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19.4 Equipotential Lines
« An equipotental fine is a line along which the electric potentialis constant.
+ An equipotential surface s a three-dimensional version of equipotentia ines.
+ Equipotential lines are aways perpendicular to electric fied lines.
+ The process by which a conductor can be fixed at zero volts by connecting it to the earth with a good conductor s called
grounding

19.5 Capacitors and Dielectrics
+ Acapacitor is a device used to store charge.
+ The amount of charge Q' a capacitor can store depends on two major factors—the voltage applied and the capacitor's
physical characteristcs, such as its size.
+ The capacitance C is the amount of charge stored per volt, or

2. uen o esae sty aior oo space. . s

+ The capacitance of a parallel plate capacitoris C = &

called the permittivity of free space.
+ Aparallel plate capacitor with a dielectric between its plates has a capacitance given by

—y

Where & is the dielectric constant of the material,
+ The maximum electric field strength above which an insulating material begins to break down and conduct is called

dislectric strength.
19.6 Capacitors in Series and Parallel

. [ E E S I
Total capaciance nserizs o= b+ oL+ L
+ Total capacitance in parallel Cp = C} +Cy+Cy+ ..

« If acircuit contains a combination of capacitors in series and parallel, dentify series and parallel parts, compute their
capacitances, and then find the total.

19.7 Energy Stored in Capacitors
" Capacitors are used in a varety of devices, ncluing defibrilators, microelectronics such as calcultors, and flash lamps, o
supply energy.
+ The energy stored in  capacior can be expressed in three ways:
v _cv:_ @

Eyp="3-="3-=7c
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where Q is the charge, V' is the voltage, and C' is the capacitance of the capacitor. The energy is in joules when the
charge is in coulombs, voltage s in volts, and capacitance is in farads.
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Section Summary

20.1 Current
+ Electric curent / is the rate at which charge flows, given by

where AQ is the amount of charge passing through an area intime At

« The direction of conventional current is taken as the direction in which positive charge moves.

« The Sl unitfor current is the ampere (4), where 1 A = 1CJs.

« Curentis the flow of free charges, such as electrons and ions.

+ Driftvelocity v, is the average speed at which these charges move.

« Cument I is proportional to drift velocity v, . as expressed in the relationship 1 = ngAv, - Here, I is the current through
‘avire of cross-sectional area A . The wire's material has a free-charge density ., and each carrier has charge ¢ anda
arift velocity v

+ Electrical signals travel at speeds about 102 imes greater than the drift velocity of free electrons.

20.2 Ohm’s Law: Resistance and Simple Circuits
+ Asimple circuit /5 one in which there is a single voltage source and  single resistance.
+ One statement of Ohm's law gives the relationship between current / , voltage V', and resistance R in a smple circut to

be I

®
+ Resistance has units of ohms (), related to vots and amperes by 1 Q=1 V/A
+ There s avotage or IR drop across a resistor, caused by the current flowing through it given by V = IR

20.3 Resistance and Resistivity
+ The resistance R of a cylinder of length L and cross-sectional area A is x:“’TL,mm p is the resistivity of the.

material
« Values of p in Table 20.1 show that materials all into three groups—conductors, semiconductors, and insulators.
« Temperature affects resistvity: for relatively small temperature changes AT , resistivityis = po(1 + aAT), where pg

s the original resistivity and « is the temperature coeflicient of resistivity.
+ Table 20.2 gives values for @, the temperature coefficient of resistivty.

+ The resistance R of an object also varies with temperature: R = R(1 + @AT) ,where Ry is the original resistance,
and R is the resistance after the temperature change.

20.4 Electric Power and Energy
+ Electric power P is the rate (in wats) that energy is supplied by a source or dissipated by a device.
+ Three expressions for electrical power are
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P=1V,

V2
P=2
and
P=IR.

+ The energy used by a device with a power P overatime  is £ = Pt
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20.5 Alternating Current versus Direct Current
+ Direct current (DC) is the flow of electric current in only one direction. It refers to systems where the source voltage is
constant.

+ The voltage source of an alfernating current (AC) system puts out V= V, sin 2/t , where V is the voltage at tme 1,
Vy is the peak voliage, and /i the frequency in hertz.

+ Inasimple dircu, 1 = V/R and AC curtentis 1 = I sin 2 , where I is the current atme £, and o
peak current.

+ The average AC povier s Pave =40 Vo

VR is the

+ Average (ms) curtent I and average (ms) votage Vimg are T = - and Vm:%,mmssmnﬂsm

ro0t mean square.
o Thus, Pave = LimsVims -

Vims

+ Onm's law for AC s I

2

i .2
i and Pyve =1,3R .

+ Expressions for the average power of an AC Gircut e Pave = IrmsVims . Pave =

analogous to the expressions for DC circuts.

20.6 Electric Hazards and the Human Body
+The two types of electric hazards are thermal (excessive power) and shock (current through a person).
+ Shock severity is determined by current, path, duration, and AC frequency.
+ Table 20.3 lsts shock hazards as a function of current.
« Figure 20.25 graphs the threshold current for two hazards as a function of frequency.

20.7 Nerve Conduction-Electrocardiograms
+ Electric potentials in neurons and other calis are created by ionic concentration differences across semipermeable
membranes.
+ Stimuii change the permeability and create action potentals that propagate along neurons.
+ Myelin sheaths speed this process and reduce the needed energy input.
« This process in the heart can be measured with an electrocardiogram (ECG).
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21.1 Resistors in Series and Parallel
+ The total resistance of an electrcal crcuit with resistors wired in 2 series s the sum of the individual resistances:
Ry=R,+Ry+R3+

+ Each resistor in a series circuit has the same amount of current flowing through it.

« The voltage drop, or power dissipation, across each individual resistor i a series is different, and their combined total adds.
up to the power source input.

+ The total resistance of an electrical circuit with resistors wired in parallel is less than the lowest resistance of any of the
‘components and can be determined using the formula:

IR R |

RORTRTRSY

+ Each resistorin a paralll circit has the same full voage of the source applied o .

+ The current flowing through each resistor in 2 parallelcircuit i diferent, depending on the resistance.

+ 1famore complex conneciion of resistors i 2 combinalion of series and parallel, it can be reduced to a single equivalent
resisiance by identiying ts various parts as series or paralle, reducing each to fs equivalent, and continuing unti a single
resistance is eventually reached.

21.2 Electromotive Force: Terminal Voltage
+ Al voltage sources have two fundamental parts—a source of electrical energy that has a characteristi electromotive force
(em, and an intema resistance
+ The emfis the potential difference of a source when no current s flowing.
+ The numerical value of the emt depends on the Source of potential difference.
+ The interal resistance 7 of a voltage source affects the output voltage when a current flows.
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* The voitage output of a device is called its terminal voltage V' and is given by V = emf — Ir, where / is the electric
curtent and is positive when flowing away from the positive terminal of the voltage source.

+ When multiple voltage sources are in series, their intemal resistances add and their emfs add aigebraically

+ Solar cells can be wired in series or parallel o provide increased voltage or current, respectively.

21.3 Kirchhoff's Rules

+ KIrchnoffs rules can be used to analyze any circuit, Simple or complex.

« Kirchnoffs first rule—the junction rule: The sum of all currents entering a junction must equal the sum of all currents leaving
the junction.

« Kirchnoffs second rule—the loop rule: The algebraic sum of changes in potential around any closed circuit path (1o0p) must
be zero.

+ The two rules are based, respectively, on the laws of conservation of charge and energy.

+ When calculating potential and current using KIrchhoffs rules, a set of conventions must be followed for determining the
correct signs of various terms.

+ The simpler series and parallel rules are special cases of Kirchhoff's rules.

21.4 DC Voltmeters and Ammeters

+ Voltmeters measure voltage, and ammeters measre current.

+ Avoltmeter is placed in parallel with the voltage Source to receive full voltage and must have a large resistance to imit its
effect on the circuit.

« An ammeter is placed in series to get the full curent flowing through a branch and must have a small resistance to fimit its
effect on the circut.

+ Both can be based on the combination of a resistor and a galvanometer, a device that gives an analog reading of current.

+ Standard voltmeters and ammeters alter the circuit being measured and are thus limited in accuracy.

21.5 Null Measurements
+ Null measurement techniques achieve greater accuracy by balancing a circuit So that no current flows through the
measuring device.
+ One such device, for determining voltage, is a potentiometer.
« Another null measurement device, for determining resistance, is the Wheatstone bridge.
+ Other physical quantities can also be measured with null measurement techniques.

21.6 DC Circuits Containing Resistors and Capacitors
« An RC circuitis one that has botn a resistor and a capacitar.

« The time constant 7 foran RC circuitis == RC

+ When an infially uncharged (Vy = 0 at 1 = () capacitor i eries with a resistor is charged by a DC voltage source, the
oltage rises, asymptotically approaching the em of the votage source; as a function of time,

V = emf(1 — e~"/R)(charging).

« Within the span of each time constant < ,the voltage rises by 0.632 of the remaining value, approaching the final voltage
asymptotically.

+ It capacitor with an inital voitage V. is discharged through a resistor starting at = 0., then it voltage decreases
exponentially as given by

V = Ve 'FC (discharging).

+ In each time constant 7., the voltage fas by 0.368 of its remaining inital value, approaching zero asymptotically.
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22.1 Magnets
+ Magnetism is a subject that includes the properties of magnets, the effect of the magnetic force on moving charges and

currents, and the creation of magnetic fields by currents.
« There are two types of magnetic poles, called the north magnetic pole and south magnetic pole.
+ North magnetic poles are those that are attracted toward the Earth’s geographic north pole.
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Like poles repel and unlike poles attract.
Magnetic poles always occur in pairs of north and south—it is not possible to isolate north and south poles.

22.2 Ferromagnets and Electromagnets

Magnetic poles always occur in pairs of north and south—it is not possible to isolate north and south poles.

All magnetism is created by electric current.

Ferromagnetic materials, such as iron, are those that exhibit strong magnetic effects.

The atoms in ferromagnetic materials act like small magnets (due to currents within the atoms) and can be aligned, usually
in millimeter-sized regions called domains.

Domains can grow and align on a larger scale, producing permanent magnets. Such a material is magnetized, or induced
to be magnetic.

Above a material’'s Curie temperature, thermal agitation destroys the alignment of atoms, and ferromagnetism disappears.
Electromagnets employ electric currents to make magnetic fields, often aided by induced fields in ferromagnetic materials.

22.3 Magnetic Fields and Magnetic Field Lines

BN

Magnetic fields can be pictorially represented by magnetic field lines, the properties of which are as follows:
The field is tangent to the magnetic field line.

Field strength is proportional to the line density.

Field lines cannot cross.

Field lines are continuous loops.

22.4 Magnetic Field Strength: Force on a Moving Charge in a Magnetic Field

Magnetic fields exert a force on a moving charge g, the magnitude of which is
F =qvBsin6,
where @ is the angle between the directions of v and B .
The Sl unit for magnetic field strength B is the tesla (T), which is related to other units by

__1IN __IN
lT_C-mls_A-m'
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+ The direction of the force on a moving charge is given by right hand rule 1 (RHR-1): Point the thumb of the right hand in the
direction of v, the fingers in the direction of B, and a perpendicular to the palm points in the direction of F .

« The force is perpendicular to the plane formed by v and B . Since the force is zero if v is parallel to B, charged
particles often follow magnetic field lines rather than cross them.

22.5 Force on a Moving Charge in a Magnetic Field: Examples and Applications
+ Magnetic force can supply centripetal force and cause a charged particle to move in a circular path of radius

my.

r=1mny

qB’

where v is the component of the velocity perpendicular to B for a charged particle with mass m and charge ¢ .

22.6 The Hall Effect
+ The Hall effect is the creation of voltage &, known as the Hall emf, across a current-carrying conductor by a magnetic field.

+ The Hall emfis given by
&= Blv (B, v, and [, mutually perpendicular)

for a conductor of width [ through which charges move at a speed v.

22.7 Magnetic Force on a Current-Carrying Conductor
+ The magnetic force on current-carrying conductors is given by

F=1IBsin6,

where [ is the current, [ is the length of a straight conductor in a uniform magnetic field B, and @ is the angle between
I and B . The force follows RHR-1 with the thumb in the direction of I .

22.8 Torque on a Current Loop: Motors and Meters
« Thetorque 7 on a current-carrying loop of any shape in a uniform magnetic field. is

7= NIAB sin 0,
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where N is the number of turns, [ is the current, A is the area of the loop, B is the magnetic field strength, and € is
the angle between the perpendicular to the loop and the magnetic field.

22.9 Magnetic Fields Produced by Currents: Ampere’s Law
« The strength of the magnetic field created by current in a long straight wire is given by

B= ”0 (long straight wire),

where [ is the current, r is the shortest distance to the wire, and the constant u( = 41X 1077 T - m/A is the

permeability of free space.

+ The direction of the magnetic field created by a long straight wire is given by right hand rule 2 (RHR-2): Point the thumb of
the right hand in the direction of current, and the fingers curl in the direction of the magnetic field loops created by it.

+ The magnetic field created by current following any path is the sum (or integral) of the fields due to segments along the

path (magnitude and direction as for a straight wire), resulting in a general relationship between current and field known as
Ampere’s law.

+ The magnetic field strength at the center of a circular loop is given by

Hol
B= 2R

where R is the radius of the loop. This equation becomes B = unl / (2R) for a flat coil of N loops. RHR-2 gives the

—+5-(at center of loop),

direction of the field about the loop. A long coil is called a solenoid.
+ The magnetic field strength inside a solenoid is

B = pgynl (inside a solenoid),

where n is the number of loops per unit length of the solenoid. The field inside is very uniform in magnitude and direction.
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22.10 Magnetic Force between Two Parallel Conductors
« The force between two parallel currents /; and I, , separated by a distance r, has a magnitude per unit length given by

F_Holilp
] 2nr
« The force is attractive if the currents are in the same direction, repulsive if they are in opposite directions.

22.11 More Applications of Magnetism
+ Crossed (perpendicular) electric and magnetic fields act as a velocity filter, giving equal and opposite forces on any charge
with velocity perpendicular to the fields and of magnitude

<
Il
S
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Section Summary

23.1 Induced Emf and Magnetic Flux
« The crucial quanity in induction is magnetic flux @, defined to be ® = BA cos @, where B is the magnetic field strength
overanarea A atanangle @ with the perpendicular to the area.
+ Units of magnetic flux & are T - m?
« Any change in magnetic flux @ induces an emf—the process is defined to be electromagnetic induction.

23.2 Faraday’s Law of Induction: Lenz’s Law
+ Faraday's law of induction states that the emfinduced by a change in magnetic flux is

—NAS
emf = -N4®

when flu changes by A® inatime Ar

« Ifemfisinduced ina coil, N is its number of tums.

+ The minus sign means that the emi creates a current / and magneic field B that oppose the change in flxx A® —this
‘opposition is known as Lenz's law.
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23.3 Motional Emf
« Anemfinduced by motion relative to a magnetic field B s called a motional emf and is given by
emf = Bév (B. ¢.and v perpendicular),

where ¢ i the length of the object moving at speed v relative to the fied.

23.4 Eddy Currents and Magnetic Damping
" Current loops induced in moving conductors are called eddy curents.
« They can create significant drag, called magnetic damping.




image21.png
23.5 Electric Generators
+ An electric generator rotates a coil in a magnetic field, inducing an emfgiven as a function of time by

emf = NABw sin wt,

where A is the area of an N -turn coil rotated at a constant angular velocity @ in a uniform magnetic field B .
» The peak emf emf|, of a generator is

emf, = NABw.
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23.6 Back Emf
+ Any rotating coil will have an induced emf—in motors, this is called back emf, since it opposes the emf input to the motor.
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23.7 Transformers

« Transformers use induction to transform voltages from one value to another.
« For a transformer, the voltages across the primary and secondary coils are related by

Vo Ny
Vo~ Ny
where V;, and V; are the voltages across primary and secondary coils having Ny, and Ny tumns.
. . ) I, Ny
« The currents Ip and I in the primary and secondary coils are related by ﬁ = Vg

A step-up transformer increases voltage and decreases current, whereas a step-down transformer decreases voltage and
increases current.

23.8 Electrical Safety: Systems and Devices
+ Electrical safety systems and devices are employed to prevent thermal and shock hazards.
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23.9 Inductance

- Inductance is the property of a device that tes how effectively it induces an emf in another device.
« Mutual inductance is the effect of two devices in inducing emfs in each other.

+ Achange n cutent Al}/At in one induces an emf emf in the second:

Al
ML,

&
where M is defined to be the mutual inductance between the two devices, and the minus sign is due to Lenz's law.

- Symmetrically, a change in current Al/ At through the second device induces an emf emfy in the first:

emfy =

Al
AL
Mgk
where M is the same mutual inductance as in the reverse process.

= Current changes in a device induce an emf in the device itself.
« Selfinductance is the effect of the device inducing emf in itself
« The device is called an inductor, and the emf induced in it by a change in current through it is

AL
emf = _LE'
where L is the seliinductance of the inductor, and Al / At is the rate of change of current through it. The minus sign
indicates that emf opposes the change in current, as required by Lenz's law.
« The unitof self- and mutual inductance is the henry (H), where 1 H=1Q .

emfy =
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+ The self-inductance L of an inductor is proportional to how much flux changes with current. For an /V -turn inductor,

— NyAD
L=NZr

« The self-inductance of a solenoid is

2
L= #(solenoid),

where N is its number of turns in the solenoid, A is its cross-sectional area, ¢ is its length, and

Ho = 41077 T - m/A is the permeability of free space.
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« The energy stored in an inductor Ej g is

2
Eypg = %LI :

23.10 RL Circuits
+ When a series connection of a resistor and an inductor—an RL circuit—is connected to a voltage source, the time variation

of the current is
I=1Iy(1-e"'%) (turning on).
where Iy =V /R is the final current.

+ The characteristic time constant 7 is 7 = % ,where L is the inductance and R is the resistance.

« Inthe first time constant 7, the current rises from zero to 0.632/,, and 0.632 of the remainder in every subsequent time
interval 7.

+ When the inductor is shorted through a resistor, current decreases as

I=1Ie™"'% (turning off).
Here 1) is the initial current.
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« Currentfalls to 0.3681 in the first ime interval 7, and 0.368 of the remainder toward zero in each subsequent time 7 .

23.11 Reactance, Inductive and Capacitive
« Forinductors in AC circuits, we find that when a sinusoidal voltage is applied to an inductor, the voltage leads the current

by one-fourth of a cycle, or by a 90° phase angle.

« The opposition of an inductor to a change in current is expressed as a type of AC resistance.
+ Ohm's law for an inductor is

1=
XL
where V is the rms voltage across the inductor.
» X, isdefined to be the inductive reactance, given by
Xy =2xnfL,

with f the frequency of the AC voltage source in hertz.
« Inductive reactance X; has units of ohms and is greatest at high frequencies.

« For capacitors, we find that when a sinusoidal voltage is applied to a capacitor, the voltage follows the current by one-fourth
of acycle, or bya 90° phase angle.

+ Since a capacitor can stop current when fully charged, it limits current and offers another form of AC resistance; Ohm'’s law
for a capacitor is

1=,
Xc
where V' is the rms voltage across the capacitor.
» X is defined to be the capacitive reactance, given by
Xo =L

2nfC
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» X has units of ohms and is greatest at low frequencies.
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23.12 RLC Series AC Circuits
« The AC analogy to resistance is impedance Z , the combined effect of resistors, inductors, and capacitors, defined by the
AC version of Ohm'’s law:
Yo
z
where I is the peak currentand V), is the peak source voltage.

Vims

7

loy=—>or I =

« Impedance has units of ohms and is given by Z = wRZ + (X, - XC)2
+ The resonant frequency f,, atwhich X; = X, is

fo=7m \/LC
« Inan AC circuit, there is a phase angle ¢ between source voltage V' and the current ', which can be found from

cos p = K,

« ¢ =0° forapurely resistive circuit or an RLC circuit at resonance.
+ The average power delivered to an RLC circuit is affected by the phase angle and is given by

Pave = IrmsVms €0s @,
cos ¢ is called the power factor, which ranges from 0 to 1.
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Section Summary

24.1 Maxwell’s Equations: Electromagnetic Waves Predicted and Observed
+ Electromagnetic waves consist of oscillating electric and magnetic fields and propagate at the speed of light ¢ . They were
predicted by Maxwell, who also showed that

1
VHo€o

where u is the permeability of free space and &, is the permittivity of free space.

c=

+ Maxwell's prediction of electromagnetic waves resulted from his formulation of a complete and symmetric theory of
electricity and magnetism, known as Maxwell’s equations.

+ These four equations are paraphrased in this text, rather than presented numerically, and encompass the major laws of
electricity and magnetism. First is Gauss'’s law for electricity, second is Gauss's law for magnetism, third is Faraday’s law of

induction, including Lenz’s law, and fourth is Ampere’s law in a symmetric formulation that adds another source of
magnetism—changing electric fields.

24.2 Production of Electromagnetic Waves

+ Electromagnetic waves are created by oscillating charges (which radiate whenever accelerated) and have the same
frequency as the oscillation.

+ Since the electric and magnetic fields in most electromagnetic waves are perpendicular to the direction in which the wave
moves, it is ordinarily a transverse wave.

« The strengths of the electric and magnetic parts of the wave are related by
E

L=

B
which implies that the magnetic field B is very weak relative to the electric field E .

24.3 The Electromagnetic Spectrum
« The relationship among the speed of propagation, wavelength, and frequency for any wave is given by vy = f4, so that
for electromagnetic waves,
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c=fA

where f is the frequency, 4 is the wavelength, and ¢ is the speed of light.
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Section Summary

25.1 The Ray Aspect of Light
« A straight line that originates at some point is called a ray.

The part of optics dealing with the ray aspect of light is called geometric optics.

Light can travel in three ways from a source to another location: (1) directly from the source through empty space; (2)
through various media; (3) after being reflected from a mirror.

25.2 The Law of Reflection

The angle of reflection equals the angle of incidence.

A mirror has a smooth surface and reflects light at specific angles.
Light is diffused when it reflects from a rough surface.

Mirror images can be photographed and videotaped by instruments.

25.3 The Law of Refraction

The changing of a light ray’s direction when it passes through variations in matter is called refraction.
The speed of light in vacuum ¢ = 2.9972458x 103 m/s ~ 3.00x 103 my/s.
Index of refraction n = % , where v is the speed of light in the material, ¢ is the speed of light in vacuum, and n is the

index of refraction.
Snell’s law, the law of refraction, is stated in equation formas n| sin #; = n,sin @, .

25.4 Total Internal Reflection

The incident angle that produces an angle of refraction of 90° is called critical angle.

Total internal reflection is a phenomenon that occurs at the boundary between two mediums, such that if the incident angle
in the first medium is greater than the critical angle, then all the light is reflected back into that medium.

Fiber optics involves the transmission of light down fibers of plastic or glass, applying the principle of total internal
reflection.
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+ Endoscopes are used to explore the body through various orifices or minor incisions, based on the transmission of light
through optical fibers.

+ Cladding prevents light from being transmitted between fibers in a bundle.

« Diamonds sparkle due to total internal reflection coupled with a large index of refraction.

25.5 Dispersion: The Rainbow and Prisms
« The spreading of white light into its full spectrum of wavelengths is called dispersion.
+ Rainbows are produced by a combination of refraction and reflection and involve the dispersion of sunlight into a
continuous distribution of colors.

« Dispersion produces beautiful rainbows but also causes problems in certain optical systems.

25.6 Image Formation by Lenses
« Light rays entering a converging lens parallel to its axis cross one another at a single point on the opposite side.
« For a converging lens, the focal point is the point at which converging light rays cross; for a diverging lens, the focal point is
the point from which diverging light rays appear to originate.
« The distance from the center of the lens to its focal point is called the focal length f .
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f

A lens that causes the light rays to bend away from its axis is called a diverging lens.

Ray tracing is the technique of graphically determining the paths that light rays take.

The image in which light rays from one point on the object actually cross at the location of the image and can be projected
onto a screen, a piece of film, or the retina of an eye is called a real image.

Thin lens equations are dlo + dli = % and ;:“) = —s“) = m (magnification).

The distance of the image from the center of the lens is called image distance.

An image that is on the same side of the lens as the object and cannot be projected on a screen is called a virtual image.

Power P of alens is defined to be the inverse of its focal length, P =
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25.7 Image Formation by Mirrors
+ The characteristics of an image formed by a flat mirror are: (a) The image and object are the same distance from the mirror,
(b) The image is a virtual image, and (c) The image is situated behind the mirror.
« Image length is half the radius of curvature.

R
f= 2
« A convex mirror is a diverging mirror and forms only one type of image, namely a virtual image.
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Section Summary

27.1 The Wave Aspect of Light: Interference

Wave optics is the branch of optics that must be used when light interacts with small objects or whenever the wave
characteristics of light are considered.

Wave characteristics are those associated with interference and diffraction.

Visible light is the type of electromagnetic wave to which our eyes respond and has a wavelength in the range of 380 to 760
nm.

Like all EM waves, the following relationship is valid in vacuum: ¢ = f4, where ¢ = 3X 108 m/s is the speed of light, f

is the frequency of the electromagnetic wave, and 4 is its wavelength in vacuum.
The wavelength A, of light in a medium with index of refraction n is A, = A/n . Its frequency is the same as in vacuum.

27 2 Huygens's Principle: Diffraction

An accurate technique for determining how and where waves propagate is given by Huygens'’s principle: Every point on a
wavefront is a source of wavelets that spread out in the forward direction at the same speed as the wave itself. The new
wavefront is a line tangent to all of the wavelets.

Diffraction is the bending of a wave around the edges of an opening or other obstacle.

27.3 Young’s Double Slit Experiment

Young's double slit experiment gave definitive proof of the wave character of light.
An interference pattern is obtained by the superposition of light from two slits.

There is constructive interference when d sin @ = mA (form =0, 1, —1,2, =2, ...), where d is the distance between

the slits, @ is the angle relative to the incident direction, and m is the order of the interference.

There is destructive interference when d sin 8 = (m + %)}1 (for m=0,1,-1,2,-2,...).

27.4 Multiple Slit Diffraction
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Section Summary

18.1 Static Electricity and Charge: Conservation of Charge

“There are only two types of charge, which we call positive and negafive.
Like charges repel, niike charges aftract, and the force between charges decreases with the square of the distance.

“The vast majority of positive charge in nature is carried by protons, while the vast majority of negative charge is carried by
slectrons.

The electric charge of one electronis equal in magnitude and oppasite in sign o the charge of one profon.
‘An‘on is an atom o molecule that has nonzero total charge due fo having unequal numbers of elecrons and protons.
“The Si unit for charge is the coulomb (C), with protons and elecirons having charges of opposite sign but equal magritude;
the magnitude of tis basic charge | g | is

1.1 =1.60x107"C.
‘Whenever charge is created or desiroyed, equal amounts of posifive and negaive are involved.
Most often, exisiing charges are Separaled ffom neviral objects o obiain some net charge.
Both posilive and negalive charges exist in nevral objects and can be separated by rubbing one object with anofher. For

macroscopic objects, negatively charged means an excess of electrons and positively charged means a depletion of
slectrons.

“The law of conservation of charge ensures that whenever a charge is created, an equal charge of the opposite sign is
created at the same time.

18.2 Conductors and Insulators

Polarization is the separation of positive and negative charges in a neutral object.
Aconductor is a substance that allows charge to flow freely through its atomic structure.

A st o chargs vt 5 stomic Srucure
bjects i 6 Charges repal 5 Hnr, i 1052 Wi i chargs aract each e

A conccting Gojact 5 sad 1 b= grounded 15 Connected f the Eah ougih & concucor. Grounding aows ansir ot
Crarge .83 Tom i Sat args resenor

Otyecs can b charged b Coractwih anothr chirged ofec an oot e e Sqn hiarge.

IFah objec 5 tmporaly Grounced. i can b charged by nucion, and ooans 15 OppOSHS S crarge

Polatze ojects navs hlf POSivS & NGRS Chvg3 concent e n afere reas, g e a on-symetical
o

ol olscales Have an nherent separaton ofchiage.

18.3 Coulomb’s Law

Frenchman Charles Coulomb was the first to publish the mathematical equation that describes the electrostatic force.
between two objects.
‘Coulomi's law gives the magnitude of the force between point charges. Itis

r:xl"‘;’z‘,
&

where g and g are two point charges separated by adistance 7, and k ~ 8.99x10° N-m? [ €2

“This Coulomb force s extremely basic, since most charges are due to pointlike particies. It is responsible for all
electrostaic effects and underlies Mot MaCTOSCOPIC forces.

“The Coulomb force is extraordinarily strong compared with the gravitational force, another basic force—but unlike.
gravitational force it can cancel, since it can be either aftractive of repuisive.

The electrostatic force between two subatomic particles is far greater than the gravitational force between the same two
particles.
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« Adiffraction grating is a large collection of evenly spaced parallel slits that produces an interference pattern similar to but
sharper than that of a double slit.

« There is constructive interference for a diffraction grating when d sin @ = mA (form =0, 1,-1,2,-2, ...) , where d

is the distance between slits in the grating, 4 is the wavelength of light, and m is the order of the maximum.

27.5 Single Slit Diffraction

« Asingle slit produces an interference pattern characterized by a broad central maximum with narrower and dimmer maxima
to the sides.

« There is destructive interference for a single slitwhen D sin 8 = m4, (form =1,-1,2,-2,3, ...), where D is the

slit width, A is the light's wavelength, € is the angle relative to the original direction of the light, and m is the order of the
minimum. Note that there is no m = 0 minimum.

27.6 Limits of Resolution: The Rayleigh Criterion
«+ Diffraction limits resolution.
« For a circular aperture, lens, or mirror, the Rayleigh criterion states that two images are just resolvable when the center of
the diffraction pattern of one is directly over the first minimum of the diffraction pattern of the other.

« This occurs for two point objects separated by the angle 6 = 1204 ,where 4 is the wavelength of light (or other

D

electromagnetic radiation) and D is the diameter of the aperture, lens, mirror, etc. This equation also gives the angular
spreading of a source of light having a diameter D .
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18.4 Electric Field: Concept of a Field Revisited
+ The electrostatic force field surrounding a charged object extends out into space in al directions.
+ The electrostatic force exerted by a point charge on a test charge at a distance 7 depends on the charge of both charges,
s well as the distance between the two.
+ The electricfield E s defined to be
E
(3
where F is the Coulomb or electrostatic force exerted on a smal positive test charge ¢ . E has units of NIC.
+ The magnitude of the electric field E created by a point charge Q is

E=
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E=d2.
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where 1 is the distance from (. The electric field E is a vector and fields due to multiple charges add like vectors.

18.5 Electric Field Lines: Multiple Charges

« Drawings of electric field lines are useful visual tools. The properties of electric ield ines for any charge distribution are
that:

«Field lines must begin on positive charges and terminate on negative charges, or atinfinity in the hypothetical case of
isolated charges.

« The number of field lines leaving a positive charge or entering a negative charge is proportional o the magitude of the
charge.

+ “The strength of the field s proportional to the closeness of the feld lines—more precisely, itis proportional to the number of
lines per unit area perpendicular to the lines.

+ The direction of the electric field is tangentto the field ine at any point in space.

« Field lines can never cross.

18.6 Electric Forces in Biology

= Many molecles in living organisms, such as DNA, carry a charge.

« An uneven distribution of the positive and negative charges within a polar molecule produces a dipole.

+ The effect of a Coulomb field generated by a charged object may be reduced or blocked by ofher nearby charged objects.

+ Biological systems contain water, and because water molecules are palar, they have a strong effect on other molecules in
Jiving Systems.
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18.7 Conductors and Electric

ibrium

ields in Static Eq
A conductor allows free charges to move about within it
“The electrical forces around a conductor will cause free charges to move around inside the conductor unti static equilibrium
is reached

Any excess charge will collect along the surface of a conductor.

‘Conductors with sharp comers or points will collect more charge at those points.

Alightning rod is a conductor with sharply pointed ends that collect excess charge on the building caused by an electrical
storm and allow i to dissipate back into the air

Electrical storms result when the electrical field of Earth's surface in certain locations becomes more strongly charged, due
to changes in the insulating effect of the air.

A Faraday cage acts like a shield around an object, preventing electric charge from penetrating inside.

18.8 Applications of Electrostatics

Electrostatics is the study of electric fields in Stafic equilirium.
In adition to research using equipment such as a Van de Graaff generator, many practical applications of electrostatics
exist, including photocopiers, laser printers, ink-jet printers and electrostatic air fitters.
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Section Summary

19.1 Electric Potential Energy: Potential Difference

‘Electric potential is potential energy per unit charge.
“The potential difference between points A and B, Vg — V/ . defined to be the change in potential energy of a charge g
moved from Ato B, is equal to the change in potential energy divided by the charge, Potential difference is commonly.
called voltage, represented by the symbol AV

av %mﬂ APE=gAV.

An electron volt s the energy given to a fundamental charge accelerated through a potentia difference of 1V. In equation
form,

Tev = (1.60x10™ €)1 V) = (1.60x 107" C)13/C)

= 1.60x107 1.
Mechanical energy is the sum of the kinetic energy and potential energy of a system, thatis, KE + PE. This sumisa
constant
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19.2 Electric Potential in a Uniform Electric Field
+ The voltage between points A and B is

where d isthe distance from Ato B, or the distance between the plates.
+ In equation form, the general relationship between voltage and electric field is
_av
o
where As is the distance over which the change in potential, AV , takes place. The minus sign tells us that E points in

the direction of decreasing potential ) The electrc field is said to be the gradient (as in grade or siope) of the electric
potental

E=

19.3 Electrical Potential Due to a Point Charge
+ Electric potential of a point charge is V =kQ /7 .

+ Electric potential s a scalar, and electrc feld is a vector. Addiion of voltages as numbers gives the voltage due to a
combination of point charges, whereas addition of individual fields as vectors gives the total electric field.




