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Unit One

ELECTRIC CHARGE

At one time or another each of us has walked across a rug and
then received a shock in touching a doorknob. Our shoes rubbing the
rug fibers gave us an electric charge, which for convenience we will
just call charge'. In touching the doorknob we lost this charge.

About 200 years ago, scientists began a serious study of electric
charges. They did not get the charges for their studies by walking
across rugs. There are more convenient ways for getting charges. A
glass rod becomes charged when rubbed with silk, as does a hard -
rubber rod when rubbed with fur. Using charges gotten in these and
other ways, scientists made many discoveries.

They found that charges produce forces of repulsion and attrac-
‘tion. These are usually small forces, though , best observed on light
objects such as small balls made of pith. (Pith is the soft,® spongy
material in the centers of some plant stems.) If two pith balls are
hung from thread a few centimeters apart (1 in = 2.54cm,
exactly )and touched with a charged glass rod, the balls fly apart and
remain apart. The same thing happens when both balls are touched
with a charged hard — rubber rod. But when one pith ball is touched
with a charged glass rod and the other with a charged rubber rod,
the balls move toward each other: they attract one another,

A reasonable explanation for these results is that the charge on
the glass rod differs from that on the rubber rod. Scientists called
the charge on the glass rod, positive charge and that on the rubber
rod , negative charge —names first used by Benjamin Franklin®. Sci-
entists have never found a third type of charge.

From the forces of repulsion and attraction on the pith balls,
scientists concluded that negative charges repel negative charges,
positive charges repel positive charges, and negative and positive’
charges attract each other. In short , like charges repel and unlike
charges attract. French physicist Charles A. Coulomb (1736—
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1806) discovered that each force is directly proportional to the prod-
uct of the charges and inversely proportional to square of the dis-
- tance between them. This is Coulomd’s law.

On further study of charges scientists found that all negative
charges are integer multiples of a certain very small charge. And
with this charge there is a very small particle with a mass of 9. 107
X 10™*kg and a radius of about 2 X107 *cm. They called this parti-

cle an electron and the small basic unit of negative charge simply the '

charge of an electron’. Scientists have never found a charge smaller
than that of an electron. Scientists also -discovered that positive
charges are integer multiples of a very small charge, the same
amount as an electron—but positive. The proton has this charge. A
proton has 1836 times the mass of an electron but about the same
radius.

Rubbing a glass rod with a silk cloth or a hard - rubber rod
with fur does not create charge. In general, charge cannot be created
or destroyed , a fact called the Latw of Conservation of Charge. The
movement of electrons produces charges on the glass and rubber
rods. Before being rubbed, both rods are neutral or uncharged in
that they have equal amounts of positive and negative charge. Rub-
bing the glass rod with a silk cloth removes electrons from the rod
and puts them on the cloth. This charge transfer causes a charge un-
balance on both the rod and cloth. The loss of electrons by the rod
gives it a greater ‘pbsitive charge, and so it becomes positive. The
gain of electrons by the silk cloth gives it a greater negative charge,
and so it becomes negative. The opposite happens with the rubbing
of the rubber rod with fur. The rod gains electrons from the fur to
become negative. In losing these electrons the fur becomes positive.

Where do these electrons come from for this charge transfer?
The answer is from atoms, as we will now consider*. To know what
an atom is we need to know what an element is. There are about 100
elements. Some common ones are hydrogen, oxygen, nitrogen, cop-
per, iron, lead, silver, and gold. Elements or mixtures or chemical
combinations of them form all matter: all gases, liquids , and solids.
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Air is a mixture of nitrogen, oxygen and some other gases. Water
is a chemical combination of hydrogen and oxygen.

If we divide any element into smaller and smaller pieces, even-
tually we come to a piece so small that we cannot divide it further
without destroying the characteristics of the element. This smallest
piece is an atom of the element. -

What is inside an atom is somewhat of a mystery. From experi-
ments, scientists believe that each atom has a positively charged core
called a nucleus around which electrons whirl much like planets trav-
el around the sun. Hydrogen has the simplest atom, having a proton
for the nucleus and a single electron traveling around it , as shown in
Fig. 1. 1 (a). The next simplest atom is that of helium, as shown
in Fig. 1. 1 (b). It has two orbiting electrons and a nucleus with
two protons and two neutrons. A neutron has about the same mass
as a proton but is neutral. A more complex atom has more neutrons
and protons in its nucleus and more orbiting electrons. For all undis-
turbed atoms the number of electrons equals the number of protons,

‘which means that each undisturbed atom is electrically neutral.

The centrifugal force from its rotation keeps each negative elec-
tron from being pulled into the nucleus by the positive protons. Cen-
trifugal force is a common force. It is the force that keeps water
from falling out of a bucket when the bucket is whirled around at
the end of a rope. And it keeps planets from being pulled into the
sun by the farce of gravity.

No one knows what keeps the protons together in a nucleus a-
gainst their strong forces of repulsion,

Electrons of an atom have orbits at different distances.from the
nucleus. For some atoms the electrons in the farthest orbits have on-
ly weak forces binding them to the atoms. With a little added energy
these ‘outermost electrons 'in some atoms can separate from the
atoms. These separated electrons are ” free” electrons , free to move
about to produce a current, Each atom that loses.an electron has a
net positive charge because it has one more proton than electron. An
atom with an unbalanced charge is called an ion. lons are charged
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Fig. 1. 1
particles that would produce a current if they could move. But they
cannot move in solids because they are a part of the solid structure.
Electrons are the only charged particles that can move in solids. But
ions, as well as electrons, can move in liquids and gases, which fact
is not important to our study of electric circuits.

Now we know where the electrons came from that moved
when the glass rod was rubbed with a silk cloth and the rubber rod
with fur. The electrons came from atoms in the glass rod and from
atoms in the fur. The rubbing supplied enough energy to free these
electrons.

In metals the most common way for electrons to become free is
from heat energy. Even at normal room temperatures the outer elec-
trons in metals receive enough heat energy to become free, especially
for silver, copper, gold, and aluminum®. Light energy can also free
electrons. ’

The charge of an electron or of a proton is much too small to be
the basic quantity of charge for almost all practical applications. The
SI unit of charge is the coulomb, with the symbol C. A coulomb of
negative charge equals that of 6. 242X 10'® electrons. The coulomb is
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a derived SI unit, which means that it can be derived from SI base
units. .

The quantity symbol for charge is Q or q. The capital letter Q is
for constant charge and the lowercase ¢ for a charge that changes or
varies with time. In general, constant or average electrical quantities
have capital ~ letter quantity symbols. Electrical quantities with dif-
ferent values at different times have lowercase quantity symbols.

Do not confuse quantity symbols with SI unit symbols. Quanti-
ty symbols are like a name or a label for an electrical quantity. But
an SI unit symbgl gives the unit of measurement of the quantity. Al-
50, quantity symbols are not unique: the same quantity symbol may
be used for several different electrical quantities. This is true of Q,
as we shall see. Or, a quantity may have several comon quantity
symbols. In contrast, SI unit symbols are unique.

~ Vocabulary

repulsion n. HF (1)

_ integer n. ¥

multiple n. %

mass n. (¥) K&

radiusn. ¥ ( (H) radii)
proton n. () BT, (H) AFHHY
neutral a. (4b) h¥kfy

whirl v. %%

neutron n. C#) $F

cehtrifugal a. BOH

rotation n. FE¥E

bucket n. 7K#F

ionn. (#) BF

coulomb n. (H) FE4 (HEHRAD
constant n. (4] %%, {HE

lowercase a. /pEH

at one time to another ¥ %, Bt
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Notes

1. Our shoes -+ call charge.
§E 55 3 B 41 4k BE 82 R 7747 b B Celectric charge) , 7§
B, RZIBH (charge). X—HA]HB)ZiF%EIE our shoes
rubbing the rug fibers # T 4} F 8 E£iF , which 3| IER E1E
E & B 4B electric charge,
2. Scientists called -+ by Beijamin Franklin.
BHER R LA ATy IE B AL, R LR R
R —XE LR EE RN - WERKRS.
]9 that FYE A B AT 25289 charge, names first
used by Benjamin Franklin J& X §if T $& 8] #9 positive charge 1
negative charge Bt — @5 .
3. They call --- the charge of an electron.
e TR FORL T 2 6, F 348 fh Bt o A S Fh i A B0 T K

HEFRA., IREMHFGEEEASRENGF, and BE
BT they call,
4. The answer is -+ consider.
BERETREREF. TERIMEHTITE.
as 5|8 T —PEREHEEENG, as HAHT.
5. Even at normal *-- and aluminu.
MEMIIEBRTFHRERSBESHAETEREHET.
for silver --- HfY for $§XF TS .

Exercises

Choose the best answer according to the passage:
1. Which of the followig statement is true?
A. About 2 centuries ago, scientists got the charge by walking
across rugs. '
B. When a glass rod robbed with a silk cloth, charge created.
B



C. In general , charge can not be created or destoryed.
D. The neutrons are created from the charge transfer.
2. In the following sentence what does ” them” refer to?
" Elements or mixtures or chemical combinations of them form
all matter”.
A. elements C. elements and mixtures
B. mixtures D. chemical combination
3. The author’s main purpose in writing the passage is to
A, teach us how to find charge around us
B. give the general readers a general account of charge
C. give people some advice on that charge can’t be created or

destroyed ,
D. discuss with scientists how positive and negative charge got
4. In copper wires, would produce a current if they could
move.
A. lons C. protons
B. electrons D. neutrons

5. According to the passage, a problem was not solved by scientists,
that is ” I
A. Why do electrons of an atom whirl around the nucleus
B. Why do electrons of an atom have orbits at different dis-
" tances from the nucleus
C. Why is the protons kept together in a nucleus
D. Why can heat energy free electrons



Unit Two
THERMAL NOISE OR JOHNSON NOISE

The thermal energy of matter is basically the random vibra-
tional energy of the atoms; the higher the temperature, the more vi-
olent the motion and the larger the thermal energy per atom. The
famous equipartition theorem of statistical mechanics says that for
every mathematical degree of freedom of a physical system in equi-
librium at™T" K or absolute ('C +273°=K) there is associated an av-
erage energy of #T'/2, where 2 = Boltzmann’s constant = 1. 38 X
107#J/K, and T is the absolute temperature in K. Thus a point
mass with three degrees of freedom for motion in the x, y, and z di-
rections will on the average have 3 ¥T/2 energy. Examples are free
atoms and free electrons. A free electron at room temperature, T"=
20C =293 K, will have

= %kT = —%(1. 38 X 107"J/K)293K = 6.1 X 107%]
However, this is the average energy ; some electrons will have more,
some less. According to classical theory , this random thermal energy
will completely die out as the temperature approaches absolute
zero'. Quantum theory, however, predicts a small residual or zero
— point vibrational energy even at absolute zero. -

Because many of the electrons in a resistance are essentially free
and in constant, random, vibrational motion, the voltage difference
between the two ends of any resistance will fluctuate randomly. J.
B. Johnson, in 1928, showed that the power associated with such
fluctuations varied linearly as the bandwidth By of the measuring
instrument. For example, a sensitive rms power meter with a re-
sponse from dc to 1000 Hz placed across a resistance might measure
0.01 uW noise power, but a power meter with a response from dc
to 2000 Hz would measure 0. 02 4#W noise power. Johnson also
found that the square of the noise voltage varied linearly with the
resistance R. Noise power is proportional to the mean ~ square noise
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voltag.e2 » and the expression for the mean - square noise voltage gen-
erated by a resistance R at T degrees absolute in a bandwidth B,is
el = 4kTRBy @1
where % is Boltzmann’s constant. The bar over ¢ indicates an aver-

age. The root - mean - square or rms noise .voltage is
(e)"* = (4KTRBy)" 2.2
This noise is commonly referred to as Johnson noise  thermal noise , or

" resistor noise. '

An approximate derivation follows from the equipartition theo-
rem. The random statistical fluctuations of the electrons in the resis-
tor produce a fluctuating difference in the electron density at the
two ends of the resistor. This difference in electron density produces
a voltage difference between the two ends of the resistor, which ,
like all circuit elements, has an effective shunt capacitance C, as
shown in Fig. 2. 1(a). The energy associated with the voltage fluc-
tuations is stored in the electric field of the shunt capacitance C.
Thus, the energy of the voltage fluctuations is given by E=CV?/2,
where V is the instantaneous voltage difference across the capacitor.
By the equipartition theory, if the resistor and capacitor are in ther-
mal equilibrium at T K, the average energy stored in the capacitor

1
C
. -

-

Fig. 2. | (@ equivalent circuit for resistance and its inherent shunt capacitance,
must equal £7°/2. Thus
= . . .
T_CT g i,

where V?is the average —squared noise volatage. The bandwidth B,
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(b) noise uoltage distribution.
Fig. 2. 1 Johnson noise.

of the parallel RC circuit is from dc out to the frequency where the
total parallel impedance is 3 dB down from R.

-1

Solving equation (2. 4) for C and substituting in (2. 3), we obtain
an expression for the average —squared noise voltage in terms of R:
V? = 2nkTRBy (2.5)

which is close to the exact equation, (2. 1).
The noise voltage e, developed across R can be of either polari-

ty, and its magnitude varies statistically according to a Gaussian dis-
tribution®

By

1 _ 2,2
Ple) = “nfls (2.6)
AV
where . o = 4kTRBy

The expression P (e.) de, is the probability that the noise voltage is
between e, and e,+de,. The probability that the noise voltage is be-

on
tween e, and e,, is L_P (e.) de.» shown as the shaded area in Fig.
2. 1 (b). Notice that small noise voltages are more probable than
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