voltage areas. Voltage dierences are more physically signi cant
than voltages, so we de ne symbols for the voltage di erences across
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h/1. A battery drives current
through two resistors in series. 2.
There are three constant-voltage
regions. 3. The three voltage
differences are related. 4. |If
the meter crab-walks around the
circuit without ipping over or
crossing its legs, the resulting
voltages have plus and minus
signs that make them add up to
zero.
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the two resistors in gure h/3.

We have three constant-voltage areas, with symbols for the dif-
ference in voltage between every possible pair of them. These three
voltage di erences must be related to each other. It is as though |
tell you that Fred is a foot taller than Ginger, Ginger is a foot taller
than Sally, and Fred is two feet taller than Sally. The information
is redundant, and you really only needed two of the three pieces of
data to infer the third. In the case of our voltage di erences, we
have

] Vij+ ] Vaoj =] Vhattery]-
The absolute value signs are because of the ambiguity in how we
de ne our voltage di erences. If we reversed the two probes of the
voltmeter, we would get a result with the opposite sign. Digital
voltmeters will actually provide a minus sign on the screen if the
wire connected to the \V" plug is lower in voltage than the one
connected to the \COM" plug. Analog voltmeters pin the needle
against a peg if you try to use them to measure negative voltages,
so you have to ddle to get the leads connected the right way, and
then supply any necessary minus sign yourself.

Figure h/4 shows a standard way of taking care of the ambiguity
in signs. For each of the three voltage measurements around the
loop, we keep the same probe (the darker one) on the clockwise
side. It is as though the voltmeter was sidling around the circuit
like a crab, without ever \crossing its legs." With this convention,
the relationship among the voltage drops becomes

Vi+ Vo= Vhbattery »
or, in more symmetrical form,
Vi+ Vot Vpattery = 0.

More generally, this is known as the loop rule for analyzing circuits:

Assuming the standard convention for plus and minus signs, the
sum of the voltage drops around any closed loop in a circuit must
be zero.

Looking for an exception to the loop rule would be like asking
for a hike that would be downhill all the way and that would come
back to its starting point!

For the circuit we set out to analyze, the equation

Vi+ Vo+  Vpatery =0
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can now be rewritten by applying Ohm’s law to each resistor:
l1R1+ 12R2+ Vpattery = 0.

The currents are the same, so we can factor them out:
I (R1+ R2)+  Vhbattery =0,

and this is the same result we would have gotten if we had been
analyzing a one-resistor circuit with resistanceR; + R,. Thus the
equivalent resistance of resistors in series equals the sum of their
resistances.

Two lightbulbs in series example 15
If two identical lightbulbs are placed in series, how do their
brightnesses compare with the brightness of a single bulb?

. Taken as a whole, the pair of bulbs act like a doubled resistance,
so they will draw half as much current from the wall. Each bulb
will be dimmer than a single bulb would have been.

The total power dissipated by the circuitis | V. The voltage drop |/ Example 15.

across the whole circuit is the same as before, but the current is
halved, so the two-bulb circuit draws half as much total power as
the one-bulb circuit. Each bulb draws one-quarter of the normal
power.

Roughly speaking, we might expect this to result in one quarter
the light being produced by each bulb, but in reality lightbulbs j/ Doubling the

length of a

waste quite a high percentage of their power in the form of heat resistor is like putting two resis-
and wavelengths of light that are not visible (infrared and ultravi- tors in series. The resistance is

olet). Less light will be produced, but it's hard to predict exactly doubled.
how much less, since the ef ciency of the bulbs will be changed
by operating them under different conditions.

More than two equal resistances in series example 16
By straightforward application of the divide-and-conquer technique
discussed in the previous section, we nd that the equivalent re-
sistance of N identical resistances R in series will be NR.

Dependence of resistance on length example 17
In the previous section, we proved that resistance is inversely
proportional to cross-sectional area. By equivalent reason about
resistances in series, we nd that resistance is proportional to
length. Analogously, it is harder to blow through a long straw than
through a short one.

Putting the two arguments together, we nd that the resistance
of an object with straight, parallel sides is given by
R = (constant) L=A

The proportionality constant is called the resistivity, and it depends
only on the substance of which the object is made. A resistivity
measurement could be used, for instance, to help identify a sample
of an unknown substance.

Section 9.2 Parallel and Series Circuits
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Choice of high voltage for power lines example 18
Thomas Edison got involved in a famous technological contro-
versy over the voltage difference that should be used for electrical
power lines. At this time, the public was unfamiliar with electricity,
and easily scared by it. The president of the United States, for
instance, refused to have electrical lighting in the White House
when it rst became commercially available because he consid-
ered it unsafe, preferring the known re hazard of oil lamps to
the mysterious dangers of electricity. Mainly as a way to over-
come public fear, Edison believed that power should be transmit-
ted using small voltages, and he publicized his opinion by giving
demonstrations at which a dog was lured into position to be killed
by a large voltage difference between two sheets of metal on the
ground. (Edison’s opponents also advocated alternating current
rather than direct current, and AC is more dangerous than DC as
well. As we will discuss later, AC can be easily stepped up and
down to the desired voltage level using a device called a trans-
former.)

Now if we want to deliver a certain amount of power P_ to a
load such as an electric lightbulb, we are constrained only by the
equation P_. = | V. We can deliver any amount of power we
wish, even with a low voltage, if we are willing to use large cur-
rents. Modern electrical distribution networks, however, use dan-
gerously high voltage differences of tens of thousands of volts.
Why did Edison lose the debate?

It boils down to money. The electric company must deliver the
amount of power P desired by the customer through a transmis-
sion line whose resistance Rt is xed by economics and geogra-
phy. The same current ows through both the load and the trans-
mission line, dissipating power usefully in the former and waste-
fully in the latter. The ef ciency of the system is

power paid for by the customer
power paid for by the utility

_ P

_ 1

ef ciency =

Putting ourselves in the shoes of the electric company, we wish
to get rid of the variable P, since it is something we control only

indirectly by our choice of V1 and |. Substituting Pt =1 V1, we
nd
ef ciency = 1+ %
PL

We assume the transmission line (but not necessarily the load) is



ohmic, so substituting V1 = IRt gives

ef ciency = ” Izpﬁ

L
This quantity can clearly be maximized by making | as small as
possible, since we will then be dividing by the smallest possible
guantity on the bottom of the fraction. A low-current circuit can
only deliver signi cant amounts of power if it uses high voltages,
which is why electrical transmission systems use dangerous high
voltages.

Getting killed by your ammeter example 19
As with a voltmeter, an ammeter can give erroneous readings if it
is used in such a way that it changes the behavior the circuit. An
ammeter is used in series, so if it is used to measure the current
through a resistor, the resistor’s value will effectively be changed
to R + R,, where R; is the resistance of the ammeter. Ammeters
are designed with very low resistances in order to make it unlikely
that R + R, will be signi cantly different from R.

In fact, the real hazard is death, not a wrong reading! Virtually
the only circuits whose resistances are signi cantly less than that
of an ammeter are those designed to carry huge currents. An
ammeter inserted in such a circuit can easily melt. When | was
working at a laboratory funded by the Department of Energy, we
got periodic bulletins from the DOE safety of ce about serious ac-
cidents at other sites, and they held a certain ghoulish fascination.
One of these was about a DOE worker who was completely in-
cinerated by the explosion created when he inserted an ordinary
Radio Shack ammeter into a high-current circuit. Later estimates
showed that the heat was probably so intense that the explosion
was a ball of plasma a gas so hot that its atoms have been
ionized.

k / Example 20.
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A complicated circuit example 20
. All seven resistors in the left-hand panel of gure k are identi-
cal. Initially, the switch S is open as shown in the gure, and the
current through resistor A is l,. The switch is then closed. Find
the current through resistor B, after the switch is closed, in terms
of l,.

. The second panel shows the circuit redrawn for simplicity, in the
initial condition with the switch open. When the switch is open, no
current can ow through the central resistor, so we may as well
ignore it. I've also redrawn the junctions, without changing what’s
connected to what. This is the kind of mental rearranging that
you'll eventually learn to do automatically from experience with
analyzing circuits. The redrawn version makes it easier to see
what's happening with the current. Charge is conserved, so any
charge that ows past point 1 in the circuit must also ow past

points 2 and 3. This would have been harder to reason about by
applying the junction rule to the original version, which appears
to have nine separate junctions.

In the new version, it's also clear that the circuit has a great deal
of symmetry. We could ip over each parallel pair of identical re-
sistors without changing what's connected to what, so that makes
it clear that the voltage drops and currents must be equal for the
members of each pair. We can also prove this by using the loop
rule. The loop rule says that the two voltage drops in loop 4 must
be equal, and similarly for loops 5 and 6. Since the resistors obey
Ohm’s law, equal voltage drops across them also imply equal cur-
rents. That means that when the current at point 1 comes to the
top junction, exactly half of it goes through each resistor. Then
the current reunites at 2, splits between the next pair, and so on.
We conclude that each of the six resistors in the circuit experi-
ences the same voltage drop and the same current. Applying the
loop rule to loop 7, we nd that the sum of the three voltage drops
across the three left-hand resistors equals the battery’s voltage,
V, so each resistor in the circuit experiences a voltage drop V=3.
Letting R stand for the resistance of one of the resistors, we nd
that the current through resistor B, which is the same as the cur-
rents through all the others, is given by |, = V=3R.

We now pass to the case where the switch is closed, as shown
in the third panel. The battery’s voltage is the same as before,
and each resistor’s resistance is the same, so we can still use the
same symbols V and R for them. It is no longer true, however,
that each resistor feels a voltage drop V=3. The equivalent resis-
tance of the whole circuit is R=2 + R=3 + R=2 = 4R=3, so the total
current drawn from the battery is 3V=4R. In the middle group
of resistors, this current is split three ways, so the new current
through B is (1=3)(3V=4R) = V=4R = 3l,=4.



Interpreting this result, we see that it comes from two effects that
partially cancel. Closing the switch reduces the equivalent re-
sistance of the circuit by giving charge another way to ow, and
increases the amount of current drawn from the battery. Resis-
tor B, however, only gets a 1/3 share of this greater current, not
1/2. The second effect turns out to be bigger than the rst, and
therefore the current through resistor B is lessened over all.

Discussion Question

A We have stated the loop rule in a symmetric form where a series
of voltage drops adds up to zero. To do this, we had to de ne a standard
way of connecting the voltmeter to the circuit so that the plus and minus
signs would come out right. Suppose we wish to restate the junction rule
in a similar symmetric way, so that instead of equating the current coming
in to the current going out, it simply states that a certain sum of currents at
a junction adds up to zero. What standard way of inserting the ammeter
would we have to use to make this work?

This chapter is summarized on page 999. Notation and terminology

are tabulated on pages 984-985.
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Problems
The symbolsp, , etc. are explained on page 557.

1 In a wire carrying a current of 1.0 pA, how long do you have
to wait, on the average, for the next electron to pass a given point?
Express your answer in units of microseconds.

. Solution, p. 979

2 Referring back to our old friend the neuron from problem 1
on page 510, let's now consider what happens when the nerve is
stimulated to transmit information. When the blob at the top (the
cell body) is stimulated, it causes Nd& ions to rush into the top of
the tail (axon). This electrical pulse will then travel down the axon,
like a ame burning down from the end of a fuse, with the Na“ ions
at each point rst going out and then coming back in. If 101° Na*
ions cross the cell membrane in 0.5 ms, what amount of current is

created?
p

3 If a typical light bulb draws about 900 mA from a 110-V
household circuit, what is its resistance? (Don't worry about the
fact that it's alternating current.)

4 (a) Express the power dissipated by a resistor in terms oR
and V only, eliminating 1.

(b) Electrical receptacles in your home are mostly 110 V, but cir-
cuits for electric stoves, air conditioners, and washers and driers are
usually 220 V. The two types of circuits have di erently shaped re-
ceptacles. Suppose you rewire the plug of a drier so that it can be
plugged in to a 110 V receptacle. The resistor that forms the heat-
ing element of the drier would normally draw 200 W. Howpmuch
power does it actually draw now?

5 Lightning discharges a cloud during an electrical storm. Sup-
pose that the current in the lightning bolt varies with time as | = bt,
wherebis a constant. Find the cloud’s charge as a function r())f time.

6 A resistor has a voltage dierence V across it, causing a
current | to ow.

(a) Find an equation for the power it dissipates as heat in terms of
the variables| and R only, eliminating V.

(b) If an electrical line coming to your house is to carry a given
amount of current, interpret your equation from part a to explain
whether the wire’s resistance should be small, or large.

7 In AM (amplitude-modulated) radio, an audio signal f (t) is
multiplied by a sine wave sin!t in the megahertz frequency range.
For simplicity, let's imagine that the transmitting antenna is a whip,
and that charge goes back and forth between the top and bottom.
Suppose that, during a certain time interval, the audio signal varies
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